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THE SIXTEENTH MOSCOW
SOLARSYSTEM SYMPOSIUM
16M-S?

SPACE RESEARCH INSTITUTE
MOSCOW, RUSSIA
october 20-24, 2025

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 Sixteenth Moscow international Solar System Symposium (16M-S3)
will be held from October 20 till 24, 2025

THE FOLLOWING SESSIONS WILL BE HELD DURING
THE SYMPOSIUM:

OPENING SESSION

Session. MARS

Session. MOON AND MERCURY

Session. VENUS

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

Session. GIANT 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://ms2025.cosmos.ru
Contact email address: ms2025@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
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JHEETA S. NoRCEL, United Kingdom
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ZAKHAROV A.V. IKI RAS

ZASOVA L.V. IKI RAS

secretary:
ROSTE O.Z. IKI RAS
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overview 16 M-S? program
THE SIXTEENTH MOSCOW SOLAR SYSTEM
SYMPOSIUM

Space Research Institute, 20-24 October 2025

october 20 october 21 october 22 october 23 october 24

OPENING EXCURSION SB SESSION EP SESSION
SESSION TO NPO
LAVOCHKIN
MUSEUM

MS SESSION

COFFEE COFFEE COFFEE COFFEE

LUNCH LUNCH LUNCH

VN SESSION

EP POSTER SESSION
GP SESSION
GP POSTER SESSION

COFFEE COFFEE COFFEE COFFEE COFFEE

MS POSTER AB SESSION

SESSION
PS POSTER VN POSTER SESSION

SESSION
SB POSTER
SESSION

WELCOME MN POSTER RECEPTION
PARTY SESSION

AB POSTER
SESSION

SOCIAL EVENTS SOCIAL EVENTS SOCIAL EVENTS
IN MOSCOW IN MOSCOW IN MOSCOW

MS SESSION: MARS SESSION

MN SESSION: MOON AND MERCURY SESSION

VN SESSION: VENUS SESSION

SB SESSION: SMALL BODIES (INCLUDING COSMIC DUST) SESSION
EP SESSION: EXTRASOLAR PLANETS SESSION

GP SESSION: GIANT PLANETS SESSION

AB SESSION: ASTROBIOLOGY SESSION

PS POSTER SESSION: POSTER SESSION FOR ALL SESSIONS



10.00-11.00

11.00-18.05

11.00-11.15

11.15-11.30

11.30-12.00

12.00-12.15

12.15-12.30

12.30-12.45

12.45-13.00

13.00-14.00

14.00-14.15

14.15-14.30

14.30-14.45

MONDAY, 20 OCTOBER 2025

OPENING sessION

Lev ZELENYI
Jiwu

Opening Remarks

Discovering the Sky at the Longest wavelength (DSL)

(Plenary Report)

MARS SESSION

Convener: Oleg KORABLEV
conference hall, second floor

Anna FEDOROVA
etal

Alexander
TROKHIMOVSKIY and
Oleg KORABLEV

Mikhail LUGININ
etal

Mariya ZHARIKOVA
etal

Ekaterina
STARICHENKO
etal

Artem ALIAKIN
etal

Andrey KIRILLOV

Jordanka SEMKOVA
etal

Paparin AMLONGKUL
etal

Long-term observations of aerosol
vertical distribution on Mars by
SPICAM IR on Mars-Express

The ACAE spectrometers for
Tianwen-3 Mars mission

COFFEE-BREAK

Evidence of bimodality in
Martian water ice clouds from
the ACS/TGO solar occultation
observations

Comparison of the MAOAM water
vapor modeling results with
ExoMars ACS data

The vertical damping of gravity
waves in the Martian atmosphere
from the ACS/TGO solar
occultation experiment

The influence of infrared
transparency windows in
the Martian atmosphere on
the greenhouse effect

LUNCH

Electronic kinetics of carbon
monoxide in the upper
atmospheres of Mars and planets
of Solar System

Dose rate and particle flux of
cosmic rays in the free space at
1.5 AU during different phases
of solar activity according
measurements by Liulin-MO
dosimeter on Trace Gas Orbiter

Comparing MEREM radiation
environment simulations with
observations in Mars orbit

16MS3-MS-01

16MS3-MS-02

16MS3-MS-03

16MS3-MS-04

16MS3-MS-05

16MS3-MS-06

16MS3-MS-07

16MS3-MS-08

16MS3-MS-09



14.45-15.00

15.00-15.15

15.15-15.30

15.30-15.45

15.45-16.00

16.00-16.30

16.30-16.45

16.45-17.00

17.00-17.15

17.15-17.30

17.30-18.05

Thanayuth ANYALERT
etal

Alexey IVANYUKHIN
and A.P. PLOKHIKH

Olga POPOVA
etal

Elena PODOBNAYA

etal

Boris IVANOV

Georg SKREBEC

Jun CHU
etal

Alexander LOMAKIN
etal

Egor KULIK and
Tamara GUDKOVA

Simulation-Based Study of RAAN
Effects on Jovian Magnetic
Connectivity: Application to the
TW-3 MARCH Payload

Improvement of radio
communication performance via
an accompanying relay spacecraft
for round-trip missions to Mars

Cluster analysis of recently formed
Martian crater fields

Distribution of crater sizes in
recently formed Martian crater
fields

New craters on Mars - 2024-2025
catalog expansion

COFFEE-BREAK

Polycyclic nature of Martian
outflow channel activity:
chronostratigraphic constraints

Impact-induced hydrothermal
clay formation on Mars -
geometrical evidence in Holden
crater

Some miscellaneous findings in
the SPICAM-IR nadir dataset

Effect on the Chandler Wobble
period of Mars by mantle
mineralogy and temperature
profile

POSTER SESSION, SESSION MARS

7 posters * 5 min

16MS3-MS-10

16MS3-MS-11

16MS3-MS-12

16MS3-MS-13

16MS3-MS-14

16MS3-MS-15

16MS3-MS-16

16MS3-MS-17

16MS3-MS-18

Alexey BATOV and
Tamara GUDKOVA

Vladimir CHEPTSOV
etal

Ekaterina FABER

Polina SAZONOVA
etal

Alexander LOMAKIN
etal

Non-hydrostatic stresses in the
interiors of Mars excluding long-
wave component

Perchlorate radiolysis under
simulated Martian conditions

Deep Learning for Hyperspectral
Unmixing of CRISM Data:
Application to Mineral Mapping
on Mars

Effect of sodium perchlorate

on soil prokaryotic complexes
under limited available moisture
conditions

Co-located SPICAM-IR and
OMEGA observations of Martian
polar caps

16MS3-MS-PS-01

16MS3-MS-PS-02

16MS3-MS-PS-03

16MS3-MS-PS-04

16MS3-MS-PS-05



Dariia KOSSOVA Structure of the upper Martian 16MS3-MS-PS-06
etal atmosphere from the homopause

to the CO, exobase as observed

by ACS/TGO

Vladimir OGIBALOV Radiative transfer in the NIR bands ~ 16MS3-MS-PS-07
of CO, and CO molecules under
breakdown of vibrational LTE in
the daytime Martian atmosphere.
Effect of radiation absorption
by aerosols on vibrational state
populations

18.05-18.35 POSTER SESSION, FOR ALL SESSIONS

18.35-19.30 WELCOME PARTY



TUESDAY, 21 OCTOBER 2025

MOON AND MERCURY

SESSION

Conveners: lgor MITROFANOV, Maxim LITVAK

10.00-19.50

conference hall, second floor

10.00-10.20  Alexander KOZYREV MGNS: the first data on 16MS3-MN-01
etal Mercury's gammaray radiation
10.20-10.40  Victor GUBAREV Galactic cosmic rays in 16MS3-MN-02
etal the vicinity of Mercury
10.40-11.00 Alexander LAVRUKHIN  Determination of the Mercury's ~ 16MS3-MN-03
etal internal dipole parameters using
MESSENGER spacecraft data
11.00-11.20  Alexey BEREZHNOY About the origin of high-speed ~ 16MS3-MN-04
etal Ca atoms in the Hermean
exosphere
11.20-11.40  Lianghai XIE and Monte Carlo simulation of 16MS3-MN-05
LeiLl the global migration of lunar
hydroxyl from a magnetic-
shielded solar wind source
11.40-12.00 COFFEE-BREAK
12.00-12.20  Alexander BASILEVSKY  Surface morphology of partially ~ 16MS3-MN-06
etal shadowed floors of three near-
pole lunar craters
12.20-1240  Svetlana DEMIDOVA Metal-sulfide mineralizationof ~ 16MS3-MN-07
etal Chang'E-5 soil sample
12.40-13.00  Alexander KRASILNIKOV Determination of the mixing 16MS3-MN-08
and Mikhail IVANOV factor of local and foreign
material in the Langrenus and
Cavalerius craters ejecta
13.00-14.00 LUNCH
14.00-1420  Lev ZELENYI The lunar segment of the 16MS3-MN-09
etal Federal Space science project
14.20-1440  Anatoly PETRUKOVICH  Lunar exploration from polar 16MS3-MN-10
etal orbit: Luna-26
14.40-15.00  Igor MITROFANOV Science at the lunar poles: 16MS3-MN-11
etal Luna-27.1 and Luna-27.2
15.00-15.20  Mikhail SACHKOV Toward multiwavelength 16MS3-MN-12
etal distributed astronomical
observations from the Moon
15.20-15.40  Senthilkumar MEGALA  Salient Science outcome from 16MS3-MN-13
Chandrayaan-3 Mission
15.40-16.00  Huijuan WANG Preliminary considerations 16MS3-MN-14
etal on the Al requirements in
lunar-based astronomical
observations at ILRS
16.00-16.20 COFFEE-BREAK



16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.20-18.00

18.00-18.20

18.20-18.40

18.40-19.00

19.00-19.50

Habibullo
ABDUSSAMATOV

Alexander GUSEV and
J.G. MENG

Artem LYSENKO
etal

Ivan AGAPKIN
etal

Olga TURCHINSKAYA
etal

Sergey VOROPAEV
etal

Alexey ANDREEV and
Yury NEFEDYEV

Li DENG
etal

Permanent protection system
of the astronaut spacesuit,
optical surfaces and all other
equipment against charged
particles of lunar dust

Geophysical exploration of the
Moon XI: 3D pits and caves

Experimental study of the
dependence of the compressive
strength of samples of

the lunar regolith simulant

on the parameters of selective
laser melting

Preliminary Results on

the Application of Selective
Microwave Sintering for Lunar
Soil Analogue VI-LH1

Comparative analysis of
potential sites for lunar base
deployment in the Northern
Polar region

Remote sensing of lunar surface:
the search for isotopic forms
of water

Development of a selenocentric
dynamic reference system based
on data from modern lunar
missions and the application of
regression modeling methods

Lunar orbit satellite formation:
Distributed low frequency
interferometric imaging
spectrometer

16MS3-MN-15

16MS3-MN-16

16MS3-MN-17

16MS3-MN-18

16MS3-MN-19

16MS3-MN-20

16MS3-MN-21

16MS3-MN-22

POSTER SESSION, SESSION MOON AND MERCURY

Lidiia LAKHMANOVA
etal

Pradiphat MUANGHA
etal

Ricardo Tomas
FERREYRA and
Michael SHPEKIN

Michael SHPEKIN
and Ricardo Tomas
FERREYRA

16 posters * 3 min

Basaltic clasts population in
the lunar meteorite Dhofar 280

Conceptual Design and
Performance Simulation of

a Dual-Particle Albedo Detector
for Chang'e-8 Mission in

the Lunar South Polar Region

The underground propagation
of new conical shock waves
generated by the falling
impactors on planets

The problem of propagation
and some properties of shock
waves generated by the falling
impactors on the Solar System
planets

16MS3-MN-PS-01

16MS3-MN-PS-02

16MS3-MN-PS-03

16MS3-MN-PS-04



Michael SHPEKIN and Aposteriory analysis of the 16MS3-MN-PS-05
A.D. GABDULKHAKOV orbital motion of the Apollo 17
spacecraft in near-lunar space

Bintang ALAM SEMESTA  The Technical Feasibility of Dust 16MS3-MN-PS-06

WISRAN Tracking & Characterization
Technology for Lunar Base
Settlement
Ekaterina FEOKTISTOVA  Mons Muton on the Moon 16MS3-MN-PS-07

and M.P. SHCHERBINA

Ekaterina GRISHAKINA  Analysis of lunar craters larger 16MS3-MN-PS-08
than 10 km formed in the
Moon's first billion years

Egor SOROKIN Chemical composition of 16MS3-MN-PS-09
etal metallic iron spherules in
the lunar soil of Chang'e-5

Andrey MITUSOV and Breaking the Shadows: New 16MS3-MN-PS-10
Vladislav KHRISANOV Targets on Shackleton Crater
Floor, lunar South Pole

Sergei IPATOV Exchange of ejected material 16MS3-MN-PS-11
between the Moon and
the terrestrial planets

Vasily MARCHUK and Preliminary algorithm for data 16MS3-MN-PS-12

0.YUSHKOVA processing of the radar complex

RLK-L
Alexander KOSOV Ground Station for Radio 16MS3-MN-PS-13
etal Science Experiment with

Ka-band Receiver (PKD) onboard
of Luna-26 orbiter

Mikhail MALENKOV Unloading, transporting and 16MS3-MN-PS-14
etal assembling lunar station

modules on the lunar surface:

design development of

the mobile robotics concept

Marina KUZMICHEVA Magnetic field anomalies of 16MS3-MN-PS-15
Bosumtwi and Zhamanshin
craters on the Earth: analysis
based on numerical simulations

Alexey IVANYUKHIN and  Fast Free-Return Trajectories in 16MS3-MN-PS-16
V. IVASHKIN the Earth-Moon System



WEDNESDAY, 22 OCTOBER 2025
08.00-14.00 EXCURSION TO NPO LAVOCHKIN MUSEUM

14.00-18.15 VEN US SESSION

Conveners: Ludmila ZASOVA, Dmitry GORINOV
conference hall, second floor

14.00-1420 Lev ZELENYI The Venera-D mission for 16MS3-VN-01
etal a comprehensive study of Venus
14.20-14.40  Mikhail IVANOV and The history of the long- 16MS3-VN-02
James HEAD wavelength topography
on Venus
14.40-15.00  Justin FILIBERTO Assessing the evidence for active ~ 16MS3-VN-03
etal volcanism on Venus: current

limitations and prospects for
future investigations

15.00-15.20  Sriram BHIRAVARASU Venus surface studies using VSAR ~ 16MS3-VN-04

etal onboard ISRO’s Venus Orbiter
mission
15.20-15.40  Danil MALYSHEV Clustering of Volcanoes and 16MS3-VN-05
etal Coronae on Venus Based on

Neural Network Processing

15.40-16.00 Ivan BORONIN and Modeling the Internal Structure ~ 16MS3-VN-06
Tamara GUDKOVA of Venus Using the Monte Carlo
Method
16.00-16.20 COFFEE-BREAK
16.20-16.40 Daria EVDOKIMOVA Venus lower atmosphere and 16MS3-VN-07
etal surface from SPICAV-IR/VEx

observations in NIR transparency
windows at 0.8-1.3 um

16.40-17.00 Denis BELYAEV VIRAL experiment for ISRO’s 16MS3-VN-08
etal Venus Orbiter Mission: scientific
concept
17.00-17.20  Joshita SHARMA Long Duration Payload Bay for 16MS3-VN-09
Venus Exploration
17.20-17.40  Nikolay TKACHEV Simulation Modeling Application ~ 16MS3-VN-10
etal for the Design Analysis of

the Operation of a Venus
Exploration Aerobot

17.40-18.00 Vladislav ZUBKO The Venus-asteroid resonance 16MS3-VN-11
etal transfers for expanding
the planetary exploration
framework

18.00-18.15 POSTER SESSION, SESSION VENUS

5 posters * 3 min

Elizaveta STEPANOVA Thermal structure of the upper 16MS3-VN-PS-01
etal atmosphere of Venus from
occultation experiments



Evgeniya GUSEVA and
Mikhail IVANOV

Arina SHIMOLINA
etal

Tamara GUDKOVA and
A.V. BATOV

Vladimir OGIBALOV
etal

Volcanic features of
concentration regions of large
volcanoes and coronae, Venus

1:500,000 scale mapping

and analysis of radiating,
circumferential and linear dyke
swarm patterns of Beta Regio,
Venus

Non-hydrostatic stresses
beneath Atla Regio and Beta
Regio on Venus

The effect of the contour
shape of spectral lines on the
emission in the 4.3 um band of
CO, molecules outgoing from
the planetary atmosphere in
the presence of macroscopic
wind velocity gradient

16MS3-VN-PS-02

16MS3-VN-PS-03

16MS3-VN-PS-04

16MS3-VN-PS-05



THURSDAY, 23 OCTOBER 2025

1000-1900 SMALL BODIES session

including cosmic dust

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

10.00-10.15  Sergey KRASILNIKOV Water Ice Exposure on 16MS3-SB-01
etal the Surface of Comet
67P/Churyumov-Gerasimenko

10.15-10.30  Gleb KUCHEROV Possibility of liquid water 16MS3-SB-02
etal formation in icy bodies
due to the process of rapid
recombination of accumulated

radicals
10.30-10.45  Anatoliy PAVLOV Outbursts of icy bodies in Kuiper ~ 16MS3-SB-03
etal Belt and beyond, as possible new

source of dust to explain New
Horizons observations

10.45-11.00 Vacheslav Distant trans-Neptunian objects ~ 16MS3-SB-04
EMEL'YANENKO produced by perturbations of
migrating outer planets and
massive planetesimals

11.00-11.15  Alina MERKULOVA Cometary outbursts in the Early ~ 16MS3-SB-05
etal Solar System

11.15-11.30  Sergey POPEL Dusty plasma formation near 16MS3-SB-06
etal 67P/Churyumov-Gerasimenko

comet: importance of albedo
11.30-12.00 COFFEE-BREAK

12.00-12.15 Maria KIRSANOVA and Pre-perihelion observations 16MS3-SB-07
Ya.N. PAVLYUCHENKOV and interpretation of CH;OH,
CO and HCN line emission in
the Oort cloud comet /2017 K2
(PANSTARRS)

12.15-12.30  Alexey DROZDOV and Calculation of the Pluto surface 16MS3-SB-08
N.V. EMELYANOV composition map based on
the LEISA infrared spectrum of
the New Horizons spacecraft

12.30-12.45 Nikolai KISELEV Comparison of polarization 16MS3-SB-09
etal phase dependence of
NEA 2100 Ra-Shalom with
the dependencies for others

low-albedo NEAs
1245-13.00 Nuraddin ADIGOZALOV  Asteroids of the Hungaria 16MS3-SB-10
and Vladislav SIDORENKO family and the Earth’s co-orbital
population
13.00-14.00 LUNCH
14.00-14.15  Maxim PUPKOV Designing halo orbits passing 16MS3-SB-11
etal through the trajectories of near-

Earth asteroids



14.15-14.30

14.30-14.45

14.45-15.00

15.00-15.15

15.15-15.30

15.30-15.45

15.45-16.00

16.00-16.20

16.20-16.35

16.35-16.50

16.50-17.05

17.05-17.20

17.20-17.35

17.35-17.50

17.50-18.05

Alexander SUKHANOV

Tatyana GALUSHINA
etal

Olga CHERNENKO
etal

Eduard KUZNETSOV
etal

Maksim KHOVRICHEV
etal

Stanislav KUZNETSOV
and Vladimir BUSAREV

Anna KARTASHOVA and
G. KOKHIROVA

Yuriy CHETVERIKOV
etal

Nikolay BORISOV

Evgeniya PETROVA and
V.l. GROKHOVSKY

Mohamad ABDELAAL
etal

Yulia SOROKOLETOVA
etal

Steven WIJAYA
etal

Sergei IPATOV

On the Possibility of Flybys of
a Large Number of Main Belt
Asteroids

About the influence of non-
gravitation perturbations
on the motion of asteroids
approaching Jupiter

Selection of near-Earth asteroids
and initial trajectory design for
transfer to Earth-resonant orbit

Scenarios for the formation of
the young Emilkovalski asteroid
family

izMeteors: meteor event
detection network and database

Modeling the dynamics of dust
particles in the gravitational and
electrostatic fields of a primitive
asteroid taking into account the
sublimation of water ice

Meteor observations from Russia
and Tajikistan stations

COFFEE-BREAK

Cosmic dust collection near
Vostok station in Central
Antarctica: Research problems
and prospects

Peculiarities of dynamics of
charged dust grains ejected
from the surfaces of Phobos
and Deimos

Meteorite fusion crust as a result
of the impact of ablation
processes on the meteoroid
substance

Investigation of Electromagnetic
Processes in Planetary
Atmospheres

Operation of a spacecraft with
a parabolic solar sail for space
debris removal

Application of Artificial Neural
Network to Identify Orbital
Resonances in the Motion of
Artificial Earth Satellites

Migration of bodies ejected from
Mercury and Venus

16MS3-SB-12

16MS3-5B-13

16MS3-SB-14

16MS3-SB-15

16MS3-5B-16

16MS3-SB-17

16MS3-SB-18

16MS3-5SB-19

16MS3-SB-20

16MS3-5B-21

16MS3-5B-22

16MS3-SB-23

16MS3-5B-24

16MS3-5B-25



18.05-18.20

18.20-19.00

Maxim NYRTSOV
etal

Coordinate system
transformations in
extraterrestrial cartography

POSTER SESSION,

16MS3-5B-26

SESSION SMALL BODIES (INCLUDING COSMIC DUST)

Anna KUZOVCHIKOVA
etal

Yangyang TIAN
etal

Vladimir EFREMOV
etal

Tatiana MOROZOVA and
Sergey POPEL

Yuri MEDVEDEV and
S.R. PAVLOV

Andrey DUBINSKY
etal

Sergey KOPNIN
etal

Yulia IZVEKOVA
etal

Yulia IZVEKOVA
etal

Nikolay PEROV and
0.A. KIRSHINA

Maria SERGIENKO
etal

11 posters * 3 min

Pyrrhotite and ilmenite

as supplements for lunar
regolith simulants improving
the conditions of microwave
breakdown and the formation
of plasma-dust clouds

Algorithm forimage
segmentation of particle
tracks in the dusty plasma near
the surface of atmosphereless
bodies

Estimating of the meteor
parameters

Lower-hybrid drift waves in
plasma of meteoroid tails in
the Earth’s ionosphere

Systematic Biases in Positional
Observations of Interstellar
Comet 3I/ATLAS

On Anomalous Dissipation in
Dusty Plasmas in the Vicinity
of Comet Nuclei and Active
Asteroids

Dust particles above the surface
of Enceladus

Solitons and periodic nonlinear
dust acoustic waves near
the satellites of Mars

Nonlinear dust acoustic waves in
Saturn’s magnetosphere

Search for ordered trajectories
of dust particles in the Sun and
Mars system

Dynamic evolution of Near-Earth
asteroids associated with the
o-Capricornids meteoroid stream

16MS3-SB-PS-01

16MS3-SB-PS-02

16MS3-SB-PS-03

16MS3-SB-PS-04

16MS3-SB-PS-05

16MS3-SB-PS-06

16MS3-SB-PS-07

16MS3-SB-PS-08

16MS3-SB-PS-09

16MS3-SB-PS-10

16MS3-SB-PS-11

19.00-21.00 RECEPTION



10.00-15.25

10.00-10.15

10.15-10.25

10.25-10.40

10.40-10.50

10.50-11.05

11.05-11.20

11.20-11.30

11.30-11.40

11.40-12.00

12.00-12.10

12.10-12.20

12.20-12.30
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INTRODUCTION:

The atmospheric aerosols are an important component of Mars’ atmo-
sphere. The climate on Mars is constantly and globally regulated by
the presence of suspended particles, which consist of mineral dust and icy
condensates such as water and carbon dioxide ice. These aerosols interact
with solar and planetary radiation, influencing the atmospheric dynamics
[1, 2]. Therefore, comprehending the characteristics of aerosols and their
seasonal and spatial distribution is essential for climate modeling. Further-
more, measurements of gaseous concentrations through remote sensing
are highly sensitive to the aerosol concentration and vertical distribution
in the atmosphere.

The infrared channel of the SPICAM spectrometer onboard the Mars-Ex-
press mission provides the continuous monitoring of aerosols in the Mar-
tian atmosphere since 2005 by solar occultation method [3, 4]. We pres-
ent a multi-year survey of these measurements from Martian year (MY) 28
to 36 to study the seasonal and spatial variation of vertical distribution of
extinctions, particle size and density for dust and water ice in the atmo-
sphere. The dataset covers nine Martian years and includes more than
2000 retrieved profiles. Within the SPICAM spectral range, we cannot dis-
tinguish between absorption due to dust or water ice. We employ an algo-
rithm to separate the two types of aerosols based aerosol measurements of
the MCS (Mars Climate Sounder) on MRO (Mars Reconnaissance Orbiter) [5],
SPICAM water vapor observations [6] and predictions of general circulation
model [7].

RESULTS:

The extinction profiles demonstrate prominent seasonal variations with 80
km elevation in the perihelion season and 40 km in the aphelion season.
There is a strong seasonal variation of extinction altitude in the Southern
hemisphere while this variation is much weaker in the Northern hemi-
sphere. The effective radius of dust was found to range from 0.3 to 1 um,
and the number density varies from <0.1to 10 cm™ with a slight seasonal
dependence. The effective radius of water ice was found to vary between
0.1 and 3 um, with a number density varying between 0.1 and 100 cm™.
Compared to water, the particle distribution of dust is on average closer
to uniform with altitude, which may be explained by the specific dust/ice
selection. High-altitude mesospheric clouds were observed at 70-90 km
during the global and regional dust events, such as GDS of MY28 and 34
and regional dust storm C. The Southern and Northern hood clouds were
characterized by an optical depth >0.1, small particle sizes varying from
0.2 to 1.2 um in radius and a high number density >5 cm™. The mass mix-
ing ratio of both water ice and dust by SPICAM is consistent with MCS and
MCD values, except for the days close to perihelion and the C storm, which
are underestimated by the model. The algorithm was validated against si-
multaneous aerosol measurements from ACS/TGO to demonstrate a good
selective performance for dust and ice clouds.
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Figure 1. The distribution of water ice effective radius with altitude as a function of
Ls for 6 latitude bins from the Northern to Southern hemisphere. The altitudes and
Ls have been arranged into 2 km X 2° bins. The dataset for the GDS of MY28 and 34
were excluded. The y-axis shows the altitude above the areoid.
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ABSTRACTS

ACAE (Atmospheric Climate and Escape) is a joint proposal of the Space
Research Institute (IKI), Tsinghua University and Sun Yat-sen University.
Among them, IKI serves as the responsible institution on the Russian side,
while Tsinghua University is the lead institution on the Chinese side, with
Sun Yat-sen University participating as a supporting Chinese institution.
The ACAE project proposes advanced infrared (IR) and ultraviolet (UV)
spectrometers, which are planned to be mounted on the orbiter module
of the Chinese Tianwen-3 Mars mission. These instruments are intended
for studying the composition and dynamics of the Martian atmosphere. It
continues the legacy of missions like Mars Express and ExoMars, focusing
on CO,, water vapor, ozone, dust, and upper atmosphere escape processes.

The instrument features an enhanced IR channel (adapted from ACS-NIR
Exomars TGO, with a flight heritage and flight hardware available) to be
supplied by IKl and a UV spectrometer newly developed under supervision
of Tsinghua University. The mass of the units will be 3.2 kg for the IR, 1.8 kg
for the UV, all combined in a unified structure having joint mechanical,
thermal, electrical, etc. interfaces with the spacecraft. The instrument will
have two optical ports. The main port is to observe the Mars atmosphere
in nearly-nadir direction by registering the reflected solar light. The solar
port serves to profile the atmosphere in solar occultations by pointing to
the sun and registering the direct solar light, which passed through the at-
mosphere. Combining different observations, ACAE enables comprehen-
sive atmospheric studies through high-resolution mapping and vertical
structure analysis.
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ABSTRACT:

Water ice clouds significantly impact the water cycle by modifying the glob-
al transport of water vapor [1], influencing the Martian climate through ra-
diative effects [2], and altering dust distribution by scavenging dust aerosol
particles during ice condensation [3]. Further observations of vertical distri-
bution and microphysical properties of water ice aerosols in the Martian at-
mosphere are needed for a better understanding and modeling of Martian
climate and water cycle.

The ExoMars Trace Gas Orbiter (TGO) is a collaborative mission between
ESA and Roscosmos aimed at exploring Mars, which commenced its sci-
entific observations in April 2018. The Atmospheric Chemistry Suite (ACS)
consists of three infrared spectrometers: Near Infrared (NIR), Mid-Infrared
(MIR), and Thermal Infrared (TIRVIM). In this work, we have analyzed 910
solar occultation observations from the TIRVIM instrument, collected be-
tween April 28,2018 and December 2, 2019. Out of these, 826 observations
were measured jointly with NIR profiles.

TIRVIM is a Fourier-transform spectrometer covering 1.7-17 um spectral
range. Aerosol properties from TIRVIM solar occultation data were retrieved
from 20 wavelengths in the spectral range of 2-6 um (1700-5000 cm™"),
chosen outside of strong-gas-absorption bands.

NIR is an echelle spectrometer covering spectral range 0.7-1.7 um, with se-
lection of diffraction orders performed by an acousto-optical tunable filter.
For the aerosol retrieval, diffraction orders centered at 0.76, 0.86, 0.99, 1.38,
and follows 1.57 um were used.

The scheme for retrieval of aerosol extinction and obtaining aerosol micro-
physical properties mostly follows [5]. Firstly, aerosol extinction coefficient
is retrieved using the standard ‘onion peeling’ method. Next, particle size
distribution is determined by fitting spectral dependence of experimental
normalized aerosol extinctions to their corresponding theoretical values.
The aerosol extinction is modeled according to Mie theory. Composition
of aerosols is a priori unknown, therefore we use four competing mod-
els in our fitting procedure: an unimodal distribution consisting of either
dust or water ice, or simultaneous presence of water ice and dust (water
ice) modes, forming a bimodal distribution. We assume that each mode is
characterized by a lognormal distribution. The model with the lowest x? is
considered the best. Finally, aerosol number density is calculated as a ratio
of experimental extinction coefficient to modeled extinction cross section.

In this work, we will present results of observations of bimodal water ice
particle size distribution in Martian clouds from the ACS solar occultation in
the period from April 2018 to December 2019.
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INTRODUCTION:

The water cycle is one of the key climatic processes in the Martian atmo-
sphere. Despite the low water content —approximately 10 precipitable mi-
crons — water transport into the upper atmosphere plays a crucial role in
Mars’long-term water loss. Therefore, it is of significant interest for scientific
investigation.

MAOAM:

The MAOAM model is based on the terrestrial KMCM model with a spec-
tral dynamical core. To solve the advection equation for minor constitu-
ents, it employs a second-order semi-Lagrangian explicit monotonic hybrid
scheme [1]. The model’s hydrological module includes water vapor and ice
microphysics, heterogeneous nucleation, sedimentation, photodissocia-
tion, water transport processes, and interaction with the surface.

ACS:

The Atmospheric Chemistry Suite (ACS) is an instrument aboard the ExoMars
Trace Gas Orbiter (TGO), which has been orbiting Mars since October 2016.
It comprises three infrared spectrometers: near-infrared (NIR), mid-infra-
red (MIR), and thermal infrared (TIRVIM) [2]. In this study we use data from
the NIR and MIR channels.

We plan to present updated comparisons between MAOAM water vapor
simulations and ACS data, as well as discuss the impact of dust on the mod-
eling of water vapor distribution and temperature.
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INTRODUCTION:

Gravity waves (GWs) are omnipresent in planetary atmospheres and origi-
nate from displacements of air parcels. They are generated in the lower and
denser atmosphere and propagate to the upper and thinner atmosphere
growing in their amplitude. Along the way GWs are reduced by various
processes and redistribute their energy and momentum to the surround-
ing atmosphere, affecting the atmospheric dynamics and climatology of
the planet. In this work, we study some of the mechanisms of GWs' damp-
ing the Martian atmosphere. We use data from solar occultation experi-
ments conducted by the infrared spectrometers of Atmospheric Chemistry
Suite (ACS) [1] on board the Trace Gas Orbiter (TGO).

OBSERVATIONS:

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 um). In this work, we use the data obtained from
the MIR and NIR instruments, operating in solar occultation mode since
April 2018. ACS-MIR is a cross-dispersion echelle spectrometer that allows
for retrieving temperature and density vertical profiles in the strong 2.7 um
CO, absorption band covering the broad altitude range of 20-180 km [2, 3].
ACS-NIR, an echelle spectrometer combined with an acousto-optic tunable
filter, measures the atmospheric structure in the 1.57 um CO, band at alti-
tudes from 10 to 100 km [4, 5]. Both ACS channels possess a high resolving
power, exceeding ~25 000, signal to noise ratio more than 1000, and sound
the atmosphere with the vertical resolution of 0.5-2.5 km. During simulta-
neous occultations, the instruments lines of sight target identical tangent
points that provide confidential cross validation between the retrieved at-
mospheric profiles. Presently, we report the observations for 3.0-3.5 Mar-
tian years (MY), from the middle of MY34 (April 2018) to the end of MY37
(October 2024), counting ~1100 occultations of MIR and ~12300 occulta-
tions of NIR.

RESULTS:

For the analysis of GWs’ damping, we use such characteristic of GWs as am-
plitude of relative temperature perturbations IT—T|/T, where Tis a verti-
cal temperature profile and T — mean temperature profile. Additionally
we use such parameters as vertical flux of horizontal momentum (per unit
mass) F, Brunt-Vaisala frequency, which characterizes the stability of GWs
propagation. In order to derive these parameters of GWs, we use the meth-
od described in (Starichenko et al., 2021, 2024) [6, 7].

Figure 1 depicts the seasonal data coverage along the seasonal distribu-
tions of relative temperature disturbances and momentum fluxes. GW ac-
tivity is more intense in the winter seasons. The magnitudes of F in the mid-
dle atmosphere are larger and occur lower in the southern hemisphere



16MS3-MS-05
ORAL

during aphelion winters, while the peaks extend higher (up and above
100 km) during the perihelion winters. The figure shows that filtering and
breaking/saturation processes greatly restrict wave amplitudes in the up-
per atmosphere.
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Figure 1. Upper row: Latitude coverage of ACS measurements as a function of
the solar longitude Ls; color indicates the local time of observations. Middle and
bottom rows: seasonal-altitude distribution of relative temperature perturbations
and wave momentum flux (per unit mass), correspondingly (shown in color bars).
The left and right columns present the data for the northern and southern hemi-
spheres, respectively. Gray shaded area denotes the period of global dust storm
(GDS). Red dashed lines separate Martian years MY34 to MY37
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ABSTRACT:

Thermal radiation from the planet’s surface is partially absorbed by the at-
mosphere if it contains greenhouse gases. Most greenhouse gases have
transparency windows, the spectral range of which decreases with increas-
ing concentration of greenhouse gases in the atmosphere. For example,
the atmosphere of Mars has wide transparency windows due to the rarefac-
tion of the atmosphere, while in the atmosphere of Venus there are practi-
cally no transparency windows. In the atmosphere of the Earth, the size of
the transparency windows is intermediate. The report examines this issue
for Mars and the terrestrial planets. The spectral range of the transparency
windows significantly affects the magnitude of the greenhouse effect: on
Mars these are units of Kelvin, on Earth about 39 K [1]. It should be noted
that without the greenhouse effect, the Earth would be outside the habit-
able zone.

REFERENCES:

[11 Karnaukhov A. V. Initial stage of the Mars evolution might be suitable for
a life appearance because of greenhouse effect. Theoretical model // Proc.
31 European Workshop on Exo-Astrobiology “Mars: The Search for Life”. 2004.
P.213-214.



ELECTRONIC KINETICS OF CARBON

MONOXIDE IN THE UPPER ATMOSPHERES
OF MARS AND PLANETS OF SOLARSYSTEM

A.S. Kirillov
Polar Geophysical Institute, Apatity, Murmansk region, Russia, kirillov@pgia.ru

KEYWORDS:
Mars, planets, upper atmosphere, carbon monoxide, molecular nitrogen,
electronic kinetics

ABSTRACT:

Auroral emissions in the atmosphere of Mars was discovered by SPICAM
(Bertaux et al., 2005 Nature) The main emissions in the net auroral spec-
trum are the CO a’I1-X'S Cameron bands between 180 and 240 nm, long
observed on the Martian dayside [1]. In CO,-rich atmosphere there is a pro-
duction of electronically excited carbon monoxide CO by impact of ener-
getlc partlcles with CO, molecules. We study the kinetics of the triplet a 31,
a’st, d*p, &3 states 5f carbon monoxide at altitudes of the atmosphere
of Mars durlng the precipitation high energetic particles. The intensities of
the CO a®T1-X"% Cameron bands are calculated for conditions of auroral pre-
cipitations in Martian atmosphere. In N_-rich atmospheres of Tltanj Triton,
Pluto there is a production of metastabfe molecular nitrogen N,(A°X ) by
impact of energetic particles on N, molecules and in cascade’ processes
from triplet states of electronically excited nitrogen molecules. The inter-
action of N (A z, *) with minor co J)onent CO in the atmospheres caus-
es the effective production of CO(a°I1) in intermolecular electron energy
transfer processes. Moreover thereis V|brat|onal excitation of ground-state
N (X 2 *)and CO(X'=") in the intermolecular and intramolecular processes.
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INTRODUCTION:

Mars is an ambitious target for future human exploration. The radiation en-
vironment during the transit and in Mars vicinity can be very hazardous
for future human missions to the planet. In the interplanetary space and
at Mars orbit the radiation field consists of two types of primary particles:
galactic cosmic rays (GCR) and solar energetic particles (SEPs).

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

Liulin-MO data about the radiation environment during TGO cruise to Mars
and in high elliptic Mars orbits were taken in the period from April 2016
to March 2017. Since May 2018 Liulin-MO investigates the radiation con-
ditions at Mars science orbit, which is a circular orbit with 400 km altitude.

Liulin-MO measurements to date cover the decreasing and minimum
phases of the solar activity in solar cycle 24 and the rising phase, maximum,
and decreasing phase near the maximum of cycle 25.

In this paper we present and discuss the results for the charged particle
fluxes and dose rates at 1.5 a. u. during different phases of the solar activity
cycle. The results are based on measurements by Liulin-MO dosimeter on
TGO in the period April 2016 —July 2025.

Discussed is the selection of the best time interval in the solar cycle for
a future manned trip to Mars, regarding the radiation safety. The obtained
results may be used for verification and benchmarking of the galactic and
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INTRODUCTION:

Comparing in-situ radiation and charged particle data from observation
missions with simulation outputs from the Mars Energetic Radiation En-
vironment Model (MEREM) [1] provides a foundation for selecting criteria
to adapt for future Mars mission planning, astronaut safety, and detector
development [3]. Building on prior MEREM-based studies, this work sys-
tematically examines solar energetic particle (SEP) spectra and fluxes [2, 6],
along with Galactic cosmic rays (GCRs) [3], by contrasting model outputs
with observational data collected during Mars orbital operations [2, 4]. This
comparison is intended to integrate observational insights with simulation
frameworks under varying solar and heliospheric conditions [6], support-
ing the development of preliminary radiation environment estimates for
future Mars missions [5, 7]. Additionally, insights from this comparison may
inform broader considerations of how the Mars orbital radiation environ-
ment could influence organic molecule preservation [8], which is relevant
for Mars sample-return missions such as Tianwen-3 [10] and future astrobi-
ological studies [9]. By focusing on aligning empirical datasets with simula-
tion frameworks, this study aims to support the refinement of mission-spe-
cific criteria in Mars orbital radiation environment assessments, facilitating
mission design, risk mitigation, and maximizing scientific return during
Mars exploration efforts [5, 7].
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INTRODUCTION:

Understanding the transport and detectability of energetic electrons origi-
nating from Jupiter has long been a subject of heliospheric studies, partic-
ularly due to their unique propagation behavior along interplanetary mag-
netic field (IMF) lines shaped by the Parker spiral [1, 2]. Jovian electrons,
typically in the MeV range, can reach inner heliospheric locations such as
Earth and Mars under favorable magnetic connectivity conditions [3, 4].
These conditions are governed by the relative heliolongitude between Ju-
piter and the observer, the structure of the solar wind, and the orientation
of the IMF [5, 6]. Several modeling studies have explored the propagation
of Jovian and galactic electrons through the heliosphere [7, 8], and have
highlighted the importance of turbulence and magnetic field line topology
on particle transport [9, 10]. At Mars, detection of charged particles from
both solar and interplanetary sources has been made possible by instru-
ments aboard orbiters and surface missions [11], [12], yet the potential to
observe Jovian electrons from Mars orbit remains underexplored.

The Mars Aiming Radiation Collection Hodoscope (MARCH) is a proposed
Thai-Chinese space radiation detector, currently under mission proposal
development. Planned for potential deployment aboard China’s Tianwen-3
Mars orbiter, MARCH is designed to detect energetic electrons and ions
originating from solar, galactic, and Jovian sources. The Tianwen-3 orbiter
will operate in a highly elliptical orbit with a periapsis of 400 km, an apoapsis
of 76,000 km, and an inclination of approximately 54°. Although the Right
Ascension of the Ascending Node (RAAN) has already been defined inter-
nally for the mission, it has not been publicly disclosed. This study therefore
adopts a simulation-based approach to sweep RAAN values parametrical-
ly, with the aim of evaluating how orbital orientation affects the detector’s
magnetic connectivity with Jupiter. In this study, we simulate the detector’s
magnetic connectivity to Jupiter across a range of RAAN values, assuming
a fixed anti-nadir pointing configuration of the instrument. We quantify
connectivity using the “Jovian magnetic connectivity duty cycle” the frac-
tion of time when the detector boresight falls within a threshold angle of
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the Parker spiral direction emanating from Jupiter [13, 14]. By combining
orbit propagation and magnetic field modeling, we assess how orbital ori-
entation affects the detector’s observational potential. The results provide
a practical strategy for optimizing the geometry of deep-space missions tar-
geting interplanetary particle populations, especially when constrained by
fixed-pointing instruments in a complex heliospheric environment [15, 16].
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ABSTRACT:

The study addresses the problem of ensuring stable high-speed radio com-
munication during the trajectories of Earth-Mars and Mars-Earth flight mis-
sions using relay spacecraft on heliocentric orbits [1, 2]. The relay spacecraft
are proposed to be placed on resonant orbits, enabling their repeated use
for a selected class of Earth-Mars flights, which is conceptually equivalent
to the Cycler approach [3]. The orbits of Earth and Mars are assumed to be
circular and coplanar.

A family of trajectories for round-trip Mars expeditions, differing in mission
duration, is examined. The analyzed range includes flight durations from
the energetically optimal Hohmann transfer (259 days) to fast transfers last-
ing 115 days, corresponding to the planned SpaceX Starship missions. Each
trajectory within this family follows a two-impulse Earth-Mars and Mars-
Earth transfer scheme, optimized for total delta-v expenditure, and is deter-
mined by solving Lambert’s problem [4, 5].

An analysis is presented of communication links between Earth, Mars,
the target spacecraft, and the relay satellite. Requirements for possible po-
sitioning regions of the relay satellite in the interplanetary space between
Earth and Mars are formulated [1, 2]. Families of resonant orbits for relay
satellites have been identified to achieve the specified communication
channel capacity during the transfer phase. The most promising relay satel-
lite orbital configurations have been determined, providing 100% channel
availability while maximizing data throughput during the mission. The per-
formance gain of the proposed relay architecture has been quantified in
comparison with direct Earth communication links.

The analysis of low-thrust maneuvers for relay satellite deployment and sta-
tion-keeping has been conducted, including delta-v cost estimates for re-
peated Earth-Mars-Earth mission cycles. Optimal launch windows for both
the target spacecraft and relay satellite have been determined for upcom-
ing synodic periods.
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INTRODUCTION:

The catalog of recently formed meteorite impact sites on Mars provides
an opportunity to study the meteorite population common to Earth and
Mars [1, 2]. About 60 % of the impactors disintegrated in the atmosphere
and formed crater clusters [2]. Crater fields are very diverse in terms of both
the number of craters they contain and the size of the scattering field (and
the distance between craters). The characteristics of crater fields depend,
among other things, on the properties of the impactor, so it can be as-
sumed that among the crater clusters there should be groups associated
with different types of impactors.

CLUSTER ANALYSIS:

Cluster analysis was used to analyze the catalog data. This method divides
sets of objects into subsets (clusters) so that objects from the same group
are more similar to each other than to objects from other clusters according
to some criterion. The parameters of crater fields, which are considered as
input variables, include the height of the cluster above the average sur-
face of Mars H , , the number of craters in the cluster N, the average size
of the cluster eﬁ ¢ the normalized masses of fragments M./My, M,/M
etc) (where M, is the mass of a fragment and M, is the total mass of all
fragments). The masses are estimated based on the size of the impactor for
each crater in the cluster, and the size of the impactor itself is determined
by the similarity ratio for craters [3].

RESULTS:

The number of groups identified varies depending on the method chosen;
however, regardless of the method, clusters with a dominant main crater
and clusters with a large number of relatively small craters are identified as
separate groups. The third frequently distinguished group is the group in
which there are two comparable large craters. The cumulative distributions
of craters in clusters by mass showed that the slope of the distribution dif-
fers significantly for the group with small craters. Cluster analysis suggest-
ed a division into groups that correlates with previously proposed cluster
classifications. Attempts to find a division into groups that reflects the re-
lationship between height above the average surface and average cluster
size did not yield positive results, nor is there any apparent dependence of
the number of craters on height above the average surface.
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INTRODUCTION:

Meteoroids, which enter the atmospheres of Earth and Mars belong to
the same population of small solar system bodies and have different fates.
On the Earth, meters-scale meteoroids deposit the most part of their mass
and energy in the atmosphere, in rare cases their fragments may be found
as meteorites. On Mars, due to the thinner atmosphere, they form impact
craters or clusters of craters on the surface. These clusters provide a unique
opportunity to estimate meteoroid parameters.

Repeated imaging of the Martian surface allowed to find new dated impact
sites of meter-scaled meteoroids. Up to date more than 1400 freshly formed
impact sites were discovered [1, 2]. For 1336 of them there is information
about size and location of craters. More than a half (62 %) of the impacting
bodies break up in the atmosphere and form clusters of craters [3].

SIZE-FREQUENCY DISTRIBUTION:

The size-frequency distribution (SFD) of small bodies in the Solar System,
as well as the distribution of craters they form, provides insight into their
origin and evolution. The cumulative distribution of small bodies is often
described by the power law with power exponent b:

N(>D)~D".

N(>D) Name N b R?
~ N, ESP_057984_1490 24 1.31 0.85
500F ¥ ESP_066527_1835 52 1.8 0.82
ESP_©51948 1895 257 2.03 0.52

ESP_©53912 1940 126. 227 p 9
100 T PSP_007499 1810 2.17 9.75

50

1
0.8
Figure 1. Cumulative SFD of few densely populated clusters (group 2, clusters in-
clude more than 20 craters). Black solid line starts from approximately mean num-
ber of craters in the catalog (N=10) and demonstrates the average inclination,
dashed black lines differ from the mean slope on its standard deviation. Root of
variance estimation is shown as error bars. The legend contains information about
cluster (its identification name and number of craters inside) and power fit parame-
ters (obtained power exponent b and coefficient of determination R“)

Previously three types of fresh Martian clusters were identified [4]. The first
one includes clusters with one major crater supplemented by some much
smaller ones; densely populated clusters (with more than 20 craters) corre-
spond to the second type and the final group relates to sparsely populated
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clusters (less than 20 craters), which have 2 or more comparable largest cra-
ters (Figure 1). The distributions for each group are characterized by various
average power exponents [4]. They were estimated as 1.1, 1.9 and 1.4 for
groups 1, 2 and 3 correspondingly. The various proposed groups may cor-
respond to different fragmentation scenarios and/or meteoroid properties.

In geosciences, observed data often cover a wide range of scales, but
the applicability of the power-law relationship is often limited. The small-
est events are below the sensitivity threshold of the instruments, while
the large ones are constrained by the physical boundaries of the system
itself. It was proposed to describe such distributions by an upper-truncated
power law (2), at which there are no objects of size larger than D, [51:

N(>D)~(D™* —D;®).

Considered size-frequency distribution of Martian craters sizes is limited by
the resolution of satellite cameras for small craters and by the largest crater
in cluster. To better describe the limitations, the distribution was described
by a truncated power law. Results will be compared with classic power law
and independent works.

NUMERICAL SIMULATION:

Cluster groups may be modeled in the frame of an entry fragmentation
model taking into account different fragment distributions in selected
groups, entry velocities and angles, elevations and meteoroid strengths.
Numerical modeling of characteristic clusters will allow us to determine
the most suitable parameters of meteoroids and the corresponding frag-
mentation features. It will be shown that the characteristic clusters in each
group are in good agreement with the real ones.
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INTRODUCTION:

The last year presentation included HiRise Images up to ESP_084845_1925
filmed 01 September 2024. Here we present new images, outlining most
interesting cites.

DATED “NEW” MARTIAN CRATERS:

The technique to find an approximate age of small new impact craters
with repetitive imaging “before” and “after” a crater formation proposed
by Malin et al. [1] has been successfully applied for craters, recorded with
the HiRlse camera [2]. The collection published in [2] has been expanded
to 1700 recorded cases in 2024 [3] (Figure 1). During the last calendar year
(2024-2025) the collection of dated “new” craters has been expanded with
about 150 cases.

1000
100 /.,\
- . i \ ~—before 2007
— by * ——after 2007 (17 years)
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a
1
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Figure 1. Evolution of the differential crater size distribution in diameter bins 1 to
2 m, 2 to 4 m, etc. After 2007 the finding rate of craters with D < 20 m was highly
improved due to the increased surface coverage with CTX images

ATMOSPHERIC SHOCK WAVE’S FOOTPRINTS:

One of the most interesting features found around small “new” craters are
footprints of atmospheric shock wave collision with the dusty Martian sur-
face. A kind of these footprints named “scimitars” seems to be formed due
to collision of ballistic sonic waves and hemispherical shock waves from
the point of impact [4].

In the presented work we analyze several new impacts recorded by
the HiRise team during the last year, including a few new cases of scimitar’s
formation.

ESP_086005_1955

Figure 2 presents an example of a scimitar near the“new” crater at the HiRise
image ESP_086005_1955, 30 November 2024, centered near 15.527°N,
50.85,7° E. The “new” impact crater has a diameter D= 11 m. CTX images
define the formation date between 12.02.2023 and 09.09.2024.
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Figure 2. The scimitar near the “new” crater at the HiRise image ESP_086005_1955

ESP_086871_1750

Figure 3 shows one more example of a scimitar captured in the image
ESP_086871_1750 06 February 2025 near -4.888N, 167.052E. “Before”
and “after” CTX images pace the formation date between 20.04.2023 and
03.11.2024. The crater diameter is about 8.25 m.

Figure 3. The scimitar near the “new” crater at the HiRise image ESP_086871_1750.
North is to the left

We continue to construct mechanical models of scimitar’s formation to
make better conclusions about meteoroid’s orbit inclination and local me-
chanical properties of the Martian soil at the point of impact.
CONCLUSIONS:

The continuation of the HiRise/CTX imaging gives a reliable technique to
estimate the impact flux on Mars and the impact cratering condition in var-
ious regions of Mars.

ORAL
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INTRODUCTION:

This study builds upon the results of our ongoing analysis of crater size-fre-
quency distributions in the Chryse Planitia region of Mars, the outcomes
of which are currently being prepared for publication (Skrebec G.A., Iva-
nov M. A. Estimates of the absolute model age of the outflow channel floors
around the Chryse Planitia. 2025 (manuscript in preparation)). The data
reveal a striking temporal contrast between western and eastern outflow
channels: while Simud and Tiu Valles show formation ages clustered at 3.7-
3.6 Ga, Ares Vallis and Hydaspis Chaos display multiple resurfacing peaks at
3.9,3.6,3.5,and 3.0 Ga.

This variability suggests that the eastern systems did not form in a single
catastrophic event but were reactivated during at least two or three dis-
crete fluvial phases. Understanding what allowed such episodic reactiva-
tion of surface hydrology on a predominantly cold and arid Mars is a key
question driving the present study.

Several lines of evidence suggest that transient climatic warming episodes
are likely triggers for these events. Global climate models (e.g., MarsWRF,
LMD GCM) simulate short-lived periods of surface liquid water stability
under specific conditions, including orbital obliquity maxima and episodic
volcanic degassing, particularly during the Hesperian epoch.

Here, we investigate whether the observed resurfacing ages of eastern
channels align with predicted climate windows. By doing so, we aim to as-
sess the climatic sensitivity of Martian fluvial systems and to test the hy-
pothesis that the eastern sector of the Chryse outflow network functioned
as a reactivatable hydrologic domain under marginal warming conditions.

STUDY AREA AND METHODS:

Based on THEMIS daytime mosaics (100 m/pixel) and MOLA topography,
photogeological mapping was conducted across representative surfaces
in Simud, Tiu, Ares Vallis, and adjacent regions of Hydaspis Chaos. The sur-
veyed localities were subdivided into the western group (Simud, Tiu), and
the eastern group (Ares, Hydaspis), based on both geographic position and
geomorphological context.

Crater populations were digitised using CraterTools within ArcGIS and an-
alysed using Craterstats2. Model ages were determined using Hartmann-
Robbins chronology functions. All count areas were selected to represent
morphologically uniform fluvial surfaces, with secondaries excluded.
The resulting absolute model ages (AMAs) indicate that western channels
formed synchronously around 3.7-3.6 Ga, while the eastern systems un-
derwent multiple resurfacing phases: 3.9-3.6 Ga (Ares | site), 3.5 and 3.0 Ga
(Aresl), and 3.6-3.5 Ga (Hydaspis). Formal uncertainties for these estimates
range from +0.01 to +0.07 Ga, depending on the crater population size and
surface preservation.

To interpret these age clusters, we compared the fluvial record with outputs
from 3D climate models (MarsWRF and LMD GCM), which simulate short-
lived warm intervals driven by orbital obliquity cycles and episodic vol-
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canic degassing during the Hesperian. Our results support the hypothesis
that the eastern channels were reactivated during discrete climate excur-
sions, in contrast to the largely monocyclic nature of the western systems.
The eastern valleys, especially Ares Vallis, may thus represent climatically
sensitive, reactivatable drainage pathways.

POSSIBLE DRIVERS OF EPISODIC FLUVIAL ACTIVITY:

1.

Obliquity-driven orbital forcing: Mars experiences large-amplitude
obliquity variations on 0.1-1 Myr timescales due to its lack of a large
stabilising moon. According to models [1, 2], periods of high obliquity
(>40°) would result in poleward redistribution of volatiles and a thick-
ening of the atmosphere due to CO, sublimation from polar caps. This,
in turn, could lead to increased surface pressure, enhanced greenhouse
effect, and the transient stability of liquid water, particularly in lowland
regions such as Chryse Planitia. Importantly, the duration of these in-
tervals is predicted to range from 0.01 to 1 Myr — sufficient to permit
large-scale water discharge and erosion.

Volcanically induced greenhouse spikes: episodic volcanic outgassing,
particularly during the late stages of Tharsis activity, could have injected
large amounts of SO, and H,O vapour into the atmosphere. As suggest-
ed by [3], such degassing events may have induced climate excursions
lasting several decades to centuries, sufficient to initiate the melting
of near-surface ice deposits or destabilise pressurised aquifers. While
brief in geological terms, these pulses may correspond to the resurfac-
ing peaks observed at 3.5 and 3.0 Ga in the Ares Il site (Skrebec G. A., Iva-
nov M. A. Estimates of the absolute model age of the outflow channel
floors around the Chryse Planitia. 2025 (manuscript in preparation)).

Cryospheric reactivation and hydrological cycling: another plausible
trigger involves the mechanical destabilisation of buried ice reservoirs.
Cycles of sublimation and re-freezing under fluctuating thermal gra-
dients could lead to overpressure and fracturing of cryospheric seals.
Such processes may explain the multiple resurfacing signatures seen in
Hydaspis Chaos, which is topographically and geologically suited to act
as a subsurface drainage hub.

Mechanisms described above differ in both temporal scale and geophysi-
cal nature. Table 1 provides a comparative summary of their hypothesised
roles in producing the observed resurfacing episodes.

Table 1. Proposed climatic triggers for resurfacing episodes in the study area

Resurfacing | Possible climatic or Mechanism Reference
age, Ga geologic driver model
3.9-36' High obliquity phase 1 CO, sublimation — [1,2]
during Early Hesperian pressure — transient
warming
3.6-3.5° Thermal destabilisation | Melting of cryosphere; [3,4]
of ground ice release through fractured
terrain
3.5° Episodic volcanic S0, /H,0 greenhouse effect | [5, 6]
degassing (late-stage > brief warming spike —
Tharsis activity) aquifer destabilisation
3.0 Orbital forcing and Obliquity-induced [3,7]
subsurface cryospheric | instability in ground ice —
reactivation phreatic eruption/release

!3.9-3.6 Ga peak aligns temporally with the main outflow events in the western
channels, but in the eastern sector shows evidence for a more extended interval

of activity.

2 3.6-3.5 Ga peak is interpreted as the result of episodic cryospheric collapse, facili-
tated by regional thermal anomalies or subsurface pressure release. These mecha-
nisms are compatible with a declining climate regime and do not require globally
elevated temperatures, in agreement with late Hesperian climate models.
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3 3.5 Ga resurfacing may reflect a delayed aquifer response to waning volcanic out-
gassing or localised climate excursions.

* 3.0 Ga event is especially significant as it represents late-stage fluvial reactivation,
potentially under thin atmosphere conditions — a scenario consistent with punc-
tuated warming windows rather than sustained clement climate.

DISCUSSION AND CONCLUSIONS:

Taken together, the climatic and geophysical mechanisms outlined above
offer a coherent explanation for the polycyclic fluvial stratigraphy observed
in the eastern sector of the Chryse basin. Notably, each of the three re-
surfacing age peaks (3.9-3.6, 3.5, 3.0 Ga) aligns with a modelled window
of transient surface habitability in climate simulations. This strengthens
the hypothesis that eastern valleys functioned as reactivable channels,
rather than relics of a single fluvial episode.

By contrast, the synchronous formation of the western channels (Simud,
Tiu) implies that these systems were formed during a unique global-scale
hydrologic event, likely coinciding with early Hesperian peak obliquity and/
or initial Tharsis rifting. Their lack of later resurfacing signals suggests that
they did not undergo reactivation during subsequent climate excursions—
possibly due to geomorphic exhaustion, sealing of aquifers, or tectonic
stabilisation.

This dichotomy between polycyclic eastern and monocyclic western chan-
nels raises important questions about spatial variability in Mars’ hydro-
sphere—cryosphere system and suggests that regional boundary condi-
tions (e.g., crustal permeability, elevation, latitude) played a major role in
modaulating the climatic sensitivity of different drainage basins.
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INTRODUCTION:

Clay-minerals on Mars is one of evidence of the existence of liquid water
activity on Mars in ancient times; they likely indicate climate changes in
the history of Mars. Impacts may provide energy for hydrothermal alter-
ation of rocks, which is one of the causes of clay minerals formation [1-3].
There are typical clay-bearing layered outcrops in the southwest portion
of Holden crater, which was formed during the transition from the Noa-
chian to the Hesperian [4-6]. Its upper unit is the distal of alluvial fans form-
ing from alcove serving as the source area at the rim of Holden crater [7].
If the energy released by the Holden impact process could promote the al-
teration of protoliths into clay minerals, then the content of clay-minerals in
the alluvial fan could be greater than its content in the original area before
the formation of the Holden crater (Figure 1, ).

2l

Figure 1. | — Study area, A — alcove at the rim, B — alluvial fan; Il — Clay-bear-
ing layer of Nigal Vallis, green lines indicate the subface of the clay-bearing layer;
IIl — Southern outcrop of big trough in the SW part of Holden crater, arrows indi-
cate the uncomfortable surface between the upper and lower units; IV — Northern
outcrop of big trough in the SW part of Holden crater, arrows indicate three se-
quences of deposits

This study uses geometric modeling to qualitatively and semi-quantitative-
ly assess the origin of clay minerals in layered deposits in Holden crater.
Data of CTX, HiRISE and DTM derived from them, CRISM, MOLA were used.
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ESTIMATED THICKNESS OF THE CLAY-BEARING

LAYER TO THE WEST OF HOLDEN CRATER:

There are significant exposures of clay minerals on the wall of Nirgal Vallis

(Figure 1, 1), which cut through Noachian aged terrain to the southwest

of the Holden crater [9]. The composition of clay minerals is Fe-Mg smec-

tite, the clay-bearing layer is located above the gullies. So, we assume that

the average thickness of the clay-bearing layer of Noachian aged highlands

is 50 m as we measured.

GEOLOGIC CONTEXT AND STRATIGRAPHIC

RELATIONSHIP OF HOLDEN CRATER:

The paleo-Holden Basin, Eberswalde Crater and Holden Crater were
formed in the studied area. We chose the southwestern part of the rim of
Holden crater and the alluvial fan inside it as the research object because
the Holden impact event cuts through the Noachian highland material
here and less effected by preformed paleo-Holden basin and Eberswalde
crater (Figure 1,1). The alluvial fan from the west overlays the southern
plain material, which has an absolute model age of 3.4 Ga and is the first
deposit formed after the formation of Holden crater [10]. The average
elevation of the southern plain is —=2200 m [10], which is consistent with
the unconformity between the layered light-toned upper unit and the non-
layered lower unit [4-6] (Figure 1, lll, black arrows). Therefore, we consider
that all the materials above -2200 m elevation of alluvial fans are formed
by materials eroded from alcove at the rim of Holden crater. The results of
CRISM data analysis on the rim of Holden crater show that there are little Fe-
Mg smectites remaining on its eroded surface, but abundance in low-cal-
cium pyroxene, indicating that the alcove as the source area of alluvial fan
has been cut down to the bedrock of highland material.

GEOMETRIC MODEL OF ALLUVIAL FAN AND ALCOVE

AT THE RIM OF HOLDEN CRATER:

The geometric model of the Holden crater rim and alluvial fan are shown
in Figure 2. R is the original rim of Holden crater when it was formed before
erosion. AF is the bottom of alcove at the rim of Holden crater after erosion,
which is the source area of the alluvial fan. AB is the surface of the alluvial
fan, and BC is the contact surface between the alluvial fan and the south-
ern plain at the bottom of Holden crater. Surface AA'C'C is the inner wall
of Holden crater buried by the alluvial fan. We assume that it has not
been extensively eroded since the formation of Holden crater. We choose
the corresponding eastern edge of Holden crater for measurement, where
there is no evidence for fluvial activity [10] and the original slope of crater
rim can be preserved there. We got tan ACD =0.21. Based on the MOLA
data and the elevation of the alluvial fan bottom selected as —2200 m, we
measured and calculated the volume of the alluvial fan is 385.3 km>.

Figure 2. Geometric model of alluvial fan (l), and cross section of alluvial fan and
alcove on the rim of Holden crater (1)

The material that formed the alluvial fan came from the alcove to the west
at rim of Holden crater (A in Figure 1,1), which has an area of 402 km?
(Figure 1,1, A). The thickness of the Noachian plateau clay layer measured
above is 50 m. We assume that the clay content of this area is similar to
that of Mawrth Vallis, which is to 70 % [12], so the volume of clay mineral
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contained in the alcove area before the formation of Holden crater does not
exceed 14 km?,

INTERNAL STRUCTURE OF ALLUVIAL FAN:

The northern part of the Big Trough in the SW portion of Holden crater
is within the study area. The outcrop has peninsular-shaped profile (Fig-
ure 1, IV). There are three sequences of layered sediments (Figure 1, IV, back
arrows). The grain size of each sequence becomes finer upward, indicating
the type of alluvial fan is of progradation. We assume that the dark-toned
coarse-grained particles are the materials of protolith, while the light-toned
fine-grained particles are clay-bearing materials, and the volume ratio we
measured is 1:5. We calculated that the volume of clay-bearing layers in
the alluvial fan in our study area is 321 km?>.

The inverted channels on the surface, the structure of clay-bearing layers
and the source of material that formed the alluvial fan indicate the similar
genesis with fan delta in Eberswalde crater [11]. F. Poulet et al. [12] deter-
mined that the clay minerals accounted for less than 25 % of the fan delta
in Eberswalde crater, so we assumed that the volume of clay minerals in
the alluvial fan in our study area does not exceed 80 km®.

DISCUSSION AND CONCLUSIONS:

Through geometric modeling, we found that the volume of clay minerals
in the alluvial fan in the study area is about 80 km?, which is much great-
er than the clay content of about 14 km? that we estimated in the original
strata before the formation of the Holden crater. Therefore, we suggest that
the heat released by the Holden impact process caused the original materi-
al on the rim of the original Holden crater to be transformed into clay min-
erals due to hydrothermal processes, and the layered sediments of the allu-
vial fan in the Holden crater were formed under the action of later erosion.
Although only the volume is calculated, and the sorting during the trans-
portation of sediments and the diagenetic effects such as later compaction
are not considered, our calculations also reflect the trend of clay content.
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ABSTRACT:

SPICAM-IR is an near-infrared (1-1.7 um) spectrometer on board
the Mars-Express mission [1]. It is based on an acousto-optic tunable filter
(AQTF), which results in a low-weight (0.8 kg), but high spectral resolution
(R~ 1800-2200). SPICAM-IR started observations in early 2004 and is still
working as of August 2025, enlarging its more than 1.5 million nadir spectra
dataset. While the main target of nadir observations has always been water
vapor in the Martian atmosphere, it was recently exploited to characterize
the seasonal and permanent polar caps, since both CO, and water ice spec-
tra have diagnostic features in the instruments spectraﬁ range [2].

The data revealed that SPICAM-IR is also somewhat sensitive to the water
ice clouds using the 1.5 um water ice band, but discriminating between
water ice clouds and surface frost remains challenging with SPICAM data
alone. We will show the local time dependence of non-polar water ice de-
tections and discuss the attribution to water ice clouds or surface water ice
frost.

Another surface species that is possible to detect in that spectral region
are hydrated minerals that have a 1.4 um absorption band. While sequen-
tial scan of the wavelengths decreases detection reliability, spot-tracking
observations are able to achieve consistent detections. We will show some
selected spot-tracking observations and discuss further possible targets for
these observations.

With over 20 years of continuous observations, SPICAM-IR offers unique
opportunities for long-term studies. All of these miscellaneous findings
may complement and validate findings of other instruments, especially in
the case of co-located instruments (OMEGA, SPICAM-UV).
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INTRODUCTION:

Seismic experiment on Mars by InSight mission has provided the scientific
community by new valuable data, such as the crust density and thickness,
the core radius and the thickness of melt layer at the bottom of the mantle.
Nevertheless the mineralogy of Mars is under discussion. Chandler Wobble
(CW) period is an important parameter, which can provide additional con-
straint on the structure of Mars. CW for Mars was recently detected. Its value
is 206.9+0.5 days [1].

MODELING OF THE MANTLE MINERALOGY:

ix different composition models were chosen: DW85 [2], MA79 [3], T13 [4],
LF97 [5], S99 [6] and KCO8 [7]. Mineralogy of Martian mantle was modeled
by using program Perple_X, which is an open-source software (https://
www.perplex.ethz.ch/). This software provides density, seismic velocities
profiles and mineralogy distribution in the mantle.

CALCULATING CHANDLER WOBBLE PERIOD OF MARS:

With the mantle profiles that were obtained in the previous step, the pro-
files in the whole planet’s interior are calculated by using the method from
[8]. Andrade rheology was used to account for inelasticity. In order to in-
vestigate the effect of the mantle mineralogy and chosen temperature
proflles onIy, parameters of the rheology are fixed at the values: a=0.3,
n0—10 Pass,n, = = 10° Pass.

RESULTS:

Models of the internal structure of Mars were constructed for different
chemical composition models while varying crust density and thickness,
core radius and core density. They were selected by their accordance to
the observable values of Love number k, and moment of inertia. Figure 1
represents the process of selection for DW85 model.
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Figure 1. Selection of Martian internal structure models for DW85 chemical model
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In order to analyze the difference in CW period values models with close
values of Love number and moment of inertia were chosen (Table 1).
The models with MA79 composition do not satisfy the moment of inertia
and the Love number k..

Table 1. Constructed models and their parameters for DW85, T13, LF97, S99 and
KC08 chemical composition models

DW85 T13 LF97 S99 KC08
Crust thickness, km 70 65 40 40 50
Crust density, kg/m> 2700 2700 2700 2700 2700
Core radius, km 1685 1688 1684 1678 1687
Moment of inertia //MR? | 0.36395 |0.36396 |0.36398 |0.36392 |0.36395
Love number k, 0.1735 0.1744 0.1732 0.1734 0.1746
CW period, days 211.6 211.9 211.7 2104 211.6

According to the obtained results, model values of CW period for inelastic
Love number k, are in the range 210.4-211.9 days while CW period for elas-
tic k, is in the range 200.5-200.9 days. Recently, by numerical simulation
authors of [9] have found that in the formula for CW the value between
elastic and inelastic Love number k, should be used. This brings a little un-
certainty in obtaining theoretical v period and additional investigations
on this issue should be made. Nevertheless, it does not reject the results
of the effect of mantle mineralogy and temperature profile on CW period.
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INTRODUCTION:

There was only one seismic station on the InSight mission [1]. The determi-
nation of the coordinates and depth of the marsquakes were performed with
great uncertainty, represented by ellipsoidal probability density functions
[2]. The nature of Martian seismic activity is uncertain. Many marsquakes
are thought to be triggered by seismic sources such as faults or cracks.
As shown in [3], the gravitational potential of Mars is largely determined by
long-wave components and mainly reflects the influence of a massive re-
gional anomaly — the Tharsis bulge. At depths of 100-200 km the predom-
inant contribution to the general stress state is made by the short-wave
part of the gravitational field, while long-wave components do not allow
localizing stresses associated with specific geological formations. Here we
show that global compression and stretching created by the Tharsis zone is
not the dominant process.

MARSQUAKE LOCATION DATA:

The main source of information is the Mars Seismic Catalog [4], which in-
cludes 2715 events. However, the coordinates of the epicenters (latitude,
longitude) are indicated only for 24 of them. We extracted additional in-
formation from [2], which provides a table of locations for 31 seismic
events (29 marsquakes and 2 meteorite impacts). The work [5] contains
a table with locations of 24 marsquakes and 2 impacts, including 6 events
in the southern hemisphere, in the Terra Cimmeria area. Even taking into
account the high error of location, stable spatial patterns can be distin-
guished. Most events are concentrated in the area of Cerberus Fossae,
where both high levels of tensile and shear stresses are observed. Figures 1
and 2 show the most likely epicenters of marsquakes from different data
sources. The colors of the stars correspond to the used catalogs and local-
ization models: white — [4], green — model 1D [2], pink — model 3D Fam-
ily A, orange — model 3D Family B (both from [2]), blue — [5].

NUMERICAL STRESS MODELING:

The method was detailed in [6]. Non-hydrostatic stresses in the interior of
Mars were calculated without taking into account the long-wave compo-
nent. The numerical solution of the system of elastic equilibrium equations
for a gravitating planet was carried out on a grid with a resolution of 1x1°in
latitude and longitude. As boundary conditions, data on the topography [7]
and gravitational field [8] were used. The topography and gravitational field
data were determined in relation to the equilibrium spheroid [3]. To elimi-
nate the influence of the Tharsis uplift, summation of spherical harmonics
starting from the 7" degree was used. The basis for the calculations was
a test interior structure model of Mars from [9], in which the average thick-
ness of the crust was taken equal to 50 km (with a density of 2900 kg/m?
and a core radius of 1821 km), satisfying the data obtained from the seismic
experiment.
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Figure 1. Distribution of model non-hydrostatic stresses in the Martian crust
at a depth of 25 km, taking into account the influence of Tharsis: above — ten-
sion-compression stresses, below — shear stresses (in MPa). Legend: A — location
of the seismic receiver; ¥ — epicenters of recorded marsquakes
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Figure 2. Distribution of model non-hydrostatic stresses in the Martian crust at
a depth of 25 km without taking into account the long-wave component: above —
tension-compression stresses, below — shear stresses (in MPa). Legend: A — loca-
tion of the seismic receiver, ¥ — epicenters of recorded marsquakes

RESULTS:

Figures 1 and 2 show stress maps with and without influence of the Thar-
sis uplift. It is clearly seen that in some areas the tensile stresses change
to compressive ones. So, for example, new tensile zones appear within
the Tharsis plateau, while between Tharsis and the Elysium volcano, a com-
pression region is formed that was absent earlier. Nevertheless, the main
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zone of marsquakes in the area of Cerberus Fossae is preserved in the area
of increased tensile and shear stresses, which may serve as an additional
criterion in assessing localization models. The centers of the three mar-
squakes areas according to data [2] are on the north of the Isidis Planitia
correspond to the tensile region in the model without the influence of
Tharsis. At the same time, the cluster identified in [5] is located in the com-
pressive stress zone, which may indicate the need for further refinement
of the interior structure model, taking into account the separate density
structure of the northern and southern hemispheres, as assumed in [10]
when building a model of the thickness of the crust.

CONCLUSION:

We have presented the distributions of non-hydrostatic stresses in the inte-
riors of Mars without taking into account the long-wave component based
on a joint interpretation of topography data and the non-equilibrium part
of the gravitational field. The results of modeling non-hydrostatic stresses
in the interiors of Mars starting from the 7th harmonic are compared with
the locations of the marsquake foci obtained during the InSight seismic ex-
periment. Significant shear stresses in the tensile zones, which are not due
to the global influence of the Tharsis uplift, correlate well with the identi-
fied epicenters of marsquakes.
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INTRODUCTION:

Perchlorate anions are found in Martian regolith in concentrations of about
0.6 wt. % [1]. Their salts have a great importance from astrobiological point
of view, since they have high hygroscopicity, and perchlorate-containing
brines have low freezing temperatures [2]. So, they probably can promote
liquid water formation on the Mars. Some perchlorates are characterized
with high solubility, and their distribution in the regolith can shed light on
the water cycle of the planet [3, 4]. Due to it understanding of perchlorate
origin, transformation and destruction under Martian conditions is needed.

Martian surface is subjected to intense irradiation by ionizing radiation,
and it can lead to the perchlorate destruction. There are some studies of
this process, estimated effectiveness of these process and perchlorate radi-
olysis products. In particular, for a pure perchlorate salts it was shown that

G(-ClO,") varies from ~0.8 to ~4.5 molecules/100 eV [5, 6]. There are incon-
sistences between studies showing presence or absence of differences in
radiolysis effectiveness due to temperature change, and different G-values
and sets of radiolysis products for rather similar irradiation conditions [6-9].
Moreover, there is lack of data on perchlorate destruction within any rego-
lith relevant matrix [10].

MATERIALS AND METHODS:

We performed irradiation of sodium perchlorate containing samples by
accelerated electrons (~1 MeV) under low pressure (0.01 Torr) and low
temperature (-140 °C) conditions with doses of 7.6, 12, and 19.6 MGy. Four
compositions were studied:

1) pure anhydrous NaClO

) water solution of NaCIé 30 % wt/v;
3) dry mixture of quartz sand (90 %) and NaClO, (10 %);

) mixture of quartz sand (70 %) and 30 % (wt/v) water solution of NaCIO

(30 %).

Absorbed doses were calculated using NISTESTAR. After irradiation we have
measured ClO,” anions concentrations in the samples via potentiometry
with perchlorate-selective electrode and analyzed CIO,, ClO;", ClO,", and
CI” via capillary electrophoresis with spectrophotometrlc detectlon

RESULTS:

It was found, that after irradiation with the highest dose (19.6 MGy, which is
equal to about 8.8-10%? eV/qg) about 12, 5.5, 30, and 9 % of perchlorate was
destructed in the samples of composition 1, 2, 3, and 4, respectively. So,
the environment significantly affected perchlorate radiolysis: in the pres-
ence of quartz sand the lower stability of perchlorate was observed, while
in presence of water the lower proportion of perchlorate was destructed.
G(-ClO,) was depending on irradiation dose, and with the dose increase
for pure NaClO, it linearly declined from ~1 to ~0.7; for the dry mixture of
sand and perch1orate — linearly declined from ~0.25 to ~0.18. At the water
presence, G-value dependence was not linear — the lowest G-values were
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observed after 7.6 MGy irradiation (~0.04 and 0.014 for the NaClO, solution
and the mixture of sand with solution, respectively). With higher doses they
increased and were similar between 12 and 19.6 MGy (~0.09 and ~0.05 for
two compositions above, respectively). Among radiolysis products, chlorate
anions were found, while chlorite and chloride were not detected. The data
obtained can be used for modelling of the perchlorate cycle on Mars.

ACKNOWLEDGMENTS:

The study is funded by Russian Science Foundation, project No. 24-72-
00004 (https://rscf.ru/en/project/24-72-00004/). Capillary electrophoresis
with spectrophotometric detection was performed using CES “Kapel-205”
equipment, acquired under the MSU Development Program.

REFERENCES:

[11 Hecht M.H., Kounaves S.P, Quinn R. C. et al. Detection of perchlorate and the sol-
uble chemistry of Martian soil at the Phoenix lander site // Science. 2009.V. 325.
Iss. 5936. P. 64-67. DOI: 10.1126/science.1172466.

[2] Cheptsov V. Belov A., Soloveva O. et al. Survival and growth of soil microbial
communities under influence of sodium perchlorates // Intern. J. Astrobiology.
2021.V.20.1ss. 1. P. 36-47. DOI: 10.1017/51473550420000312.

[31 Marion G.M., Catling D.C., Zahnle K. J., Claire M. W. Modeling aqueous perchlo-
rate chemistries with applications to Mars // Icarus. 2010. V. 207. Iss. 2. P. 675-
685. https://doi.org/10.1016/j.icarus.2009.12.003.

[4] Gough R., Chevrier V., Baustian K. et al. Laboratory studies of perchlorate phase
transitions: Support for metastable aqueous perchlorate solutions on Mars
// Earth and Planetary Science Letters. 2011.V. 312. Iss. 3-4. P. 371-377. https://
doi.org/10.1016/j.epsl.2011.10.026

[5] Prince L.A., Johnson E.R. The Radiation—Induced Decomposition of the Alkali
and Alkaline Earth Perchlorates. I. Product Yields and Stoichiometry 1a
// The Journal of Physical Chemistry. 1965. V. 69. Iss. 2. P. 359-377. https://doi.
0rg/10.1021/j100886a002.

[6] Turner A.M., Abplanalp M.J., Kaiser R.I. Mechanistic studies on the radiolytic
decomposition of perchlorates on the Martian surface // The Astrophysical J.
2016.V. 820. Iss. 2. Article 127. DOI: 10.3847/0004-637X/820/2/127.

[71 Prince L.A., Johnson E.R. The radiation—Induced decomposition of the alkali
and alkaline earth perchlorates. Il. Mechanism of the decomposition 1a //The J.
Physical Chemistry. 1965. V.69. Iss.2. P.377-384. https://doi.org/10.1021/
j100886a003.

[8] Gobi S., Bergantini A., Kaiser R.1. In situ detection of chlorine dioxide (CIO,)
in the radlonSIS of perchlorates and implications for the stability of organ—
ics on Mars // The Astrophysical J. 2016. V. 832. Iss. 2. Article 164. 6 p. DOI:
10.3847/0004-637X/832/2/164.

[9]1 Konstantatos J., Katakis D. Radiolysis of concentrated neutral sodium perchlo-
rate aqueous solutions // The J. Physical Chemistry. 1967. V. 71. Iss. 4. P. 979-
983. https://doi.org/10.1021/j100863a033.

[10] Martin P.E.,, Farley K.A., Douglas Archer Jr, Pet al. Reevaluation of perchlorate in
Gale Crater rocks suggests geologically recent perchlorate addition // J. Geo-
physical Research: Planets. 2020. V. 125. Iss. 2. Article e2019JE006156. https://
doi.org/10.1029/2019JE006156.



16MS3-MS-PS-03
POSTER

DEEP LEARNING FOR HYPERSPECTRAL
UNMIXING OF CRISM DATA: APPLICATION
TO MINERAL MAPPING ON MARS

E.D. Faber
Federal Scientific Clinical Center of Space Medicine and Biology FMBA
of Russia, faber.cat.rina@gmail.com

KEYWORDS:
hyperspectral unmixing, CRISM, Mars, deep learning, convolutional neural
networks, autoencoders, mineral mapping, hydrated silicates

INTRODUCTION:

This ongoing study develops deep learning methodologies for enhanced
spectral unmixing of CRISM (Compact Reconnaissance Imaging Spectrom-
eter for Mars) hyperspectral data to advance automated mineral identifi-
cation on Mars. The research addresses critical limitations in traditional
unmixing approaches by leveraging convolutional neural networks (CNNs)
and autoencoder architectures to analyze raw CRISM spectra in conjunc-
tion with laboratory spectral libraries [1].

METHODOLOGY:

This approach integrates multiple deep learning architectures optimized
for hyperspectral unmixing tasks. 1D CNNs was implemented and specif-
ically designed for spectral feature extraction from CRISM’s 489-channel
targeted observations, focusing on the diagnostic spectral regions for hy-
drated minerals (1.4, 1.9, and 2.3 um absorption features) [2]. The CNN ar-
chitecture incorporates dilated convolutions to capture multi-scale spectral
patterns while maintaining computational efficiency.

Complementary autoencoder networks are developed for endmember ex-
traction and abundance estimation. The encoder learns compressed repre-
sentations of mixed spectra, while the decoder reconstructs pixel spectra
as linear combinations of endmember signatures constrained by spectral li-
braries. In this work | employ the USGS Spectral Library Version 7 convolved
to CRISM spectral resolution, supplemented by laboratory spectra of
Mars-relevant minerals including phyllosilicates, sulfates, and iron oxides.
A hybrid CNN-autoencoder architecture combines the strengths of both
approaches: CNN layers extract local spectral features, while autoencoder
components perform global spectral unmixing [3]. Attention mechanisms
are integrated to weight spectral channels based on their diagnostic value
for specific mineral phases.

TARGET MINERALS AND GEOLOGICAL CONTEXT:

The research specifically targets minerals indicative of past aqueous activ-
ity on Mars, including hydrated silicates (smectite clays, chlorite, serpen-
tine) and sulfates (jarosite, alunite, gypsum). These phases are critical for
understanding Mars’ climatic evolution and habitability potential. Focusing
on CRISM data from regions with confirmed hydrated mineral detections,
including Jezero Crater and Nili Fossae.

TECHNICAL IMPLEMENTATION:

Data preprocessing utilizes the CRISM Analysis Toolkit (CAT) for atmospher-
ic correction and photometric normalization while preserving original
spectral information. Synthetic mixing models to generate training data-
sets were employed with known endmember compositions, addressing
the limited ground truth availability for Martian surfaces [4]. The network
architectures are optimized for computational efficiency while maintaining
spectral fidelity.

CONCLUSIONS:

This research aims to develop automated pipelines for mineral abundance
mapping that reduce processing time compared to traditional methods
while improving robustness to spectral variability caused by atmospheric
effects, particle size variations, and intimate mineral mixing. The approach
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addresses current limitations in scaling mineral mapping to CRISM’s exten-
sive global dataset.

The developed methodologies will enable systematic analysis of Mars’ hy-
drated mineral inventory, supporting geological interpretations of past
environmental conditions and identification of targets for future sample
return missions.
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INTRODUCTION:

It has been established that perchlorate, a compound widespread global-
ly in Martian regolith [3], could be one of primary inhibitors of microbial
growth. However, in addition to their inhibitory effect, perchlorates have
the capacity to absorb water vapor, resulting in the formation of a satu-
rated solution and the expansion of the range of temperature conditions
at which liquid water exists [2, 4]. However, due to the instability of liquid
solutions under Martian conditions [1], the assessment of perchlorates
influence on organisms under conditions of available moisture deficit is
the most relevant.

In this study, we examined the impact of sodium perchlorate on the abun-
dance and potential metabolic activity of soil microorganisms under condi-
tions of liquid water deficit in a model experiment.

EXPERIMENT:

A sample of lithic leptosol obtained from the southern region of the Tener-
ife Island, along with pure cultures of bacteria Bacillus subtilis B-9865 and
Deinococcus radiodurans VKM B-1422" immobilized on kaolinite, served as
the objects of this study. For the experiment, soil sample (TT4) and cultures
were amended with anhydrous sodium perchlorate or sodium chloride at
concentrations of 0.8M (~4.8 %) and 2M (~11.9 %) NaCl and 0.8M (~10 %)
and 2M (~25 %) NaCIO Subsequent to the addition of these substances,
the samples were placed in vials and stored in desiccators containing anhy-
drous copper sulfate as a desiccant. The desiccators were further subjected
to a 24-month incubation period at ambient temperature. A soil sample
without salt addition was used as control.

The abundance of cultured heterotrophic bacteria was estimated using
the plating method on R2A (for the soil sample) and R3A (for cultures)
media [5]. The total number of culturable bacteria for the control sample
was approximately 6.3-10” CFU/g, which remained constant for the sam-
ple with the addition of 0.8M sodium perchlorate. However, it decreased
to 2.2:10” CFU/g for the sample with the addition of 2M sodium perchlo-
rate. The abundance decreased to 3. 5 107 CFU/g at addition of 0.8M sodi-
um chloride and increased to 1.0-108 CFU/g in the soil with 2M of sodium
chloride.

The total bacterial abundance in soil samples was determined by epifluo-
rescence microscopy and was 6.1- 10® cells/g for the control sampie. The to-
tal ceIIs count in 50|Is with 0.8M and 2M perchlorate added decreased to
3.2:10% and 3.4-10°® cells/g, respectively. For the sample with 0.8M sod|um
chloride, the abundance remained constant and decreased to 3.7-10% cells/g
for the variant with 2M sodium chloride.

Moreover, a general decrease in morphological diversity of cultured bac-
teria was observed in the incubated samples. Representatives of the Lutei-
monas and Stenotrophomonas genera were identified as dominants.

Multi-substrate testing revealed the preservation of high functional diver-
sity after incubation for all soil samples, as well as a decrease in potential
metabolic activity in the presence of sodium perchlorate and its increase in
the presence of 2M sodium chloride.
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The bacterial abundance in the control kaollnlte samples with a B. subtilis
culture was found to be approximately 8.0-10% CFU/g. However, for sam-
ples W|th 0.8 and 2M perchlorate the abundance decreased to 5.8-10% and
3.7-108 CFU/qg, respectively. For samples with 0.8 and 2M of sodium chlo-
ride, the abundance decreased to 2.4-10° and 3.2-10° CFU/g, respectively.

Incubation of the kaolinite samples containing D. radiodurans culture re-
sulted in the absence of viable microorganisms.

Conclusion:

Presence of perchlorates in Martian regolith, in the absence of available
water, is not a factor that strictly limits the preservation of microorganisms
between periods of liquid water formation, but it can affect the viability of
microorganisms. Consequently, the influence of this factor must be con-
sidered when constructing astrobiological models and evaluating the po-
tential for preserving and/or detecting life and/or its traces in the Martian
regolith.
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INTRODUCTION:

SPICAM-IR is an acousto-optical tunable filter spectrometer onboard Mars
Express (MEX), operating in the 1.0-1.7 um range with high spectral res-
olution (A\/AA = 2000), capable of detecting narrow co, and H.O ice ab-
sorptions [1]. OMEGA is an imaging spectrometer onboard MEX covering
0.36-5.09 um with hyperspectral mapping capabilities, enabling large-
scale seasonal monitoring of Martian polar caps [2, 3]. Their strengths —
SPICAM-IR’s spectral resolution and OMEGA’s broad spectral range and
mapping capabilities complement each other in joint analysis in co-located
observations.

JOINT OBSERVATIONS:

We compiled a dataset of co-located SPICAM-IR and OMEGA observations
over the Martian Polar Regions, matched by solar longitude, local time, and
footprint geometry. This enables direct spectral comparison in overlapping
ranges, linking OMEGA's spatial detail with SPICAM-IR’s high-resolution
profiles.

CALIBRATION AND CROSS-VALIDATION:

OMEGA raw cubes were processed using a Python pipeline with radiomet-
ric calibration, thermal emission removal and atmospheric correction. We
used SPICAM-IR Level-1B FITS with calibrated reflectance and atmospher-
ic correction. For comparability, OMEGA spectra were convolved to SPI-
CAM-IR’s resolution over the 1.25-1.65 uym range.

Comparison of SPICAM-IR and OMEGA within the FOV

—— SPICAM-IR (convolved, normalized)
OMEGA mean (normalized)

Normalized intensity
w o
)

N
L

T T T T T T T T T
1.25 1.30 135 1.40 145 1.50 1.55 1.60 1.65
Wavelength, pm

Figure 1. Normalized SPICAM-IR (convolved) and OMEGA mean spectra for a co-lo-
cated observation over the polar region, illustrating agreement after

RESULTS:
For selected joint orbits (e.g., ORB1765_1, L =~ 221.7°), CO, (1.43 pm band)
and HZO (1.5 um band) ice index maps derived from OMEGA agree with
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SPICAM-IR-derived ice metrics. Differences are attributed to spatial sam-

pling, viewing geometry and instrumental effects.

OMEGA/MEXx observation ORB1765_1 — Ls=221.7 OMEGA/MEXx observation ORB1765_1 — Ls=221.7

002 H20

SPICAM CO, ke index

180° 180°

Figure 2. CO, (left) and H,O (right) ice metrics maps from OMEGA/MEXx (color scale)
for ORB1765 1 (L, ~22177 over the south seasonal cap. White contour shows
SPICAM-IR coverage, with the gradient inside representing SPICAM-derived ice
metrics. The maps illustrate strong spatial agreement between instruments.

We will also show multi-wavelength comparison of two instruments and
expanded ice metrics comparison. Future work in these combined datasets
will improve retrieval robustness and enable a more detailed view of select-
ed regions on seasonal caps.
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ABSTRACT:

In this paper we examine the altitudes of the middle and upper atmo-
sphere of Mars, specifically the mesosphere (above ~50 km) and the ther-
mosphere (above 100-120 km) up to the exobase for the co, molecule
(180-200 km). These altitudes include transition zones where the diffusion
regime of atmospheric particles changes: namely the homopause, located
at 100-130 km [1], and the exobase, above which the atmosphere is con-
sidered collisionless for each molecule within its scale height. Variations in
the altitude and temperature of the homopause, as well as the exobase,
are influenced by seasonal variability, solar activity [2] and vertical energy
transfer due to global circulation and atmospheric gravity waves [3, 4]. Our
research is based on the analysis of temperature and CO, density vertical
profiles measured during solar occultations by the Atmospheric Chemis-
try Suite (ACS) on board the Trace Gas Orbiter (TGO) of the ExoMars-2016
mission [5]. The statistics of the analyzed profiles covers seasons spanning
2.5 Martian years (MY), from the middle of MY 34 (May 2018) to the end
of MY 36 (December 2022), with atmospheric altitudes ranging from 10 to
180 km. Based on the processed altitude profiles, the coefficients of mo-
lecular and turbulent diffusion were evaluated (under the approximation
of saturated vertical gravity waves), seasonal variations in the altitude and
CO, density of the homopause and CO, exobase were obtained. Due to
our data, the altitude of the homopause varies from 100 km ata Phellon to
140 km at perihelion with CO, den5|ty ranglng from 10'%t0 10" cm™ and
diffusion coefficients between 5-10° and 1.5-10° cm ?/s. The altitude of Co,

exobase decreases to 150 km at aphelion and rises to 200 km at perlhellon

The obtained results could be utilized to refine circulation models in calcu-
lations of vertical particle transport in the upper atmosphere.

INTRODUCTION:

In the vertical structure of a planetary upper atmosphere there are two
transition regions caused by a change in the particle mixing regimes. That is
the homopause, located on Mars at altitudes of 100-130 km, where photol-
ysis of some molecules occurs under the influence of solar radiation, as well
as the exobase (about 200 km), where the mean free path of a molecule be-
comes equal to the atmospheric scale height. The homopause is the layer
that separates two distinct regions based on the mixing of gases. Below this
layer, in the homosphere, gases are well mixed due to the turbulent mix-
ing caused by winds, convection and other atmospheric dynamics. Above
the homopause, in the heterosphere, the molecular mixing with diffusive
separation of individual gas components prevails. The vertical transport of
species can be described by the continuity equation for Fickian diffusive
flux O;:

on;

mg 1 0T
cDi :_(Keddy +D’)8_ZI

kT +T 0z

(1)

n. |K
7| eddy kT 'T 0z

+Di [%4_1&]
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where n is the number densrty [cm™], T is the temperature [K], K_,, and
D, are eddy and molecular (/i ") diffusion coefficients respectively ch/s]
The diffusion coefficients are differently variable with altitude z chang-
|ng from Kega, > D; in the lower atmosphere (homosphere) to K, <D,
in the upper atmosphere (heterosphere) and K, = D; at the homopause
level.

The coefficient K, , encompasses effects of turbulent mixing and gravity
waves. PhyS|caIIy, it'is defined by fluctuations of wind velocity on a charac-
teristic distance of the atmospheric scale height H = kT/mg [6]. In this study
an approach based on wave effects in the atmosphere taking into account
wind speed variations was used to analyze the homopause and estimate
the turbulent diffusion coefficient.

This paper presents estimates of the diffusion coefficients for the upper at-
mosphere of Mars, as well as variations in the homopause and CO, exobase
altitudes. The results are obtained based on the analysis of the altitude
profiles of temperature and CO, density measured by the ACS instrument
onboard the ExoMars/TGO spacecraft We revise the homopause data pre-
sented earlier in the paper of Belyaev et al. [7] with the extended statistics
to 2.5 Martian years (MY), from the mid-MY 34 to the end of MY 36. Here,
a wave approach was applied to the altitude profiles in order to estimate
the turbulent diffusion coefficient around homopause. In addition, the vari-
ation in CO, exobase altitudes is presented for the first time from ACS data.

METHODOLOGY:

The middle infrared channel of ACS (ACS-MIR) has been measuring atmo-
spheric transmission spectra at 2.3-4.2 um range in solar occultation mode
since April 2018 [5]. The spectral resolving power (A/AX = 30,000) of ACS-MIR
allows sensing the rotational absorption of CO, lines around the 2.7 ym
band in a broad altitude range, from 10 to 180 km, that gives a possibility to
retrieve vertical profiles of CO, density and temperature under the hydro-
static assumption for pressure as described in the previous papers of Bely-
aev et al. [7]. The vertical resolution of 1-3 km allows revealing small-scale
gravity waves and their characteristics from the temperature profiles [8].
According to these studies, wave saturation and breaking was observed at
altitudes between 80 and 120 km, likely impacting the turbulent diffusion
near the homopause.

In this study we revise the estimates of the diffusion coefficients near
the homopause using an approach that takes into account atmospheric
gravity waves as a mechanism for vertical mixing. At altitudes of the wave
saturation, turbulent mixing can be described through wave parameters
using a formula first proposed by Lindzen [6] for the Earth’'s atmosphere
and adapted by Slipski et al. [9] for the Martian atmosphere:

k(c —u)*

2HB*(2)- (1412 k2 )

Here k, and / are the wave numbers in the zonal and meridional directions
km™, respectively, B is the Brent-Vdisala frequency [s1, which is the res-
onant frequency of stable oscillations of the air mass. The difference be-
tween the phase and zonal wind speeds |c u| can be expressed through
the dispersion reIatlon B/v [6, 10], where v is the wave number in the verti-
cal direction [km™"]. Thus, for the case of vertically saturated gravity waves
one can estimate the eddy mixing as:

1 k,B(z)
Kogay (D) ==
2H (142 /k2)

We assume the horizontal wavelength k, =/=2m/300 km™' due to general
circulation models [11, 12]. The temperature profile T(z) retrieved from one
occultatlon session is shown in Figure 1a, together with its mean profile

(z) smoothed by an algorithm of [8]. The dominant vertical harmon-
ic 3\ = 2m/v = 30 km was determined from the Fourier analysis applied to

Keddy ( )
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the difference profile dT=T(z)-T__ (2) (Figure 1b). This altitude wave-
length was found to be average for the analyzed set of profiles. The atmo-
spheric scale height is calculated as H(z) = RT/ug, where R is the universal
gas constant, T(z) — retrieved temperature profile.

The molecular diffusion Do is defined by collisional geometry of CO, and
its thermal speed [13]. We dérive it directly from the retrieved temperature
and CO, density by the same manner as descrlbed in Belyaev et al. [7].
The intersection of these two profiles Do, (2) = K4q, (2) indicates the ho-
mopause altitude (Figure 1¢). CO exobase altitude is'indicated as the |nter—
section of the other two profiles H( I-f ) (Figure 1d), where I(2) = (Qi nl.( 2))7"
with effective gas kinetic cross sectlon Qco =0.52nm’
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Figure 1. Example of the vertical temperature profile T (black line with error bars)
and the mean temperature profile T__ - (red line) according to ACS data (a). The ver-
tical profile of the atmospherlc gravity wave (dT=T-T__ ) (b). Example of altitude
profiles of turbulent (K_,.) and molecular (D¢q F) d|ffu5|ons with intersection in
the homopause region fw%zch errors) (c). Example df altitude profiles of the mean free
path of the molecule (L, ) and the atmospheric scale height (H) with intersection in
the CO, exobase (d). Seasonal distribution of homopause and CO, exobase altitudes
as a function of solar longitude Ls over 2.5 MY (e). The color scalé reflects the corre-
sponding CO, den5|ty The upper panel shows the latitude coverage of measure-
ments for the’ morning (ocher) and evening (violet) eclipse sessions

RESULTS AND CONCLUSION:

We have analyzed 968 vertical profiles observed by ACS-MIR for 2.5 MY
at 2.7 um bands. Depending on season, altitudes of the homopause vary
from 90-100 km at aphelion to 130-140 km at perihelion; and the CO,
exobase — from 150 km at aphelion to 200 km at perihelion. The concen-
tratlon of CO2 at the homopause altitude varies in the range of values from
10"%t0 10" ¢m™ The concentration of carbon dioxide at the exobase alti-
tudes is about 108 cm™ The range of d|ffu5|on values at the homopause
point changes from 5:10° to 1.5-10° cm?/s. The values of altitudes and Co,
concentrations are in good agreement with the results of experiments in
previous Martian years [14-16]. The difference in altitudes of the exobase
and homopause is 50 km on average per season. The obtained values of
the diffusion coefficients and the altitudes of the transition regions can be
used to refine circulation models and to calculate the vertical particle flux
in the upper atmosphere of Mars using formula (1).
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INTRODUCTION:

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

The aerosol scattering increases the loss of solar radiation by the atmo-
sphere into the space and, accordingly, decreases the average density of
the solar photons in the atmosphere. In the upper part of a dusty atmo-
sphere, where the direct solar radiation is still practically not attenuated,
the density of photons is higher due to the aerosol scattering than that in
a dust-free atmosphere. Accordingly, the density of photons is less below
some altitude level. Since the vibrational states of molecules are excited by
the absorption of the solar photons, in a dusty atmosphere, in comparison
with a dust-free atmosphere, the populations of vibrational states are high-
er above this level and less below it.

The intensities of infrared emissions of a planetary atmosphere at wave-
lengths of rovibrational (R-V) bands of the molecules included in its compo-
sition are determined by the population (degree of excitation) of vibration-
al molecular states. In tenuous planetary atmosphere, molecular collisions
are becoming so rare that the Boltzmann distribution for population of
molecular vibrational states is broken down. In other words, it takes place
the breakdown of the vibrational local thermodynamic equilibrium (LTE),
called non-LTE (NLTE) conditions. In this case, the vibrational state popula-
tion is determined by the joint solution of the radiative transfer equation
for considered R-V bands and the kinetic equations for these populations.

The subject of this study is the CO, and CO vibrational state populations
in the daytime atmosphere of Mars.The Martian atmosphere is sufficiently
rarefled aIready near the surface since the surface pressure is in a range of
~10%-10° Pa. Therefore, the vibrational NLTE for the CO, and CO R-V bands
in a wavelength range of ~1-5 um start in the daytime Martian atmosphere
from the troposphere [1, 2]. For the CO, bands at wavelengths of 1.4 um
and shorter and the CO bands at 1.6 and 1.2 pum, the NLTE start even from
the surface. In the cold high-latitude troposphere, this occurs, beginning
even from the CO, band at 2.0 um and the CO band at 2.3 um.

The troposphere of Mars, as a rule, is dusty, and the dust can be raised
to ~50 km. Thus, the radiation transfer in the above bands under NLTE in
the daytime Martian atmosphere should be considered taking into account
the radiation scattering by aerosols. However, most estimates of the molec-
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ular state population s were obtained in the approximation of a dust-free
atmosphere (e.g., [1-3]).

The first attempt to estimate the aerosol effect on the populations of vi-
brational states of molecules was made in the paper [4], where for the in-
frared CO, bands only the effect of solar radiation absorption by dust was
considered. In the next paper [5], there has already taken into account
the effect of radiation scattering by aerosols, using the so-called transport
approximation for single scattering phase function, which is convenient for
calculations. In transport approximation, some of the photons interacting
with an aerosol particle do not change initial directions of propagation, and
the remaining photons are scattered with equal probability in any direc-
tion. The study has shown that aerosol scattering can significantly change
the populations. However, the papers [4-5] did not present a comprehen-
sive study of the aerosol scattering effect on the populations.

The realistic Henyey-Greenstein (H-G) phase function is used in the eval-
uations performed in this paper. The goal of the present study is to ob-
tain general ideas about the aerosol effect on the populations of the CO,
and CO vibrational states. Therefore, a number of simplifying assumptions
were accepted in the given study with respect to the optical aerosol model
discussed in the next section. The most important of these is the use of
an exponential change in the aerosol extinction coefficient with altitude.
This work presents the aerosol effect on the CO, bands at 4.3, 2.7, 2.0, 1.6,
1.4, 1.3, 1.2, and 1.05 um and the CO bands at 4.27, 2.3,1.6,and 1.2 um. We
study the effect dependence on both solar zenith angle and an uncertainty
in rate constant data for inelastic molecular collisions. The dependence of
vibrational state populations on the parameters of aerosol optical model is
also tested.

The study of daytime populations of molecular states in a dusty atmo-
sphere is directly related to the problem of atmospheric heat balance. How-
ever, the latter is much more complicated than the consideration presented
in this paper. Firstly, along with heating due to the absorption of the solar
radiation by molecules, the heating of aerosols themselves by this radiation
should be taken into account. The aerosols, when heated, transfer the re-
ceived energy to the atmosphere by molecular thermal conductivity and
thermal radiation. Hence, secondly, it follows that the transfer of thermal
radiation of the atmosphere will also have to be taken into account. Thus,
the problem of heating the atmosphere by solar radiation is combined with
the problem of cooling the atmosphere by thermal radiation, which leads
to a significant cooling of the atmosphere at the surface, observed on Mars
and Earth during dust storms

MODEL:

As already indicated in the Introduction, the molecular state populations
under vibrational NLTE result from the joint solution of radiative transfer
equations for R-V bands considered and kinetic equations for the popula-
tions of the molecular vibrational states, the transitions between which form
these bands. Our consideration involves 545 vibrational states (64200 R-V
transitions) belonging to 7 isotopologues of the CO, molecule and 2 iso-
topologues of the CO molecule. The overlap of lines in the band head of
R-branches and in Q-branches of the bands and the overlap of lines belong-
ing to different vibrational transitions are taken into account. The specifics
of methodology for calculating the populations and updated formulas for
the rate constants of V-T and V-V processes used are given in the papers
[1, 2]. To include the scattering of radiation by aerosols into the problem,
additional terms were introduced into the radiative transfer equations [5].
Those take into account the emissivity and opacity, which are associat-
ed with the interaction of radiation with aerosols. Since the main goal of
the works [4, 5] was to show the possibility of combining the problems of
the vibrational NLTE and the scattering of radiation by aerosols, the rough
transport approximation for the single scattering phase function was used
in the emissivity coefficient in these works. In this paper, this phase func-
tion is replaced by the one in the more realistic Henyey-Greenstein form.
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We compare the populations of molecular states in a dusty atmosphere
with those in a dust-free atmosphere, which were the subject of research
in the paper [2]. All the numerical experiments were performed using
the model 3 of the Martian atmosphere, described in [2]. The tempera-
ture-versus-pressure dependence for this model is presented in Figure 1.
The surface albedo of the Martian bright soils is taken into account for
the case of orthotropic reflection.
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Figure 1. The temperature-versus-pressure dependence used in the model of
the Martian atmosphere

The simple exponential change with altitude z was used for aerosol extinc-
tion coefficient

ko = kq, exp(—2/H,), (1)

where kao is this coefficient at the surface, and H, is the aerosol scale
height. Accordingly, the aerosol optical depth of the atmosphere is

1, = f ky(2)dz =k, H,. 2)
0

The values of T and H_ were used as parameters characterizing the abun-
dance and vertical distribution of aerosols, respectively. This model of aero-
sol distribution was used to retrieve aerosol parameters from observations.
As reference magnitudes, 1,=05 and 2 are used in this work. These can be
considered characteristic for regional and major dust storms, respectively.
For numerical experiments, we used H, =7 km as the characteristic value
and H,=11.5 km, which can be regarded as the maximum order of H,

The information on single scattering albedo, A, in the 1-3 um range is
shown in Figure 16 of the paper [6]. In most of this range, A exceeds 0.92.
Only near 2.9 um, where the absorption band of water ice is located, A de-
creases to ~0.8. We used a same value of A = 0.95 for all the bands. Howev-
er, the case of aerosols which scatter radiation fully (A = 1) was also tested.

In this study we used the one-parameter Henyey-Greenstein phase func-
tion. The use of the H-G phase function is justified, since a simplified but
realistic expression is needed for phase function to reveal highlights in
the problem of aerosol effect on the population of molecular vibrational
states. Following the paper [7], we used the magnitude of 0.63 for the asym-
metry factor g of the H-G phase function. The effect of degree of elongation
for phase function was also tested. We performed the numerical experi-
ments for g = 0.9 (strong elongation) and g = 0 (scattering in all directions
are equally probable).
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RESULTS AND DISCUSSION:

The results of numerical experiments are presented in Figures 2, 3 as ratios
of the vibrational state population obtained with taking account of radia-
tion scattering by aerosols to the population calculated in the neglect of
scattering. The effect of radiation absorption by aerosols and of degree of
phase function elongation are shown in Figures 2, 3, respectively.
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Figure 2. The ratio of the vibrational state population with using A = 1 to the popu-
lation with using A = 0.95 for g = 0.63. Left panel: 1, = 0.5, H, = 7 km, SZA = 60°; mid-
dle panel:t,=2,H_=11.5 km, SZA = 60% rlghtpanel T =2'H =11 5km SZA 85°.
The curves present the vibrational states, transitions from which form the '2C'°0

bands at 4.3 (solid), 2.7 (dotted-dashed), 2.0 (dashed), 1.6 (a dash with two dots), 1 4
(two dashes with two dots), 1.3 (two dashes with three dots), 1.2 (two dashes with
a dot), and 1.05 um (a dash with three dots). The scale of horizontal axis is different
for different panels. The scale of horizontal axis is different for different panels

The effect of aerosols on vibrational state population manifests itself as
an increase in population above a certain altitudinal level with a pressure
p, and its decrease below this level (Figures 2, 3). Such change in ‘sign’ of
the effect is expected and has been previously derived in the papers [4, 5].
In order to explain the sign change it is necessary to take into account
that the aerosol scattering by the upper part of the aerosol layer increases
the loss of solar radiation by the atmosphere into the space. Accordingly,
the average density of the solar photons in the lower part of this layer is
decreased in comparison with a dust-free atmosphere. In the upper part of
the dusty atmosphere, where the direct solar radiation is still practically not
attenuated, the density of photons due to the aerosol scattering is higher
than that in the dust-free atmosphere. Accordingly, the photon density is
less below some altitude level. Since the vibrational states of molecules are
excited by the absorption of the solar photons, in the dusty atmosphere,
in comparison with the dust-free atmosphere, the population of vibra-
tional states is higher above this level with the pressure p; and less below
it. The described qualitative nature of the effect of aerosol scattering on
the population of vibrational states does not depend on the characteristics
of aerosol distribution with height. This allows to assume that the obtained
here dependences of the populations on the problem parameters used are
fulfilled for any altitudinal distribution of aerosols.

Numerical experiments have shown that the pressure p, corresponds to
heights at which the optical path length of direct solar radlatlon due to
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the combined effect of molecular absorption of radiation and aerosol ex-
tinction, reaches the magnitudes of an order of 1. An increase in the numer-
ical density of aerosols at any height while maintaining the type of altitu-
dinal distribution of aerosols aerosol, determined by H_in the model used,
leads to an increase in the aerosol optical depth T . Therefore, the pressure
p, decreases with increasing T,
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Figures 3. The ratio of the vibrational state population with using g =0 (top) and
g =0.9 (bottom) to the population with using g = 0.63 for A= 1. Left panels: 1, = 0.5,
H,=7km, SZA = 60°; middle panels:t =2, H_ =7 km, SZA = 60°; right panels: T,=2
H =11.5 km, SZA = 85°.The notation of curves is as in Figure 2. The scale of horizon-
tal axis is different for different panels

Some bands does not show the aerosol effect in a near-surface layer:
the greater the optical thickness 1,, the thicker this layer, all other things
being equal. That is explained by the fact that the LTE for the population of
appropriate vibrational state is fulfilled in this layer [see also the paper [2].

Effect of radiation absorption by aerosols:

The less the single scattering albedo A, the lower the energy density of so-
lar radiation in the atmosphere due to the absorption of the radiation by
aerosols. Therefore, the decrease of A results in a decrease in vibrational
state population at all altitudes (Figure 2). For A = 0.95, the populations do
not decrease by more than ~3 % for the pressures p < p,. However, these
can decrease by ~30 % for the pressure p > p,.
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Dependence on single scattering phase function:

The numerical experiments with the H-G phase function demonstrate
a rather complicated effect of the parameter g variation on the vibration-
al state populations (Figure 3). However, if we ignore population changes
not exceeding ~1 %, then following dependences on the elongation de-
gree for the phase function are revealed. The decrease of phase function
elongation results in population decrease above a certain altitudinal level
with a pressure p’. Below this level, on the contrary, the population increas-
es. The population decrease at the pressures p < p’is explained by the de-
crease in the density of the scattered radiation, since the less the phase
function is elongated, the more solar photons return back to the space after
the first scattering event. The population increase at the pressures p > p’
should be attributed to the increase of scattered radiation density, since
the less the phase function is elongated, the more photons reflected from
the surface are returned to it after the first scattering event. Using the ap-
proximation of equiprobable scattering in all the directions (g = 0) does not
change the populations by more than ~10 %

CONCLUSIONS:

For the first time, the effect of radiation scattering by aerosols on the popu-
lations of vibrational states of the CO, and CO molecules in the daytime Mar-
tian atmosphere has been studied in the realistic formulation of the prob-
lem using the methodology described in the paper [5]. These 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 an-
gle, and the aerosol parameters describing the scattering and absorption
of radiation.

The main results obtained in this paper are as follows.

1. The weaker the band, the stronger the aerosol effect on the popula-
tions. The effect on the populations of vibrational statesé the transitions
from which form the most strong bands, what are the '*C’ O bands at
4.3 and 2.7 um, occurs only at the low sun.

2. The aerosol effect manifests itself as an increase and a decrease in
population above and below a certain altitudinal level, respective-
ly. The maximum population changes due to aerosols, realized for
the weakest bands, are an increase in the population by ~ 30% above
this level and a decrease by an order of magnitude below it. The pres-
sure at this level decreases with increasing the solar zenith angle down
to the pressures ~1 Pa at the low sun.

3. The use of the approximation of equiprobable radiation scattering by
aerosols in all directions does not change the populations by more
than ~10 %.
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ABSTRACT:

The Mercury Gamma-ray and Neutron Spectrometer onboard BepiColom-
bo’s Mercury Planetary Orbiter [1] measures the gamma-ray and neutron
fluxes from Mercury’s surface hence and provides studies of its elemental
composition [2, 3]. Launched in October 2018, BepiColombo will continue
until December 2026 its cruise phase on a near-Mercurian elliptical Sun or-
bit. BepiColombo has already performed two flybys at Venus and six flybys
at Mercury. We present the experimental results obtained during 5 Mercury
flybys in which gamma-rays lines of Silicon, Sodium/Magnesium and Potas-
sium were observed along with a lack of a significant observation of Tho-
rium. The readiness of the MGNS to begin the Mercury mapping phase is
discussed along with operational and experimental strategies.
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ABSTRACT:

Galactic cosmic rays (GCRs) are high-energy charged particles (predomi-
nantly protons) that enter the Solar System from interstellar space. Their
intensity changes under the influence of the solar wind and the Sun’s mag-
netic field, leading to a decrease in the GCR flux when approaching the Sun.
We present the results of analysis of the neutron flux data from the Rus-
sian MGNS experiment onboard the ESA MPO/BepiColombo spacecraft [1].
Neutrons are the secondary particles formed within spacecraft materials
under exposure to GCRs. The data along the spacecraft’s trajectory to Mer-
cury cover the period from the beginning of the BepiColombo cruise phase
(early 2019) to the present. The data from the MGNS experiment [2] are
compared with data from the neutron detectors of the HEND/Mars Odys-
sey [3] and BTN-M1/ISS [4] experiments, which perform measurements in
orbits around Mars and Earth, respectively. The comparison of the MGNS
instrument data with data from other experiments makes it possible to es-
timate a relative decrease in the average GCR flux when approaching to
the Sun from Earth’s orbit.

The obtained results can be useful for verification and adjustment of math-
ematical models describing the propagation of GCRs in the heliosphere.
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INTRODUCTION:

Mercury is the smallest planet in the Solar System and possesses the small-
est magnetosphere. MESSENGER (MErcury Surface, Space ENvironment,
GEochemistry, and Ranging) spacecraft completed more than 4000 orbits
around Mercury in 2011-2015. Using MESSENGER magnetometer data
we refine the position and magnitude of Mercury’s dipole field for each
MESSENGER flyby and consider the contribution of the induced dipole.

METHOD:

To refine the positions of the Mercury’s dipole we use the data on the mag-
netic equatorial plane crossings by MESSENGER spacecraft and simulta-
neous fitting of the magnetic field in the region of MESSENGER’s closest
approach to the planet using a shifted dipole model. To accomplish this
task, the FUMILIM program [1], an updated and optimized implementation
of the chi-square functional minimization program, is used to fit the model
parameters to the MESSENGER data, as was previously done by authors for
a small number of MESSENGER orbits [2]. In parallel, we determine the mag-
netic equatorial plane crossings using magnetometer data. As a result,
the offset (x, y, z) of the center of Mercury’s planetary dipole and its tilt (the-
ta, phi) are determined. Based on the results of refining the internal mag-
netic field of Mercury and the method for determining annual variations
in Mercury’s magnetosphere [3], the contribution of the induced dipole to
the planetary magnetic field of the planet was determined depending on
external conditions and parameters.
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INTRODUCTION:

Energy of Ca atoms in the exosphere of Mercury is about 5 eV [1] while
energies of atoms of other elements is below 2 eV K. Several mechanisms
including shock-induced dissociative ionization [2] and photodissociation
of Ca-containing molecules [3] were considered for explanation of the pres-
ence of high-energy Ca atoms in the Hermean exosphere. However, CaO
photodissociation is able to provide only about additional 0.6 eV to pho-
tolysis-generated Ca atoms [4] while the mechanism of dissociative recom-
bination was not studied in details yet. In this work new mechanism able
to explain higher energy of Ca atoms in comparison with atoms of other
elements is proposed.

HYDRODYNAMICS OF IMPACT EVENTS:

Hydrodynamical processes during collisions of meteoroids and Mercury
were simulated by numerical studies of vertical collisions between dunite
impactors and dunite targets using the SOVA code [5]. Impact-produced
clouds were divided into 15-20 fragments, and for each fragment tempo-
ral evolution of temperature, pressure, and hydrodynamic time scale was
studied. Simulations were performed for impact velocities of 20, 30, 50, and
110 km/s. Size of impactors was taken as 0.2, 0.6, and 2.0 mm.

It was found that pressure in all regions of the clouds at 4000 K is 13.5 bar
for impact velocities equal to 20, 30, and 50 km/s, because the vapor at this
temperature begins to condense, and the pressure is defined by a phase
equilibrium curve. However, for 110 km/s impacts a part of vapor begins to
condense at higher temperatures, and pressures at 4000 K are decreasing
with increasing distance from the center of the cloud and can be as low as
0.7 bar at 4000 K in outer boundaries of the clouds.

CHEMISTRY OF IMPACT EVENTS:

Equilibrium chemical composition of impact-produced clouds was studied
considering condensation of minerals and adiabatic expansion of clouds
into vacuum with variable adiabatic index [6]. Quenched chemical compo-
sition of clouds was estimated by comparison of typical time scales of main
chemical reactions and hydrodynamic time scales.

For 110 km/s impacts main Ca-containing gas-phase species in the clouds
are Ca and CaO. For 20 and 30 km/s impacts main Ca-containing species
are Ca, Ca0, and CaOH. Due to a sharp decrease of pressure at the same
temperature in outer regions of the clouds formed by 110 km/s impacts Ca
uncondensed fraction increases with increasing distance from the center
of the clouds. It leads to formation of Ca gas-phase species mainly in out-
er regions of clouds formed by high-speed 110 km/s impactors. For 20, 30,
and 50 km/s impacts pressure at 4000 K is the same over the total volume
of cloud and gas-phase Ca species are located mainly in inner regions of
clouds.

Let us note that ejecta velocities in impact-produced clouds increase with
increasing distance from the center of the clouds and impact velocity [7].
Ejecta velocities for high-speed 110 km/s impacts can reach 5 km/s, this
value is comparable to detected velocities of Ca exospheric atoms. It means
that energetic Ca atoms detected in the exosphere of Mercury can be orig-
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inated in outer envelopes of clouds formed by high-speed meteoroid im-
pacts. The same mechanism is valid for Al as a refractory element with de-
pendence of uncondensed fraction on temperature and pressure similar to
that of Ca.

Mg and Fe often observed in the Hermean exosphere are almost not con-
densed during expansion of the clouds at the considered range of tem-
peratures and pressures. It means that Mg, Fe-containing gas-phase species
are located mainly in the center of the clouds because mass of impact-pro-
duced clouds is mainly concentrated in inner regions of the clouds. It leads
to smaller ejecta velocities of Fe and Mg atoms than that of Ca and Al at-
oms. So, the proposed mechanism is able to explain higher temperature of
Ca atoms in the Hermean exosphere in comparison with that of Fe and Mg
atoms.

CONCLUSIONS:

It is proposed that high-speed Ca atoms detected in the Hermean exo-
sphere are produced in outer envelopes of clouds formed by 110 km/s im-
pacts. It is predicted that Al atoms delivered to the exosphere by the same
mechanism are also very hot. Additional hydrodynamic simulations of 70,
90, and 130 km/s impact events are required for deeper understanding of
ejecta velocities distribution and condensation of Ca and Al in impact-pro-
duced clouds. Findings of this work can be applied to analysis of BepiCo-
lombo mission data [8].
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ABSTRACT:

Solar wind has been regarded as an important source for the surficial water
on the Moon. Here we investigate the global migration of solar wind-de-
rived OH molecules with a Monte Carlo model, in which the shielding ef-
fects of both the Earth’s magnetosphere and the lunar magnetic anoma-
lies are considered. It is found that the OH surface concentration depends
on the latitude, the local time, and the lunar phase. Specifically, the sur-
face concentration can increase from nearly zero ppm near the subsolar
point to about 1000 ppm near the polar regions, and there is a local peak
near the morning terminator that can bring a diurnal variation of about
150 ppm. Moreover, the OH abundances can be reduced by about 15% in
the magnetotail when at low and middle latitudes. But when in the polar
region, the OH abundance can keep increasing, resulting in an average
deposition rate of 1.0-10'>m™2s™". In addition, a south-north asymmetry
can be caused by the magnetic anomalies, in which the OH abundance
in the southern hemisphere is generally lower than that in the northern
hemisphere, with maximum difference of about 23 % near 75° latitude.
In the exosphere, the OH number density shows a dawn-dusk asymmetry,
with relatively higher number densities on the dawnside, and the maxi-
mum density can reach 3.9:10° m™ near the subsolar region. These results
can greatly improve our understanding on the migration and distribution
of OH molecules on the Moon.
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INTRODUCTION:

This work continues our studies of surface morphology of floors of near-po-
lar lunar craters [1, 2]. The focus of this work is to study the surface mor-
phology of crater floors that are only partly shadowed. This shadowing may
affect a peculiar temperature regime and conditions of accumulation or
loss of volatiles, including H.O, in the crater floor material. The studied cra-
ters are 1) Schomberger A, %8.8° S, 24.4°E, D =31 km, 2) Rozhdestvenskiy
K, 82.7°N, 215.4°E, D =42 km and 3) Lovelace, 82.3° N, 253.6° E, D = 54 km.

DESCRIPTION OF SURFACE MORPHOLOGY

OF THE CRATER’S FLOORS:

Crater Schomberger A

Crater Schomberger A is the smallest among the three considered. On its
flooristhe 6x9 km central peak consisting of two parts (Figure 1). Atthe base
of its western, northeastern and southern inner slopes large landslide bod-
ies are seen (LS on Figure 1a). Positions of the 4.5x6.0 km Study areas 1 and
2 were determined by the intention to have within them the predominance
of plain-like terrain. Similar approach was used in the cases of two other
considered by us craters. Study area 3, also 4.5x6.0 km, is on the northern
inner slope. Study area 4 is located in the northern part of the crater rim.
Its size is only 3x4 km due to intention not to have within it the large rock
blocks. In photogeological analysis of Study areas 1, 2 and 3 the Shadow-
Cam images were used, in the analysis of Study area 4 were used the LROC
NAC images.

Figure 1. Hill-shade image of crater Schomberger A with shown Study areas (a);
ShadowCam image of Study area 2 (b)
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In Figure 1 and especially in Figure 1b can be seen prominent irregular
steep-sided hills (1), probably fallen back rock fragments, rather rare cra-
ters (2), probably impact ones, fractures (3) and channel-like features (4),
probably made by flow of impact melt.

The photogeologic analysis of images of Study areas 1, 2, 4 and 4 showed
that crater Schomberger A is very young that agrees with its dating as Co-
pernican on the geologic maps of [3] and [4]. On the crater floor regolith is
almost absent and small craters have no lobate rims and their outlines are
somewhat irregular. Study area 3 on the inner crater slope also shows no
evidence for thick regolith. So it is expectable that the neutral spectrometer
LEND does not show the increased content of hydrogen associated with
this crater (Private communication of A.S. Sanin).

Crater Rozhdestvenskiy K

This crater is intermediate in size (D = 42 km) among the three considered.
On its floor is the 6x8 km central peak. The crater inner slopes are compli-
cated with subsidence terraces. The 4.5x6.0 km Study areas 1, 2 and 3 are
on the crater floor. Study area 4 is in the upper part of its southern inner
slope. Its size is also 4.5%x6.0 km.

Itis seen in Figure 2 that surface of the crater floor is complicated by the hills
(hin Figure 2b) and on the hills and on the plain-like terrain are superposed
craters, probably impact ones. Three craters with diameters 842, 432 and
405 m have lobate-like rims (numbers 1, 2 and 3 correspondingly in Fig-
ure 2b). Surface morphology within Study area 4 on the crater inner slope
shows the “elephant hide” texture suggesting rather thick regolith (e.g., [5]).

Figure 2. Hill-shade image of crater Rozhdestvenskiy K with shown Study areas (a);
ShadowCam image of Study area 2 (b)

The photogeologic analysis of ShadowCam images within crater Rozhdest-
venskiy K showed that this craters is not very young that agrees with its
classification as Eratosthenian by [3]. On its floor was accumulated rather
thick regolith and the lobate-rimmed craters are observed, suggesting
presence of significant amount of water ice in the target material [6]. But
the neutral spectrometer LEND did not show the increased content of hy-
drogen associated with this crater [5].

Crater Lovelace

This crater is the largest (D = 54 km) among those considered. On its floor is
the 5x9 km central peak. The crater inner slopes are complicated with sub-
sidence terraces. Position of the 4.5x6.0 km Study areas 1, 2 and 3 was de-
termined by the intention to have within them the predominance of plain-
like terrain. Study area 4 is in the upper part of its southern inner slope. Its
size is also 4.5x6 km.

87



THE SIXTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2025 16M53‘MONR‘?\E

It is seen in Figure 3 that surface morphology of the floor, in general, and
within Study area 1, in particular, is dominated with small craters, probably
impact ones. Within Study area 1 from 69 mapped craters six have lobate
rims (see white numbers nearby).

Figure 3. Hill-shade image of crater Lovelace with the shown Study areas (a); Shad-
owCam image of Study area 1 (b)

The photogeologic analysis of ShadowCam images within crater Lovelace
showed that this crater is not young that agrees with its classification as Up-
per-Imbrian by [3]. On its floor was accumulated rather thick regolith and
the lobate-rimmed craters are observed. But as in the two previous cases,
the neutral spectrometer LEND did not show the increased content of hy-
drogen associated with this crater (Private communication of A.S. Sanin).

CONCLUSIONS:

Near polar craters are interesting as source of volatiles, first of all H,O, for
the needs of future lunar bases and being decomposed into H, andZO as
a fuel for rockets. Presence of H,O in the crater floor materials is supported
by two pieces of evidences: 1) the low neutral flux from the surface mea-
sured by the LEND instrument, and 2) by presence of lobate rimmed craters.
Interesting that partly shadowed floors do not have the low-H anomalies
while completely shadowed do. These results demand additional studies.

No |Crater name and Diameter |Crater LR crater n/N, %
diameter, km range, m number, N |number, n

1 | Schomberger A, 31 48-158 55 0 0

2 Rozhdestvenskiy K, 42 | 101-629 141 8 5.7

3 Lovelace, 54 101-1289 | 278 21 7.5

4 Faustini, 42,5 150-1141 292 14 4.8

5 | Shoemaker, 51 150-1179 | 123 14 11.1

6 Haworth, 51 150-1287 | 232 8 3.5
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INTRODUCTION:

Fe-metal — sulfide particles are widespread on the surfaces and interiors
of the lunar impact glasses, recording space weathering and regolith gar-
dening processes occurring on the Moon surface. They have been heavily
studied in the Chang’E-5 lunar impact glasses [1-7]. In the latters they are
mostly larger than 10 nm and are spherical and hemispherical in shape [6].
We have found that some Fe-metal - sulfide association is related not to
the impact glasses alone but to the late-stage mesostasis areas in Chang’E-5
basalts suggesting their possible relation to the volcanic or post-volcanic
processes.

SAMPLE AND METHODS:

Magnetically separated 0.01 mg of the Chang’E-5 soil sample was placed
on the carbon tape and carbon coated for EDS analysis (energy dispersive
spectroscopy) and imaging with a Tescan Mira 3 FEG SEM equipped with
an Oxford Instruments EDS detector (Vernadsky Institute, Moscow, Russia).
The secondary electron (SE) imaging of the particles was carried out with
an electron beam accelerating voltage of 10 kV at a working distance of
5 mm. Acquisition of additional BSE and qualitative elemental maps was
performed with an electron beam accelerating voltage of 20 kV at a work-
ing distance of 15 mm.

RESULTS:

Two types of metal-sulfide association were found in the Chang’E-5 soil
sample. They are related to 1) the primary basaltic fragments or their deriv-
atives and 2) to the impact-induced glassy fragments. Besides that isolated
Fe-metal filamentous crystals as well as rounded fibrous troilite aggregates
and their rare intergrowths are present in the soil sample as loose particles.

Basaltic-associated Co-Ni-Cu-Fe-sulfides and metal-sulfide
aggregates

Eight objects of sulfide or metal-sulfide association with coverage-like ir-
regular shape were found embedded into a late-stage mesostasis areas
of the basaltic fragments or related to the mineral fragments of <50 um
soil fraction. Most aggregates do not fit tightly to the surrounding mate-
rial with frequent cracks between them. Rare cracks cross inside the sul-
fide aggregate as well. Minerals in contact with these objects are mainly
fayalite, Ca-Fe-rich pyroxene, K- or K-Ba-feldspar, ilmenite, REE-merrillite.
Sometimes fragmentary nano-sized condensate emulsion coats the con-
tacting minerals. The mineral association is dominated by worn-like troi-
lite forming dendrite-like fibrous network with the 20-50 nm thickness of
the composing fibers. Sometimes fibers demonstrate parallel orientation.
On the surface of the fibrous substrate rare whiskers-like Fe metal occurs as
0.5-1,0 um densely packed aggregates of elongated filamentous crystals of
50-150 nm in width.

A Ni-bearing metal aggregate of irregularly shape is present on the sul-
fide surface at a distance of 5 um from the Ni-free metal whiskers. A single
Cu-bearing sulfide represented by a skeletal 1 um-sized crystal is attached
to the fibrous troilite substrate along with filamentous Fe-metal as well.
Another stellate crystal aggregate (2 um in size) of Cu-rich Fe-bearing sul-
fide is attached to the sulfide film (35x35 um area) observed on the flat
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surface of silicate grain. The film is composed of sulfide nano-particles of
50-100 nm in size, demonstrating overlaying clusters of concentric rings
which could reflect either underlying silicate chip surface or two centers
of film growth. The film consists of Cu-bearing troilite (up to 1.5 wt.% Cu)
with the Cu-rich Fe-bearing (77.5 wt.% Cu, up to 0.5 wt.% Ni) sulfide ag-
gregate grown on the surface. Small crystals of Co-Ni bearing Fe-sulfide
(8.6 wt.% Co, 4.1 wt. % Ni) and Cu-bearing Fe-sulfide (7.4 wt.% Cu) are also
settled on the film surface.

Impact glass-associated metal-sulfide spherules

These objects are common on the surfaces and interiors of some glassy par-
ticles and are represented by spherules with flat or elevated surfaces reach-
ing 3-5 pm in diameter. Sulfide demonstrates porous texture. Fe-metal is
commonly situated in the central part of the spherules forming spherical
lenses thought to be initial stages of filamentous crystal growth. Filamen-
tous Fe-metal aggregates up to 0.5 um are rarely found on the surface of
the spherules. Different metal to sulfide ratios are observed on the surface
of the spherules from pure sulfide to pure Fe-metal composition.

Some vesicular impact glasses contain nano-sized sulfide particles pre-
cipitated on the inner surface of vesicle channel and around its outlet to
the glass surface. This can be interpreted as condensation from gas or fluid
phase formed in the closed vesicle before pressure and temperature dump
when the vesicle became opened.

Individual Fe-metal and sulfide grains and intergrowth fragments
Besides that isolated Fe-metal filamentous crystal aggregates up to 3x4 ym
are found in the soil sample. Most of them are characterized by Ni-free com-
position. Some of them are attached to the fibrous like troilite and reach
2.5 um in length. The largest individual troilte is 17x20 um in size and has
fibrous surface texture almost completely covering the particle similar to
the observed in metal-sulfide association. An aggregate of flattened crys-
tals arranged in parallel is present in some area of the studied particle sug-
gesting the growth in free space.

DISCUSSION:

Common relation of the Cu-Ni-Fe-S mineralization to the late-stage mesos-
tasis areas suggests that this association is a result of the late-stage mag-
matic or post-magmatic processes supporting the hypothesis of a possible
fluid-vapor transport and deposition of metals and sulphides in the lunar
rocks [8]. The metal-troilite veinlet and inclusions of Cu-bearing troilite
found in the polished sections of the basaltic fragments exclude their re-
lation to the regolith reprocessing on the lunar surface and point to their
endogenous origin similar to sulfide finds in basalts [9].

The unique find of copper-bearing sulfide film and copper sulfide crystals
precipitated on the surface of silicate grains has signs of multistage forma-
tion that cannot be realized in the rapid impact process under the quick
pressure drop of the impact vapor. The more likely it is a product of fuma-
rolic gases condensation in a semi-closed system like a lava tube or frac-
ture where the components income and gas pressure were pulsed and
high enough to deposition of the Cu and Fe sulfides. The following points:
1) occurrences of Cu-Ni-bearing sulfides in magmatic rocks; 2) Ni-free com-
position of metal iron, 3) a lack of correlation of Cu and Ni in the sulfides,
4) and absence of separation mechanism for Fe and Ni in impact vapor;
5) general low abundance of copper and exceptional rarity of Cu-minerals
in the meteorites together with regular finds of copper mineralization in
the Chang’E-5 samples strongly contradict to the meteorite impact origin
of the copper-bearing sulfides found on the surface of regolith particles in
association with iron metal whiskers (e.g. [10]) and consistent with a lunar
source of these metals. We observed two distinct populations of the sul-
fide-iron whiskers different in texture and composition and associated with
basalts and impact glasses. We suggested that both of them are resulted
from similar process of decomposition of sulfides of different genesis un-
der the exogenous processes on the lunar surface. The copper enrichment
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could be specific feature of the volcanic complexes and a marker for per-
spective mineral resources near the Chang’E-5 landing site region.
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INTRODUCTION:

Based on the data on the iron oxide content in the rays of the Langrenus
and Cavalerius craters, a relationship has been defined that describes
the ratio of the regolith from Mare Fecunditatis and Oceanus Procellarum,
respectively, to the material of the crater ejecta. This ratio represents a mix-
ing factor of local and foreign material formed during the fall of craters’
ejecta. The data obtained make it possible to refine the currently existing
mixing models.

MIXING FACTOR OF LOCAL AND FOREIGN MATERIALS:

During the emplacement of the ejecta deposit, broad-sized materials
fall out, forming secondary impact craters in a wide range of diameters.
As a result, the regolith of the near-surface layers is mixed with the ejec-
ta material. An approach to solving the mixing problem was proposed by
Oberbeck et al. (1975) [1]. They managed to create an empirical relation
of the change in the value of u as the distance from the crater increases:
p=0.0183R0,87 (1), where R — distance from the middle of the crater radi-
us to the point where its ejecta is calculated.

In their work, Petro and Pieters (2006) [2] determined that the results ob-
tained using the mixing model of Oberbeck et al. (1975) [1] are poorly com-
parable with the geochemical and petrographic features of the Apollo 16
soil. This discrepancy led authors to conclude that the mixing factor y, cal-
culated from formula (1), should be reduced by about a factor of two.

ESTIMATION OF THE MIXING OF LOCAL AND FOREIGN MATERIALS
BY THE DATA ABOUT THE CONTENT OF IRON OXIDE IN THE RAYS

OF THE LANGRENUS AND CAVALERIUS CRATERS:

Currently, there is no definitive confirmation of the accuracy of the material
mixing models. To refine them, the models were compared with data on
the iron oxide content in the lunar regolith, estimated from the results of
the Clementine mission [3].

The rays of the Langrenus crater (Figure 1a) were taken as the object
of study, which was selected because: 1) it is located on the border of
the Mare Fecunditatis and the highlands, and part of its rays are visible on
the dark and smooth mare surface; 2) the age of the crater, 3.44 Ga [4], al-
most matches with the age of the mare surface of the Mare Fecunditatis,
3.37 Ga [4], which minimizes the difference in the regolith aging of the rays
and the mare surface as a result of mechanical reworking of regolith by
ejected particles.

The Cavalerius crater’s rays (Figure 1b) were taken for the same reasons:
1) the crater ejected the continental material onto the smooth surface of
Oceanus Procellarum; 2) the ages of the crater (~3.2 Ga [5]) and the mare
surface (~3,18 Ga [6]) are almost a match.

In our study, only those rays that lie on the smooth surface of the mare were
used. Within each of them, we have selected randomly distributed points
at which the model determined the FeO content. The obtained estimates
of FeO content for Langrenus crater rays form a clearly defined trend of
increasing iron oxide, as the distance (D) from the centre of the crater in-
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creases (Figure 2a), which is described by a linear function: FeO = 2.397133
004E-005D + 9.585152604 (2), where D — distance from the crater centre in
meters, FeO — iron oxide content in wt.%.
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Figure 1. Map of the FeO content in the area of the Langrenus (a) and Cavalerius (b)
craters, and the rays used in the calculations

For the Cavalerius crater, the two trends were formed (Fig. 2b), which are
described by the following functions: 1) FeO = 5.370100657E-005D + 8.732
873672 (3); 2) FeO = 3.310274722E-005D + 10.32005953 (4).

We consider the increase in iron oxide as a result of the mixing of two end
members: mare material with an average FeO content of 17.5 wt.%, and
highland materials with an average FeO content of 5.5 wt.%. The deter-
mined function (2) shows that directly outside the zone of continuous ejec-
ta at a distance of ~150 km from the center of the crater, the content of
iron oxide is ~13.16 wt. %, which, at the indicated contents of iron oxide in
the end-members, corresponds to a mix of ~36 and 64 % of the highland
and mare components. At a distance of 330 km, where the horizontal part
of the trend begins, the iron oxide content is estimated to be ~17.5 wt. %,
which practically matches with the average FeO content in the Mare Fe-
cunditatis regolith and, therefore, corresponds to almost 100 % of the mare
component.

The obtained dependence (2) allows us to propose a formula for estimating
the proportion of foreign/local material (L/F) in the range of distances from
the zone of contiguous ejecta (~100 km) to the one where the local rego-
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lith dominates (~300 km): L/F = 0.00031457D%%32'9 (5), where D — distance
from the crater center in meters.

204

10 :JOD 20 ;JOO 30 Z)GO
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Figure 2. Change in the amount of iron oxide in the rays of the Langrenus (a) and
Cavalerius (b) craters depending on the distance from its center

Using a similar approach, we researched the Cavalerius crater rays. As end
members of the mixing, we consider the FeO content of ~18 wt.% haw
100 % mare material and ~8.2 wt.% haw 0%. According to trend 1, mare
material reaches 100% values over a distance of ~170 km from the crater
center. According to trend 2 ~240 km. At the place where the calculations
begin, the mare material content is ~47 % for trend 1 (~75 km from the cra-
ter center) and ~49 % for trend 2 (~85 km).

As a result, we obtained the following formulas:
1) L/F = 0.0000152395D%%°% (6) for trend 1;
2) L/F = 0.0001797478D%%94%44* (7) for trend 2.

Formulas (5)-(7) are not an alternative for estimating the degree of mixing,
but allow one to obtain an integral estimate of the proportions of local and
foreign material.
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ABSTRACT:

Recently, the State Program of the Russian Federation “Space Activities of
Russia” was adopted for the period up to 2036. It includes Space Science
project proposed and developed by Russian Academy of Sciences. This pro-
ject is aimed at the exploration of the Solar system, including the develop-
ment of technologies for interplanetary flights and preparation of human
activities outside Earth orbit. The significant and important segment of this
project is related with the lunar exploration. It formulates key robotic lunar
missions and its objectives that should be completed before 2036 and even
continued beyond this time limit.
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ABSTRACT:

Russian Lunar orbiter Luna-26 is planned for launch in 2028 and targeted
to map lunar surface and subsurface composition, as well to study neu-
tral, dust and plasma exosphere. It also provides support for Luna-27 polar
landers including high resolution digital elevation models (DEM) for land-
ing site selection and relay service. We present the mission objectives, in-
strumentation, science plan and discuss the role of the mission in the Rus-
sian lunar program.



16MS3-MN-11
ORAL

SCIENCE AT THE LUNAR POLES: LUNA-27.1
AND LUNA-27.2

I.G. Mitrofanov, L. M. Zelenyi, A. A. Petrukovich
Space Research Institute RAS, Moscow, Russia, mitrofanov@np.cosmos.ru

KEYWORDS:
Moon exploration, lunar poles, Russian lunar program, Luna-27

ABSTRACT:

Luna-27 mission is a one of critical milestones of Russian lunar program
accepted for the period up to 2036. This mission includes the launch of two
identical robotic landers to explore the south and north poles of the Moon
and combines ambitious scientific objectives, testing new space technolo-
gies, and searching/exploring areas potentially suitable for the creation of
a future lunar base.

The primary science goals of the Luna-27 mission both on the south and
north poles are the following:

«  Studies of the mineralogical, chemical, elemental, and isotopic com-
position of subsurface layer of lunar regolith using remote and contact
science including analysis of regolith samples extracted and delivered
by a drill unit from various depths up to 1 m.

«  Search for water ice in the subsurface layer of the lunar regolith and
estimation of its depth distribution.

«  Studies of the ionic, neutral, and dusty components of the Moon'’s exo-
sphere and the effects of the interaction of the Moon'’s surface with
the interplanetary medium and the solar wind.

«  Studies of the physical (mechanical, thermal, dielectric, etc.) properties
of the soil of the upper layer of the lunar surface.
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ABSTRACT:

The prospects for building a multipurpose International Lunar Research
Station (ILRS) and the prospects for using robots on the Moon open up
opportunities for using the main fundamental advantages of the Moon
over classical spacecraft — the ability to create large structures on a solid
surface in vacuum conditions and their subsequent maintenance by as-
tronauts and robots. In this regard, the Moon is a unique site in the Solar
System for deployment of the next generation astronomical facilities in dif-
ferent wavelengths. All other bodies, such as Mars, are located at a notice-
ably longer distance and have a number of disadvantages that make them
unusable as an astronomical base at least in the near future.

Since many astrophysical phenomena require multiwavelength observa-
tions, it makes sense to deploy several telescopes on the Moon close to
each other, e.g. on the south pole of the Moon. It enables simultaneous
observations of the same area of the sky, allowing for continuous and syn-
chronous multiwavelength monitoring of transients and other sources.
The multiwavelength distributed astronomical observatory on the Moon is
compliant with the vision of the ILRS, where many countries may contrib-
ute to ILRS to carry out their scientific research with their own facilities and
benefit from international cooperation.

The creation of an observatory on the Moon may start in the next decade.
At the first stage, on the time scale of a decade, we offer to build several
small (3-10 kg) technological pathfinders of the Moon-based telescopes
for different wavelengths. The main goals are to test critical technologies,
to evaluate some technological aspects of astronomical observations at dif-
ferent wavelength from the Moon and to probe new methods of astronom-
ical observations from the Moon that cannot be done from other orbits
close to the Earth. These small telescopes should be capable of studying
several astronomical scientific goals with limited efficiency due to the size
of the instruments. Currently, we are considering technological pathfinders
for UV-optical-IR spectral range, long-wave radio range, X-ray and Gam-
ma-ray. They may be proposed as an additional payload for Chinese, Rus-
sian and other missions to the Moon. To speed up the development, high
Technology Readiness Levels (TRL) components may be used.

For the UV-optical-IR spectral range, two types of technological pathfind-
ers are proposed by a Chinese team from NAOC and Russian team from
INASAN. To evaluate the idea of a wide-field multiaperture survey from
the Moon (Figure 1, left), its pathfinder (Figure 2, left) may use an advanced
star tracker (TRL = 9) with a UV-optimized lens and UV-enhanced sCMOS,
which provides a field of view of ~5.5x5.5° [1]. It can be fixed on the Moon
lander and observation will be performed in a passive scan mode, the re-
quired mass is only 3-5 kg.
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As a pathfinder of a large Moon-based UV-optical-IR telescope (ILRS-5,
Figure 1, right), a small 7-15 cm UV telescope (Figure 2, right) is proposed.
It has a long focus and high angular resolution of up to 2 arcsec in FUV.
2-axis mount and set of filters allows a flexible scientific observation pro-
gram. The required mass budget started from 10 kg.

Figure 1. Conceptual view of wide-field multiaperture UV telescope (left) and mul-
tipurpose Moon-based UV-optical-IR telescope (right), NAOC

Camera and off-axis telescope

Lenshood

Pitch worm gear &
stepping motor

212mm

Tl Rotation worm gear & _
. -, stepping motor =

Figure 2. Technological pathfinders for Moon-based wide-field multiaperture UV
survey (left) and Moon-based UV-optical-IR telescope (right)

For the long-wave radio range, the technological pathfinder of a single
node of a future large radio interferometer on the Moon'’s back side may
be proposed.

For X-ray IKI RAS offers to build a technological pathfinder (Figure 3, left)
within a 10 kg mass budget to operate in 4-100 keV without optics (field of
view of 20°) to study the operation of X-ray detectors on the Moon and to
observe bright objects. For the second step, they propose to build a univer-
sal X-ray module (MBH M-2) for a narrow-field mirror X-ray telescope (Fig-
ure 3, center) with an energy range of 2-30 keV, effective area of 600 cm*,
field of view of 60 arcmin, angular resolution of 45 arcsec and total mass of
65 kg.

Figure 3. Technological pathfinders: X-ray telescope without optics (left), universal
X-ray module with optics (center), gamma-ray detector (right)
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For Gamma-ray IKI RAS and SINP offer a broadband omnidirectional
spectrometer-polarimeter for observations in the 10 keV-10 MeV range.
At the first step, using heritage [5] from Chibis-Al Segmented Gamma Spec-
trometer, a 10 kg technological pathfinder is proposed with 256 cm? geo-
metric area of the detector (Figure 3, right).

At the second stage (2035-2040) of ILRS building, several medium-class
astronomical telescopes [3] may be proposed for future dedicated large
Lunar astronomical missions (Figure 1), e.g. ILRS-5, LUNA-32. Medium-class
astronomical telescopes will produce world-class scientific results and will
become the first true full-featured astronomical telescopes on the Moon.

We expect that after 2040 the ILRS base will involve humans and robots.
In the third stage of the Moon astronomical base construction (2040-
2060), large astronomical telescopes can be considered to be deployed on
the Moon, including those that require the installation of multiple modules
spread across the Moon, e.g. interferometers, long focus telescopes and
large structures.
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ABSTRACT:

Chandrayaan-3 was launched on 14t July 2023 by LVM3 M4 from Srihariko-
ta. The integrated module carried out five Earth bound maneuvers, Trans
lunar injection and was inserted in the lunar orbit on 5 August. After sev-
eral lunar burns, the lander module was separated from the propulsion
module on 17" August. Following two de-boost maneuvers, the Lander
along with the 26 kg Rover executed a flawless landing with an Autono-
mous Landing Sequencer, marking a significant milestone on 23" August
2023. This accomplishment has placed India as the fourth country to mas-
ter the soft-landing on the Moon and first country to land in the southern
high latitudes on the Moon.

Post landing, the Rover moved around the landing site and traversed a total
of ~100 m distance. Payloads on the Lander and Rover were deployed for
in-situ investigations. First-ever scientific data about the lunar surface and
the near-surface environment at the Shiv Shakti point are intriguing and
provided new insights about the Moon.

Elemental composition measurements validated the Lunar Magma Ocean
(LMO) hypothesis, which is one of the leading theories on the evolution
of the Moon. Further, the presence of excess Magnesium-rich minerals
in the regolith shows that material excavated during the formation of
the South Pole Aitken (SPA) basin, the largest impact basin in the solar sys-
tem has been mixed with upper layer material at Shiv-Shakti point.

Seismometer detections indicated that the polar regions are not seismi-
cally-quiet and detected ~50 events which were probably from natural
sources.

Analysis of Rover NavCam images revealed that the Vikram lander landed
on a buried crater that is of semi-circular structure (160 km in size, ~4.4 km
deep). It was highly degraded due to thick ejecta deposits from the SPA
basin, indicative of complex cratering throughout the geological history of
the Moon.

First-ever in-situ measurement of the temperature of the Moon’s surface
to the depth of 10cm indicated that the lunar surface temperatures show
a significant spatial variability at metre scales at high latitudes, unlike
the equatorial regions.

X-ray spectrometer revealed potential presence of primitive lunar mantle
materials at the landing site, which was excavated during formation of
the South Pole-Aitken (SPA) basin 4.3 Ga ago and redistributed by subse-
quent impacts on the SPA basin ejecta. The primitive mantle contributed
the excess sulfur, which got mixed up with the materials at the landing site.
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INTRODUCTION:

Multiple nations are actively advancing lunar exploration through initia-
tives such as the Artemis Program, the Moon Village concept, and the In-
ternational Lunar Research Station (ILRS) initiative. The establishment of
the ILRS presents unprecedented opportunities for conducting astro-
nomical observations by leveraging the Moon'’s unique environment and
location. The lunar surface, unaffected by Earth's atmosphere, ionosphere,
and artificial radio signals, offers a stable platform for observations across
the full electromagnetic spectrum — from ultra-long wavelength radio
waves to high-energy gamma rays — and potentially for the detection of
neutrinos and gravitational waves [1-13]. Building upon in-depth concep-
tual design and scientific objective studies conducted by our internation-
al collaborative team for the lunar-based UV-Optical-IR telescope/array
at ILRS, this report uses lunar-based UV-Optical-IR astronomical observa-
tion as an example to briefly introduce our preliminary considerations on
the Artificial Intelligence (Al). requirements for lunar-based astronomical
observations at ILRS.

Realizing the potential of lunar-based astronomical observation neces-
sitates integrating Al capabilities throughout its entire lifecycle, given
the Moon’s extreme environmental challenges and inherent operational
constraints. The severe challenges posed by the lunar environment primar-
ily manifest in extreme day-night temperature variations, lunar dust, high
radiation levels, power limitations during lunar nights, and communication
delays with Earth. These factors demand a paradigm shift towards highly
autonomous astronomical observation systems. Al is crucial for mitigating
these constraints and enabling efficient and reliable observations. Al can
play key roles in autonomous operation and health management of as-
tronomical instruments, intelligent observation planning and scheduling,
in situ intelligent data processing and compression, robust perception and
navigation for deployment/maintenance, resource optimization and coor-
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dination, and scientific discovery and anomaly detection. Meeting these
requirements demands Al systems that are robust, explainable, adaptive,
and efficient, capable of effective integration with the broader ILRS infra-
structure, communication systems, and data management framework.
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INTRODUCTION:

The illuminated surface areas of the Moon become positively charged as
a result of photoionization under the influence of mainly the UV part of
the solar radiation spectrum. And the shadowed areas of the surface ac-
quire a negative charge due to the incision of the solar wind flow and
the plasma layer of the Earth’s magnetosphere tail. As a result, dust par-
ticles lying on these charged areas of the surface and having received
the same electric charge are subject to the action of electric forces exceed-
ing the sum forces of gravity and van Der Waals adhesion. Which push them
away from the surface and create a rarefied plasma shell near the lunar sur-
face and conditions for their levitation and transportation along the sur-
face due to the electric fields in the plasma shell [1-6]. Indeed, “streams
of light” just above the lunar surface, caused by the scattering of sunlight
by these rarefied charged dust particles, lifted by electrostatic forces from
the illuminated surface, were directly recorded during sunset by the Sur-
veyor spacecraft in 1967 [6-8] and Blue Ghost M1 on March 16, 2025 [9].
Such charged particles of lunar dust of regolith of submicron and micron
sizes, levitating above the surface at altitudes of about 100-300 mm, settle
on optical surfaces, the astronauts’ spacesuit and the surface of equipment,
and also penetrate into cracks and moving parts of the spacesuit, into ro-
tating parts and mechanisms of equipment. They pose a serious danger
to the successful work of astronauts and all optical-mechanical equipment
on the lunar surface and are a serious obstacle to further exploration of
the Moon. The development of scientific research on the Moon requires
the creation of a reliable permanently protection system for engineering
systems and humans located on the its surface from the settling and ad-
hesion of levitating above surface charged particles of lunar dust to them.

UNIVERSAL EFFECTIVE SYSTEM OF PERMANENT

PROTECTION AGAINST CHARGED PARTICLES OF LUNAR DUST

OF THE ASTRONAUT SPACESUIT AND ALL EQUIPMENT BOTH
DURING THE DAY AND AT NIGHT:

The most effective system for permanent protection of the astronaut’s
spacesuit as well as the optical surface and all other equipment from
charged particles of lunar dust levitating above the surface of the Moon
both during the day and at night are:

«  For the first time, optical instruments and all other equipment are in-
stalling in a special dust-proof bowl more than 700 mm high, shaped
like an inverted truncated cone (Figure 1). A durable bowl with a rigid
and solid bottom is raised by support posts to a height of about 300 mm
above the surface of the Moon, protected by two Russian invention pat-
ents[1,2]. The location of the upper level of the bowl at a height of more
than 1,000 mm above the surface will practically ensure the protection
of the scientific and technical equipment located inside the bowl from
possible penetration and settling on their surface of charged particles
of lunar dust levitating on the underlying (~100-300 mm) layers [7-10].
The active operation of the unprotected from lunar dust Chinese Lu-
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nar-based Ultraviolet Telescope (LUT), launched on December 2, 2013,
during the daytime on the lunar surface shows a fairly high stability of
its photometric characteristics during the 18-month lunar experiment,
i.e., the absence of any adhesion of lunar dust to the telescope mir-
rors [11]. This allows us to state that charged micron and submicron
near-surface lunar dust particles will not be able to rise above the sur-
face to such a height. However, only such protection of equipment
from charged lunar dust is necessary, but not sufficient for its complete
protection over a long period of time, as well as for the protection of
the astronaut’s spacesuit.

«  For the first time, the outer surface of the equipment, the astronaut’s
spacesuit, optical surfaces and dust-proof cup are covered with electri-
cally conductive electrically insulated shells (by flexible and stretchable
material for the spacesuit), connected to a power supply unit having
the necessary electric charge with a given frequency of continuous po-
larity reversal, protected by two Russian invention patents [1, 2]. In vac-
uum and low gravity conditions, the excess of the electrical repulsion
forces of their surface over the forces of gravity repels and throws back
levitating charged particles with the same charge from settling on their
surface both during the day and at night, since intermolecular van der
Waals forces are absent. To ensure reliable repulsion from the surface of
the optics, the astronaut’s spacesuit, the dust bowl and all other equip-
ment of individual charged particles of lunar dust of submicron and
micron sizes, levitating above the surface at heights of 100-300 mm,
it is necessary that the repulsive electrostatic force of their shells be
comparable to the force of detachment of such particles from the lu-
nar surface under the influence of electrostatic forces of the regolith
charge [10].

Figure 1. A longitudinal section of the SOTR-300V of the Lunar Observatory (with
the ground glass removed) in a special protective bowl for studying the climate and
the energy imbalance between the Earth and space [12, 13], where 1 — is the reli-
able hermetic enclosure of a telescope tube; 2 — the concave mirror; 3 — the con-
vex mirror; 4 — the concave mirror; 5 — the CMOS image sensor; 6 — the entrance
pupil; 7 — the antiflash lens hood; 8 — the sliding visor; 9, 10 — the mechanisms of
the displacement of the sliding visor; 11 — the diffusing glass; 12 — the joint; 13 —
dust-protecting bowl; 14 — basement of the mount; 15 — upper part of the mount,
azimuth-rotating; 16 — means of azimuth rotation; 17 — means of altitude rotation
of the tube; 18 — support feet of the bowl; 19 — the lunar surface

Earlier, when developing the concept of the Lunar Observatory (LO) for
studying the climate and the energy imbalance between the Earth and
space in 2016 and 2017 years [12, 13], we were the first to patent our inven-
tions for effective protecting only the mirrors of the special robotic optical
telescope with the primary mirror of the diameter 300 mm and with slid-
ing visor (SOTR-300V) in a special protective bowl from levitating charged
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particles of lunar dust using a similar effective system (Figure 1) [1, 2]. Lat-
er modernized SOTR-300VM LO for continuous simultaneous monitoring
of the asteroid-comet hazard throughout the entire celestial sphere and
the Earth’s climate [14, 15] is installed in the central zone of the dust-pro-
tective bowl, and its entrance pupil is located at a height of more than
1,000 mm above the surface of the Moon to reliably protect its mirrors
from the settling and adhesion of charged particles of lunar dust, levitating
above the surface at heights of about 100-300 mm, raised from the surface
by electrostatic forces.

CONCLUSIONS:

«  Protection of all scientific and technical equipment on the surface of
the Moon from the settling and adhesion of charged particles of lu-
nar dust levitating above the surface is primarily carried out by install-
ing (placing) them in a special dust-proof bowl with an upper level at
a height of more than 1,000 mm above the surface [1, 2]. The absence
of dust particles deposited on the mirrors of the LUT telescope and
the preservation of their high photometric efficiency of reflectivity
during 1.5 years of active operation during lunar daytime hours indi-
cate the practical absence of charged dust particles at the height of
the LUT installation (significantly more than 300 mm) above the sur-
face of the Moon.

- The astronaut’s spacesuit, optical surfaces and other equipment, as
well as the dust-proof bowl, are covered with electrically conductive,
electrically insulated outer shells (by flexible and stretchable material
for the spacesuit), connected to a power supply unit. The power sup-
ply unit produces the necessary electric charge with a given frequency
of continuous polarity inversion, which repels and throws away from
their outer shells like-charged particles of lunar dust in conditions of
reduced gravity and vacuum of the Moon both during the day and at
night.

« Asaresult, the specified frequency of polarity inversion of the required
electric charge of the electrically insulated outer shells of the equip-
ment, the astronaut’s spacesuit, optical surfaces and dust-proof bowl
will ensure their permanent reliable protection from the settling and
adhesion of levitating particles of charged lunar dust.

Thus, the proposed universal system of continuous and reliable protection
of equipments both during the day and at night from charged particles of
lunar dust levitating above the surface consist in: (1) placing scientific and
technical equipment in a special dust-proof bowl at the maximum possible
distance from the surface; and (2) covering the astronaut’s spacesuit, opti-
cal surfaces and other equipment, as well as the dust-proof cup with elec-
trically conductive electrically insulated outer shells, connected to a power
supply unit with the necessary electric charge with a given frequency of
continuous polarity inversion [1, 2]. Such a round-the-clock effective sys-
tem of protection of the spacesuit and all other equipment on the surface
of the Moon from levitating charged particles opens up a broad reliable
prospect for the creation of scientific, industrial, habitable infrastructure
and permanent scientific bases using the latest technologies. And, final-
ly, a global scientific task will be successfully solved - the organization of
the Lunar Observatory on the Moon'’s surface with a system of round-the-
clock simultaneous monitoring of asteroid danger throughout the celestial
sphere and the Earth'’s climate [12-15].
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ABSTRACT:

The review discusses scientific and technical, infrastructure and break-
through, industrial and construction problems of developing pits and
caves on the Moon.

The implementation of modern long-term programs for industrial de-
velopment of the Moon Chang’E 1-8 (China), Chandrayaan 1-4 (India),
Artemis 1-4 (NASA, USA), Luna 26-28 (RSA, Russia) are aimed at creating
long-term lunar bases and geological development of the lunar subsoil.
The Moon has a variety of minerals in significant quantities for commercial
extraction and transportation to Earth, including rare and rare-earth metals:
platinum, nickel, silicon, cobalt and others (up to 14 million tons). The pre-
dicted integral cost of lunar resources reaches 16 quadrillion dollars [1].

Currently, methods are being developed for the industrial production of
metals, oxygen and building materials from lunar regolith, clarification of
water ice deposits and the infrastructure of caves on the Moon. Although
scientists have speculated about the possibility of the existence and use
of extraterrestrial caves for over 50 years, we have now entered the initial
phase of planetary cave exploration [2].

This report provides a detailed overview of the geological origin, explora-
tion history, and distribution of lunar lava tubes on the Moon. Four distinct
advantages and typical concepts for building bases inside lava tubes are
discussed in detail, and terrestrial attempts to build bases inside lunar lava
tubes to date are summarized [3].

Lunar lava tubes are special underground caverns formed by volcanic erup-
tions that are considered ideal natural shelters and scientific laboratories
for the construction of lunar bases. Caves are important because they pro-
vide records of the geological, meteorological, and environmental history
of planetary bodies in the Solar System. For the Moon, caves can protect
human explorers from the harmful and inhospitable surface environment,
cosmic rays, and solar flares. Earth represents the highest level of cave ex-
ploration and knowledge. Beyond Earth, identification of potential caves is
most advanced for the Moon, with hundreds of documented potential cave
entrances and several proposed cave exploration mission concepts [4].

To date, the scientific community has catalogued 2,660 caves on eight
planetary bodies (excluding Earth) throughout the Solar System. To sys-
tematically advance planetary cave exploration, a roadmap is proposed
consisting of three major phases: 1. Identification (spin-orbit parameters),
2. Characterization (topographic features), and 3. Exploration (geophysical
surveys) [5].

IDENTIFICATION:

To date, most planetary cave entrances, skylights, and collapse pits have
been identified using standard remote context imaging. On Earth, cave
entrances can be identified using combined thermal, visible, and seismic
approaches. Such strategies should be further refined and expanded to de-
tect caves on other planetary bodies.

Combining these methods with orbital subsurface geophysical methods,
including radar, seismic, and gravimetry, may provide optimal achieve-
ments in cave identification. However, additional orbital spacecraft with
sensors capable of accurately detecting these geological features are need-
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ed to conduct a broader inventory of cave entrances throughout the Solar
System [4].

CHARACTERIZATION:

Candidate cave entrances on the Moon need to be carefully evaluated be-
fore selecting a survey target. Exploration of lunar and Martian caves re-
quires high-resolution, oblique-angle imaging, systematic study of these
images, and ranking of features by scientific and commercial importance.
Current and future missions include Titan’s Mars Ingenuity and Dragonfly
helicopters to explore numerous caves on planets and moons of the Solar
System: Triton (3 caves), Charon (1), Titan (1,297 caves), Moon (221 caves),
Mars (1,036 caves), Enceladus (100 caves), and Pluto (caves). [3, 4].

EXPLORATION:

Exploration of lunar caves can be used to confirm and/or study in situ ther-
modynamics of scientific interest. Surface missions can map cave geome-
try around the entrance and potentially determine cave extent and volume
if equipped with ground-penetrating sensors. The resulting mapped cave
architectures and hazards will inform lunar exploration planning and help
reduce the risk of lunar missions.

Power will include tethering, alternative internal power sources (e.g. fuel
cells), or recharging by returning to the solar surface. Navigating complex
cave architectures will require further development of Al. Planetary cave
science has the potential to expand significantly over the next decade [5].

On Earth, analog, technological research and development will be para-
mount. The advent of aerial drones for bodies with atmospheres could be
a game changer. These systems could be used to both detect and charac-
terize cave entrances. For lunar rovers, flight-worthy instruments capable of
detecting (and characterizing) cave entrances and their internal structure
will be indispensable. For the Moon and Mars, missions in the near future
(years or decades) are achievable, provided adequate investment in robot-
ics development is made. In particular, the platforms discussed here must
be developed to flight-worthy status to achieve the required technical ma-
turity. By applying this roadmap and advancing these key technologies, we
will be able to explore the planetary interior, one of the most promising
potentially habitable environments to search for evidence of life. This will
facilitate the technological developments needed for human exploration
and settlement of lunar caves [6].
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ABSTRACT:
Lunar regolith is currently being considered as possible nature material for
construction on the Moon.

One of the key scientific tasks is to develop a construction technology suit-
able for the use of extraterrestrial materials, and additive selective laser
melting (SLM) of regolith powder is currently considered the most prom-
ising [1, 2]. However, the SLM method, which was originally developed for
metal powders, must be adapted to use lunar regolith as a starting ma-
terial, which has significantly different properties: chemical composition,
morphology and particle size distribution.

The purpose of this study is to determine fusion conditions and optimize
SLM parameters that ensure the production of volumetric samples with
the highest possible strength characteristics. A regolith simulator based on
crushed gabbro-diabase and an industrial 3D laser printer with a beam di-
ameter of 50 microns and a laser power of 100 watts were used for the study.

The report presents the method based on detailed study of laser melting
of single tracks to obtain samples with improved characteristics compared
to earlier studies by the authors [3, 4]. A melting mode was determined
in which samples with an average porosity of 15% and a compressive
strength of 37 MPa were obtained, which corresponds to the strength of
ceramic bricks, and concrete. A certain dependence of the compressive
strength of the samples on melting conditions has been established for
a wide range of energy parameters.
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INTRODUCTION:

As early as 1985, microwave sintering was considered by researchers as an
advanced technology for the extraction of water, oxygen, primary metals,
and the creation of lunar infrastructure [1]. The primary advantage of mi-
crowave sintering lies in its low energy consumption and its ability to heat
materials volumetrically. Potentially, this method could become the most
energy-efficient among all investigated technologies in terms of energy
expenditure [2]. For example, compared to selective laser sintering (SLS),
selective microwave sintering (SMS), due to its volumetric heating, requires
23 % less energy, which also reduces manufacturing time [3].

SAMPLE:

As a starting material, lunar soil analogue VI-LH1, developed at the GEOKHI
RAS laboratory, was used. VI-LH1 consists of crushed labradorite, possess-
ing a similar chemical-mineralogical and granulometric composition to lu-
nar highland regolith [4].

EXPERIMENTAL PROCEDURE:

The experiment was conducted using a standard household microwave
oven at a power of 800 W. The VI-LH1 material was further milled to a parti-
cle size of 100 um. A 7.3-gram soil sample was placed in a corundum cruci-
ble. To achieve a hybrid heating effect, the sample was placed within a ce-
ramic fiber mold internally lined with a silicon carbide layer (Figure 1) [5].

SEM HV: 20.0 kV wo: 1522mm | MIRA3 TESCAN|
View field: 88.7 pm Det: BSE
04 sprcn w Gozenenr  Date(midly): 12/24124 Vernadsky Institute

Figure 1. Top view photograph of the soil sample in the crucible immediately after
the experiment (left) and SEM image (zircon and baddeleyite) (right)

RESULTS:
Based on previous studies, a sintering time of 15 min was determined,
which proved sufficient to completely melt the sample.

The resulting sample was investigated using scanning electron microscopy
(SEM) (Figure 1). Observations revealed that the sample consists of a homo-
geneous glass with minor compositional variations. Signs of frontal crystal-
lization (microscopic crystals) of plagioclase were observed in the meniscus
region. The glass also contains inclusions, consisting of:
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1. Partially altered zircons, which are likely transforming into baddeleyite.
2. Regions with elevated concentrations of La, Ce, and Th, which may cor-
respond to molten phosphate or orthite.

CONCLUSION:

Preliminary calculations indicated that, under these experimental condi-
tions, the energy consumption for 1 kg of lunar regolith analogue VI-LH1
would be approximately 98 MJ. However, it is anticipated that further inves-
tigations will enable a reduction in the experimental duration and, conse-
quently, the required energy for sintering.

The next stage of research will focus on establishing a temperature pro-
file — the dynamics of soil temperature measurement over time, includ-
ing the determination of the melting temperature. This will also involve
investigating the effect of microwave power on the quality of the obtained
samples and evaluating their mechanical properties. Furthermore, a crucial
direction of research will be the conduction of experiments under vacuum
conditions.
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INTRODUCTION:

The selection of an optimal site for a lunar base and its associated infra-
structure is a key factor influencing the overall scenario of the lunar pro-
gram, including equipment delivery logistics, surface operations, energy
supply, and the utilization of local resources. A strategically chosen loca-
tion with safe terrain, high solar illumination, and direct Earth visibility can
significantly reduce maintenance costs and provide a clear advantage over
less favorable areas.

The selection and comparative analysis of potential sites for a lunar base
were conducted not only according to requirements determined by specif-
ic scientific and operational tasks [1], but also based on general criteria for
the placement of a crewed lunar base. These criteria include radiation and
environmental safety, stable and direct communication with Earth, max-
imum habitability under lunar environmental conditions, and cost-effec-
tiveness of long-term operations, ensured by the use of local resources and
continuous, renewable energy sources.

The polar regions of the Moon have unique illumination conditions due to
the small axial tilt (~1.5°) [2]. It is known that the floors of impact craters
near the poles are permanently shadowed and never receive direct sun-
light [3, 4]. As a result, crater rims may experience prolonged sunlight, while
their floors remain in permanent darkness, forming cold traps — potential
reservoirs of water ice [5].

The study area is characterized by complex terrain with relatively steep
slopes and numerous impact craters ranging from the resolution limit of
the images to tens of kilometers. [llumination and Earth visibility, which in
polar regions depend not only on latitude but also on local topography, are
critical factors. The relatively small area available due to technical require-
ments further complicates site selection.

A suitability map for the deployment of a crewed lunar base in the northern
polar region (up to 80° N) was developed based on an analysis of key pa-
rameters. Potential sites were identified through a comprehensive evalua-
tion of terrain, solar illumination, Earth visibility, and the spatial distribution
of water ice. Areas characterized by slopes exceeding 15° solar illumination
below 35 %, and Earth visibility under 50 % were classified as unfavorable.
The most promising sites are located near points with maximum insolation,
which is crucial for solar panel operation and thus for the energy autonomy
of the base.

Special attention was given to the distribution of water equivalent hydro-
gen (WEH), which indicates the possible presence of water ice in the rego-
lith. This resource can be utilized to produce water, oxygen, and hydro-
gen — essential components for life support systems and fuel production.
The selected sites combine geotechnical and resource-related advantages,
making them the most promising for future lunar exploration strategies.

The analysis included the creation of digital elevation models, slope maps
derived from DEMs, image mosaics, maps of average solar illumination and
Earth visibility based on [6], and maps of WEH distribution using LEND (LRO)
spectrometer data [7]. For each of the 11 sites, a series of maps was gener-
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ated at the highest available spatial resolution provided by the source data:
0.6-5 m for image mosaics (LROC NAC) and 5-20 m for digital elevation
models (LOLA LRO).

Figure 1. Suitability map of the Northern Polar region for lunar base deployment.
Areas meeting engineering and technical requirements for base construction are
shown in white

Height, m
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5052.5

Figure 2. Map of the Northern Polar region based on NASA's LROC data with an
overlaid distribution of water-equivalent hydrogen (WEH) deposits according to [7]

Based on the analysis of the aforementioned parameters, eleven candidate
sites were identified in the northern polar region of the Moon (Figure 3).

These selected areas represent an optimal combination of high solar illu-
mination, relatively smooth terrain, stable Earth visibility, and proximity to
potential sources of water ice, making them the most promising locations
for the deployment of a crewed lunar base. Each site constitutes a unique
topographic formation with varying elevation characteristics and relief gra-
dients within its boundaries.
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Figure 3. Overview map of potential sites in the Northern Polar region of the Moon

for lunar base deployment. Site numbering is arbitrary. The map is based on laser
altimetry data from NASA's LOLA instrument aboard LRO

Among the evaluated sites, N3, N9, and N10 stand out as the most favor-
able for base placement. These locations combine several critical factors:
the presence of zones with prolonged sunlight exposure (up to 76-82 %),
a predominance of gentle slopes less than 15°, stable Earth visibility (aver-
aging 40-60 %), and positioning in areas with elevated water-equivalent
hydrogen content (0.2-0.3 %, locally up to 0.4 %). This balance of parame-
ters ensures high priority for these sites in terms of energy autonomy, engi-
neering reliability, and resource availability.

Sites N1, N4, and N7 are also of interest due to their relatively smooth ter-
rain, the presence of high-illumination points, and the potential occurrence
of water ice. However, their utilization may require partial engineering ad-
aptation, for instance, due to limited Earth visibility (N1, N7) or moderate in-
solation levels (N4). With appropriate technical solutions, these sites could
serve as backup or auxiliary zones within a broader infrastructure network.

Sites N5, N6, N8, and N11 are considered less favorable. N5 and N6 exhibit
significant elevation variation and insufficient water-equivalent hydrogen
levels; N8 offers high energy potential but suffers from extremely low Earth
visibility; and although site N11 has favorable topography and good Earth
visibility, it lacks strong indicators of ice presence and is characterized by
low insolation. These areas may still be used for specific purposes, for in-
stance, as temporary or resource extraction zones, provided that adequate
logistical and energy support is in place.
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INTRODUCTION:

Moon is the closest planetary body to us with a complex tectonic histo-
ry and structure significantly different from Earth’s structure. Its proximi-
ty makes it possible to send orbital and landing stations and even people
to work out methods for studying other, more distant than Moon planets
of the Solar System (SS). One of the models of its origin (namely the me-
ga-impact model) suggests that the Moon formed ~100 My after the Sun
from a collision between a Mars-sized body, Theia, and the proto-Earth [1].
In the resultant lunar magma ocean (LMO), iron settled out to form a small
core, followed by a crystallization sequence that produced the lunar man-
tle and primary crust [2]. Experiments and models based on estimates of
the lunar bulk composition show that Mg-rich olivine was the first min-
eral to crystallize and sink from the LMO, followed by pyroxene and more
Fe-rich olivine. At ~80 % LMO crystallization, plagioclase formed, floated
to the surface, and accumulated as the Moon'’s primary anorthosite crust.
Under the buoyant plagioclase crust, the dense cumulates (ilmenite and
clinopyroxene) continued to crystallize, concentrating incompatible ele-
ments including K, REE, P, U, and Th (commonly referred to as KREEP). Be-
cause ilmenite and Fe-rich clinopyroxene are dense, the resultant mineral
stratification would have been gravitationally unstable. By solid-state con-
vection, the dense late magma ocean cumulates may have sank into the lu-
nar interior in a process termed cumulate mantle over-turn [3]. Finally, on
the Moon's surface, olivine is more abundant in the basalt-dominated mare
regions compared to the Ca-feldspar (anorthositic) lunar highlands.

LUNAR ROCKS:

The FHT is usually regarded as the central part of the highly anorthositic
region, which corresponds to the thickest part of the crust and is largely
concentrated on the lunar far side. It is centered around 10° N, 180° E and
occupies over 60 % of the moon’s surface. It is characterized by high albedo,
extensive cratering, elevated topography, and high local relief. Backin 1959,
Soviet researchers launched the Luna-3 probe, thanks to which earthlings
finally saw an image of the entire far side of the Moon. It had all the same
craters and mountains, but there is practically no lunar mare on the far side.
The proportion of these dark plains, composed of volcanic basalt, is only
1 % on it, while on the near side they cover 31 % of the area. Minerals with-
out volatile elements as essential structural constituents are typically re-
ferred to as nominally anhydrous minerals (NAM) or nominally volatile-free
minerals. These phases can store volatiles within crystallographic defects
typically at trace abundances. The most commonly studied nominally an-
hydrous minerals include olivine (Fe,Mg),SiO,, pyroxenes (Fe, Mg Ca),Si,0,,
garnets (Fe, Mg,Ca) Al ,(Si0,),, and feldspars Cax(Na K), AI iExpe
imental studies have shown that F, Cl, and H can be stored in the above
NAM phases; however, the mineral-melt partition coefficients for Cl are typ-
ically much smaller than for F and H, likely due to the large ionic radius of
Cl-. Lunar samples commonly have olivines, pyroxenes, and feldspars, but
the only NAM for which H,O abundances have been quantified in lunar

samples is feldspar. 2
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WATER ON THE MOON:

Hui with colleagues used polarized micro-FTIR to measure the abundanc-
es of H,0 in anorthitic plagioclases from troctolite 76535,164 and ferroan
anorthosites (FAN) 15414,238 and 60015,787 [4]. They demonstrated that
the plagioclase in the FAN’s had up to 6 ppm H.O, and the plagioclase in
the Mg-suite troctolite had 2.7 ppm H,O. Mills with ¢ colleagues used SIMS to
measure the H,0 abundances of alkali feldspar in a granitoid clast in brec-
cia 15405,78, reporting up to 1000 ppm H O [5].

From these measurements, water accumulating in the final residuum of
the LMO could have reached 1.4 wt%, an amount sufficient to explain water
contents measured in lunar volcanic rocks. The presence of water in the pri-
mary crust implies a more prolonged crystallization of the lunar magma
ocean than a dry Moon scenario and suggests that water may have played
a key role in the genesis of lunar basalts and pyroclastic deposits. So, wa-
ter and other volatiles converts the lunar magma from a liquid containing
gas bubbles to a gas entraining liquid droplets whose sizes are linked to
the bubble size distribution during this fragmentation process. The “wet”
Moon implied by these findings is inconsistent with wholesale volatile loss
due to giantimpact and supports either a less energetic formation scenario
or a later, meteorite-derived volatile addition to the Moon (a“late veneer”).
The isotopic composition of water adsorbed on the surface or incorporated
into the crystal structure of the above mentioned minerals could solve this
important question.

REMOTE SENSING:

Reflectance and emittance spectroscopy from visible (~0.35 um) to far-in-
frared (~50 um) wavelengths are among the core measurements made
in support of planetary exploration from the very beginning. Data from
instruments used for spectroscopic measurements are essential in deter-
mining surface mineralogy and phase abundance [6]. Quantitative analysis
of the observations is fundamental to understanding planetary formation
and evolution.

The advantage of the mid-IR spectroscopy is the correspondence of
the range to the wavelengths (frequencies) of molecules vibrations of or-
ganic and inorganic compounds, which causes absorption This is the inter-
val of electromagnetic (EM) wavelengths from 2 to 25 microns or (in wave
numbers) the average mid-IR range is 5000-400 cm™'. Two types of molec-
ular vibrations are mainly used for analysis: valence and deformation vibra-
tions. Valence oscillations are accompanied by a change in the length of
the chemical bond along its axis, while symmetrical and asymmetric os-
cillations are distinguished. Deformation vibrations are accompanied by
a change in the angle between the bonds. To be active, the oscillations
must cause a change in the dipole moment of the molecule and the great-
er the change of the dipole, the stronger the intensity of the band in the IR
spectrum.

The fundamental inputs into radiative transfer of EM wave (with frequency
w, or wavelength A = 2mc/w) are n(w) and k(w), the real and imaginary com-
ponents of the complex index of refraction,

n*=n+ik.
By the absorption, the real part n(w) of the complex refractive index n*
demonstrates an anomaly. At visible to near-IR (VNIR) wavelengths, where
k is small in many geologic materials, optical constants can be derived us-
ing several methods. Traditionally, transmission measurements of thin films
or crystal thin sections were used to calculate the wavelength-dependent
imaginary index of refraction. Direct measurement of the refractive index
and extinction coefficient in some cases is impossible. A practically effec-
tive method of obtaining information about optical properties in this case
is the use of the Kramers-Kronig relations for the logarithm of the complex
reflection coefficient.

r(w) = [Rw)]'"* exp(i-p(w)),

where R(w) — the reflection coefficient of the EM wave (in intensity),
@(w) — the phase shift between the reflected and incident waves. Using
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the known reflection coefficients and the phase of the reflected wave, it is
possible to restore, using Fresnel’s formulas, the imaginary and real part of
the complex index of refraction n*.

Reflectance for normal incidence and large (compared to the wavelength)
mineral grains can be described by the Fresnel equation as

R=[(n-1)%+KVln+ 1%+ K.

Laboratory specular reflectance spectra with incidence and emergence
angles <15° can be well modeled using this simple relationship. For larg-
er incidence and emergence angles, reflectance is described by a much
more complicated set of equations where shortcomings of the basic Fres-
nel equation are revised. Also, elastic scattering has a strong influence only
when the size of the particles and the wavelength of the light are com-
parable. In the mid-infrared region, classical scattering theory can only be
applied to particles with sizes about 2-25 um. Below this size range it is no
longer suitable to describe infrared spectra since the molecular structure of
the particle starts to dominate them. So, classical scattering theory is useful
as an analytical tool, for example to determine rough particle size distribu-
tions. It is, however, not capable of providing detailed information about
particle shape, or architecture, nor of the properties of very small aggre-
gates (with size about 10-100 nm) through band shape analysis.

RESULTS:

The isotopic composition of water is an important indicator of its quality
and determines its suitability for the human use. In this work, the IR spec-
tra features of the various isotopic forms of water (-OH, -OD, H,0, HDO
and D,0) included in the crystal structure and adsorbed on the surface of
the main rock-forming minerals of lunar crust have been studied. The re-
sults of numerical modeling with ALT/CUSTEP module (Biovea Materials
Studio software) and experimental studies using the FT-801 IR Fourier spec-
trometer with plug-in for mirror/diffuse reflection (Simex Ltd, Novosibirsk)
as well as Raman InVia Renishaw Reflex spectrometer are presented.
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INTRODUCTION:

One of the primary objectives of this work is the development of a preci-
sion selenocentric dynamic navigation network based on satellite observa-
tions, aimed at solving navigation problems for future space missions. This
includes applications involving onboard high-precision angle-measuring
instruments, as well as the use of optical laser beacons deployed on the lu-
nar surface.

METHODS:

For the construction of the selenocentric navigation system, global topo-
graphic data from modern space missions — Apollo, Kaguya, Clementine,
and LRO — reduced to a dynamic coordinate system were utilized. To this
end, specialized software packages and robust estimation systems were
developed. The method for determining the coordinates of objects on
the near and far sides of the Moon surpasses, in systematic accuracy, many
existing modern approaches used for establishing reference selenodetic
coordinate systems. This method involves bringing observations of objects
on the near and far sides of the Moon, obtained by various space assets,
into a unified system, as well as constructing a single selenocentric refer-
ence network for both lunar hemispheres in the coordinate system defined
by the Moon’s center of mass and principal axes of inertia. The coordinate
transformation method was developed as a result of thorough investiga-
tions into the comparative effectiveness of the following approaches: af-
fine transformation; optimal polynomial approximation; orthogonal trans-
formation with and without accounting for systematic errors; solutions of
systems of simultaneous equations. In transforming coordinates from one
rectangular system (X) to another (Y), an affine transformation model was
employed.

RESULTS:

In this study, heterogeneous satellite observations were consolidated into a
unified system for high-precision numerical integration, and a selenocentric
dynamic model was constructed using specialized transformation software
packages and data from the Apollo, Kaguya, Clementine, and LRO space
missions. An analysis of the selenocentric dynamic model was performed
employing a system of neural network construction, robust modeling, ex-
pansion of the altimetry using spherical functions, as well as methods of
harmonic analysis and fractal geometry. As a result, a reference selenocen-
tric network comprising 275,000 reference objects was established

CONCLUSIONS:

A comparison of the results obtained in this study with the results of pre-
vious research reveals the following. The existing navigation coordinate
and time support systems, primarily developed abroad, the most advanced
among which is ULCN 2005 [1], do not provide sufficiently accurate posi-
tioning of spacecraft relative to the reference network of lunar surface
objects for the following reasons [2]. All the current topographic models
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derived from space observations generally possess uncertain coordinate
reference surfaces, and thus the coordinates of objects represented with-
in these models are imprecise. Moreover, without a reference catalogue of
lunar objects that optimally covers the investigated surface region, it is im-
possible to perform densification and extension of space-based navigation
networks. This is corroborated by the unsuccessful attempt to reference
the topographic data from the ‘Kaguya’ mission. The results of this work will
find application in the crewed exploration of the Moon and in the imple-
mentation of planned Russian projects Luna-26, -27, -28, -29, as well as in
the development of a satellite navigation network in lunar orbit similar to
the GLONASS system, and in the deployment of a lunar telescope [3]. These
objectives are incorporated into the space program carried out by the Ros-
cosmos State Corporation.
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ABSTRACT:

The Discovering Sky at the Longest wavelength (DSL) project, which will
consist of a mother satellite and nine daughter satellites, flying on the same
circular orbit around the Moon, and forming a linear interferometer ar-
ray. The main scientific goal is to achieve high-precision measurement of
the average radio spectrum and to achieve the first ultra-long wavelength
sky survey with high angular resolution. At the same time, it will observe
the activities of the sun and planets, and reveal the interaction between
them and the interplanetary space environment.

Based on the principle of interferometry, the distributed low frequency
interferometric imaging spectrometer realizes the imaging detection and
spectrum measurement with high precision from 0.1 to 30 MHz. The de-
tection requirements include: through 0.1-30 MHz all-sky imaging, identify
the all-sky ultra-long wave radiation source, obtain the large-scale struc-
ture information of the all-sky, realize the first high-resolution ultra-long
wave survey, and open the last window of the electromagnetic spectrum.
Through continuous spectrum monitoring of solar eruptions and planetary
activities, the ultra-long wave activities of the sun and planets are observed
to reveal the interaction law of the space environment.

The distributed low frequency interference imaging spectrometer consists
of five instruments, including the low frequency interferometer, the low
frequency calibration source, the correlation processor, the inter-satellite
communication and ranging synchronization instrument and the inter-sat-
ellite goniometer.

The low frequency interferometer is responsible for receiving and collect-
ing the 0. 1-30 MHz low frequency detection data, completing the synchro-
nous reception of ultra-long wave cosmic radiation, and realizing high-pre-
cision imaging detection and spectrum measurement. It is deployed on
eight daughter satellites.

The correlation processor is deployed on the main satellite, which is re-
sponsible for the complex correlation processing of the received detection
data of the eight-daughter satellite low-frequency interferometric imaging
spectrometers to form the visibility function.

The inter-satellite communication ranging synchronizer and the inter-satel-
lite goniometer complete the measurement of the baseline vector togeth-
er. The inter-satellite communication and ranging synchronizer is respon-
sible for the inter-satellite communication, ranging, clock synchronization
and other functions between the main satellite and the daughter satellite.

The inter-satellite goniometer is responsible for measuring the relative an-
gle between the main satellite and the daughter satellite. A starry sky cam-
erais arranged on the low-frequency daughter satellite to observe the light
array arranged on the main satellite and obtain the angle value of the con-
necting line vector (baseline vector) of the main satellite and the daughter
satellite in the inertial coordinate system.
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The low-frequency calibration source subsystem is deployed on the main
satellite to send out calibration signals, and the daughter satellite receives
the calibration signals to realize the system-level calibration of the low-fre-
quency interferometric imaging spectrometer.

This presentation mainly introduces the design scheme of the Distributed
low frequency interferometric imaging spectrometer.



SESSION 2. MOON AND MERCURY (MN-PS)
POSTER SESSION



BASALTIC CLASTS POPULATION

INTHE LUNAR METEORITE DHOFAR 280

L.A. Lakhmanova "2 S.1. Demidova’, N.N. Korotaeva?

' Vernadsky Institute of Geochemistry and Analytical Chemistry RAS
Moscow, Russia, lakhmanova.lida@list.ru
Lomonosov Moscow State University, Department of Geology
Moscow, Russia

KEYWORDS:
mare basalts, lunar meteorite

INTRODUCTION:

Dhofar 280 (Dho 280) is a lunar highland breccia containing a variety of
mineral fragments and lithic clasts [1]. A single fragment of the Dhofar
280 meteorite shower is represented by basaltic fragmental breccia similar
to the Dhofar 287 mare meteorite [2]. Here we report the preliminary study
of petrography, mineralogy and chemical composition of the basaltic clasts
population of this fragment and discuss the possibility of a single magma
source for them.

SAMPLES AND METHODS:

A polished section of the Dho 280 stored in the Meteorite Collection of
the Russian Academy of Sciences was investigated using methods of elec-
tron microscopy with Jeol JSM-6480LV SEM (Lomonosov Moscow State
University, Moscow) equipped with Oxford Instruments EDS detectors at
an accelerating voltage of 20 keV, a working distance of 15 mm, and a beam
diameter of 1 um. For clear phase identification X-Ray element maps were
obtained using Tescan Mira 3 FEG SEM (Vernadsky Institute, Moscow) at
a 20 keV accelerating voltage. The bulk compositions of the basaltic clasts
were estimated by combining average mineral phase compositions with
modal abundances derived from the element distribution maps.

RESULTS:

Basaltic clasts of the Dho 280 mare basaltic breccia fragment are represent-
ed by crystalline and vitrophyric rocks. They have substantial variety in size
from 50 pum (fine-grained) to 6 mm (coarse-grained). Six fragments of crys-
talline rocks are defined by ophitic texture (Figure 1). They consist mainly of
pyroxene (En Wo ) and plagioclase (An85) with accessory phases such
as ilmenite, ¢ romlte %silica. A single fragment is characterized by a pres-
ence of olivine phenocrysts (Fo56-66). Large fragments contain complex
mesostasis areas which include fayalite, K-Si-rich glass, apatite, silica. Py-
roxene of the crystalline fragments are low- and high-Ca varieties changing
from Mg-rich pyroxene in the cores to Fe-rich in the edges (MG# 6-70). TiO,
and Al O, contents are generally 1-2 wt %.

Figure 1. Crystalline rocks of the basaltic clasts in Dho 280 (backscattered electron
images)
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Two vitrophyric basaltic clasts consist mainly of zoned idiomorphic crystals
of pyroxene (En27-67Wo06-37) with rare olivine crystals (Fosé) embedded
in a fine- grained matrix with intersertal texture. Pyroxene are low-Ca and
high-Ca varieties with no Fe-rich end-members (MG# 39-72) in contrast to
crystalline basalts. Besides that TiO, and Al,O, contents are highly variable
(1-3 and 1-9 wt% correspondinglyf in the vitrophyres.

DISCUSSION:

Although the reconstructed bulk compositions may have large errors be-
cause of small size of the clasts and strong zonation of the major minerals,
this approach can yield reasonable approximations of bulk rock composi-
tions [3]. In terms of modal and chemical composition the studied clasts
belong to the Low-Ti basaltic group that is supported by pyroxene chem-
istry. In particular Ti/Al ratio in pyroxene is generally 1/4 for Mg-rich variet-
ies that is constituent to the low-Ti basaltic source [4]. Meanwhile basaltic
clasts of Dho 280 fragmental breccia has different texture and composition
of the mineral phases that could be explained by different cooling rates of
the single low-Ti basaltic magma source. Still, the presence of some other
basalt types in the Dho 280 breccia cannot be excluded [2].
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INTRODUCTION:

The Chang’E-8 mission represents a pivotal step towards the establishment
of the International Lunar Research Station (ILRS), which aims to advance
technologies crucial for sustainable human presence and the exploration
of lunar resources. A comprehensive understanding of the lunar surface
environment is therefore paramount for both ongoing and future human
exploration of the Moon. This environment is influenced by galactic cos-
mic rays (GCRs), high-energy particles originating from outside our solar
system, and solar energetic particles (SEPs), bursts of energetic particles
from the Sun. The fluxes of both GCRs and SEPs exhibit significant variabil-
ity driven by solar activity across various timescales. These energetic parti-
cles interact with the lunar regolith, leading to the generation of secondary
particles, notably “albedo” particles [1], specifically protons and neutrons,
that are continuously emitted from the surface. Consequently, the fluxes of
these albedo particles display crucial temporal variations directly linked to
the evolving solar activity, making their study essential for characterizing
the lunar radiation environment.

To address these critical needs, we propose the conceptual design of
a compact albedo particle detector for the Chang’E-8 lander. This detector
is specifically designed to measure albedo protons and neutrons generated
from the lunar surface. The detector system incorporates advanced particle
discrimination techniques, enabling the unambiguous separation of both
albedo proton and albedo neutron events within a single measurement
geometry. This capability is crucial for accurate measurements, especially
given the complex and mixed radiation field prevalent on the lunar surface.

Preliminary simulations using Geant4 [2] have been performed to assess
the detector’s performance. These simulations specifically evaluate its effi-
ciency, energy resolution capability for neutron-proton discrimination, and
background rejection capabilities within the complex lunar radiation envi-
ronment. Furthermore, these simulations are being utilized to optimized
the detector’s geometry, thickness, and shielding. This optimization aims
to maximize sensitivity to albedo protons and neutrons and to achieve
the highest quality of scientific data for both particle species from this spe-
cific measurement geometry, ultimately supporting monitoring of albedo
particle flux. This work will detail these comprehensive simulation studies
and present the detector’s expected performance.



16MS3-MN-PS-02
POSTER
REFERENCES:

[11 McCordT.B., TaylorL.A., Combe J.-P. et al. Sources and physical processes respon-
sible for OH/H,0 in the lunar soil as revealed by the Moon Mineralogy Mapper
(M3) // J. Geophysical Research: Planets. 2011. V. 116. Iss. E6. Article EO0GO5.
https://doi.org/10.1029/2010JE003711

[2] Agostinelli S., Allison J., Amako K. et al. Geant4 — a simulation toolkit // Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment. 2003. V. 506. Iss. 3. P. 250-303.
DOI: 10.1016/50168-9002(03)01368-8.



16MS3-MN-PS-03
POSTER

THE UNDERGROUND PROPAGATION OF NEW
CONICAL SHOCK WAVES GENERATED
BY THE FALLING IMPACTORS ON PLANETS

R.T.Ferreyra', M.I. Shpekin?
National University of Cérdoba, Cérdoba, Argentina
ricardo.tomas.ferreyra@unc.edu.ar
Kazan Federal University, Kazan, Tatarstan, Russia

ABSTRACT:

In this paper, the classical idea of a shock wave in compressible flow evolved
to a hose in matter and then to a conical hose or a conical funnel. These
concepts were previously considered in [1] and [2]. The idea of conical fun-
nel was a consequence of a long research process after several publications
devoted to the problem of hypersonic wave propagation in the Earth’s at-
mosphere [3-7] and its application and adaptation to the study of complex
cratering. The report attempts to consider how the energy and momen-
tum of a conical hose (a new concept of conical shock wave) propagates in
the bowels of the planet. Then, the problem of complex craters becomes
a case of study.

Shock Wave Shock Wave Shock Wave

v v
Horizontal
Discontinuity
Velocity
Vi vy Vi V2
v v

— Vertical
=g — i = _|_ Bifurcated

Hose

SWF  SWB SWF  SWB SWF  SWB
Shock Wave Front  Shock Wave Back Shock Wave Front  Shock Wave Back Shock Wave Front ~ Shock Wave Back

Figure 1. The motion of a new shock wave model [1] for cratering analysis

Figure 1 shows the geometry of a hose [1]. The existence of conical hoses
was considered in [2]. The classical plane waves were changed to conical
ones after the geometry and then to hoses to form the new model of con-
ical shock waves for cratering analysis. In this paper we deal with the fact
that how conical hoses propagates undergrown through magma.
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ABSTRACT:

The classical idea of ashock waveis thatitis considered a priorias flat. The first
doubts were raised by the authors of the work [1] in 2018 at the ELBRUS
Physics Conference (EOS) because in one of the drawings in their poster pre-
sentation, they mentioned a conical shock wave. The initiator and author of
modified conical waves in the crater formation should be recognized as Ri-
cardo Tomas Ferreyra, who is a specialist in the field of nonlinear processes
and had by that time a number of publications devoted to the problem of
hypersonic wave propagation in the Earth’s atmosphere [2-5].

The report attempts to consider the new concept of a “conical wave”and try
to describe some of its basic properties: the energy of a conical shock wave,
how the energy of a conical wave propagates in the bowels of the planet.
Other properties relate to the interaction of a conical wave with the bow-
els of the planet, what happens in the bowels is there a way to estimate
the energy of such an interaction and whether a magma chamber can form
in the bowels of the planet [5].

The report presents attempts at a geometric interpretation of the coni-
cal wave [5], which we first described earlier [5]. The main problem in this
case is the question of what kind of motion this wave has in the bowels of
the planet. There are two points of view on this issue: the wave converg-
es to a point inside the planet’s lithosphere, or the wave diverges from
the point where the impactor touches the surface when it comes into con-
tact with it. The first point of view is supported by the fact that, a priori, in
this case, the energy of the conical wave should be concentrated in a focus
at the tip of the wave cone. The second point of view tells us that the en-
ergy of the wave should be dissipated in the bowels without focusing. It is
also interesting that, as stated in [5], for a planet with an atmosphere, when
an impactor passes through it, a hypersonic shock wave is formed that pen-
etrates deep into the planet. The classical point of view was studied before,
as happens in the case of a plane wave [6].

There is reason to believe that such a wave also occurs on the atmo-
sphere-free Moon. At the same time, the planetary matter heats up to
a high temperature, forming a magma chamber of considerable size at great
depth. The substance inside the magma chamber cools down gradually.
Cooling takes place on a geological time scale and depends on the state
of the heated substance. If the temperature of the substance in the magma
chamber is high enough, then the substance may be in a molten (liquid)
state. The substance gradually cools down and decreases in volume. In this
case, part of the camera volume becomes empty. The formed cavity affects
the passage of seismic waves formed by impacts of falling bodies. Since
there is more than one cavity on the Moon, seismic waves are reflected
many times, which leads to the Moon “buzzing” when it is illuminated. This
was first “noticed” by the seismographs of the Apollo expeditions in 1968-
1972. The authors did not find in the publications the reason for the men-
tioned buzz, except for one rather exotic one, which is that the Moon is
an artificially created hollow ball. Our proposed scheme for the “buzzing
Moon" seems very plausible and so far, the only one.
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Another unresolved problem of impact craters is related to the presence
of central peaks in the so-called complex craters. Figure 2 shows the ge-
ometry of such a crater. The geometry of the conical shock wave gives us
a chance to understand this peculiar phenomenon, which has occupied
the minds of scientists since the time of Galileo. The porous multilayer sub-
stance of the Moon causes a conical wave to provoke a reflected (reverse)
conical shock wave. Depending on the depth of the reflecting layer, the en-
ergy of this wave is often enough to go beyond the surface of a lava lake
(crater floor) and create a “peak” on it, often of a very intricate shape. Fig-
ure 1 shows the approximate geometry of the forward and reverse conical
waves. Here SWB and SBF are the leading and trailing edges of the reverse
wave. Figure 1 shows a model of the motion of a new conical shock wave.
To hold the classical notation, we denote the (new) shock waves and their
fronts: SWF, SWB (F — front, B — rear).

Figure 1. A slice of a new conical shock wave model to show the form of the for-
ward and reverse new conical ones or conical shock waves for cratering analysis [5]

Nh
A 4

Figure 2 Geometry of a typical complex crater according to [7]

Nowadays, new research considers the new model of conical shock waves
for the complex crater analysis [8].
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ABSTRACT:

The report proposes a method for aposteriory tracking of the motion of
the spacecraft in the circumlunar space. The method was tested using
the example of the Apollo-17 spacecraft. The authors carried out pho-
togrammetric processing of a series of images of the 23" revolution of
Apollo-17 during its passage over Aitken crater and tried to track the be-
havior of the spacecraft in orbit on approach to the crater, above the cra-
ter and away from its center. As a result of image processing, the actual
positions of the spacecraft were obtained at the time the images were
taken. The authors compared these positions with the ephemeris coordi-
nates of the spacecraft obtained by NASA. The comparison showed that
there are noticeable deviations from ephemeris values in the movement
of the spacecraft over the crater. These deviations depend on the position
of the crater relative to the center of the crater and its central peak. The au-
thors of the report interpret these deviations as a possible effect of mascon
in the area of the central Aitken peak.
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ABSTRACT:

Establishing a sustainable lunar base is a pivotal step toward long-term
space habitation and interplanetary exploration. Central to this vision is
In-Situ Resources Utilization (ISRU), which minimizes dependence on earth-
based supply chains. However, a critical and underexplored challenge in
ISRU implementation is the effective tracking and characterization of lu-
nar dust including regolith which is an abrasive, electrostatically charged
medium that poses hazards to equipment, habitats, and even to the im-
pact on human health. On top of that, this study investigates the technical
feasibility of developing the integrated systems capable of tracking as well
as characterizing lunar dust in real-time. Furthermore, a breakthrough in
the quantitative surface of lunar dust measurement has been demonstrat-
ed through an adapted portable X-ray fluorescence spectroscopy (pXRF)
technique [1]. Litofsky, et.al (2024) present a high-throughput, non-de-
structive technique enabling in-situ quantification of dust load on various
surface substrates within seconds. This approach leverages commercial off-
the-shelf (COTS) hardware adapted for the lunar environment, providing
accurate, high-fidelity dust loading data in mg/cm2 units with minimal cal-
ibration dependence. The robustness across different substrate materials
and environmental testing scenarios, combined with potential adaptation
for operational use in spaceflight conditions (radiation, vacuum, thermal
extremes), pXRF as a technically feasible tool for continuous surface dust
tracking in lunar habitats. Beyond that, precise quantification can inform
dust mitigation measures, monitor surface contamination, and contribute
to habitat maintenance protocols. On the other hand, the insightful reviews
of current dust mitigation and characterization techniques confirming
the on-going progression from passive dust control to more active ones,
i.e. sensor-driven methodologies [2]. Zanon (2023) outlines the technolog-
ical readiness of current dust prevention strategies and highlights the gap
in the integrated monitoring systems. Aside from it, [3] Fox et al. (2025) dis-
cuss detailed characterization of dust impacts inside crew compartments,
underscoring the need for precise, real-time monitoring for toxicological
assessments and mitigation effectiveness in habitable modules. Last but
not least, [4] Tan et al. (2025) present their findings in understanding lunar
dust’s electrostatic behavior and charging characteristics through multi-
source irradiation studies enable refined sensor design and mitigation sys-
tems which can exploit those behaviors for more effective dust tracking
and removal. Apart from it, such fundamental research underpins technical
feasibility by informing sensor calibration, dust dynamics prediction, and
environmental interaction models that crucial for integrated dust charac-
terization systems.
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INTRODUCTION:

Mons Mouton (84.6° S, 31°E) is a large elevation in the region of the south
pole of the Moon. This area is currently being considered as one of the possi-
ble landing sites for the future Russian lunar missions Luna-27B. The moun-
tain is impressive in size: about 80 km in the north-south direction and up
to 100 km in the east-west direction. Mons Mouton is located on the rim of
the ancient South Pole — Aitken basin. The average height of the moun-
tain exceeds 6 km above the surrounding surface. To the east, the mountain
borders the Nobile crater (85.3° S, 53.3° E). The crater rim is the highest part
of Mons Mouton. To the west is Mons Malapert and the crater of the same
name (83.9°S, 19.8° E). To the northeast is the Scott crater (82.3° S, 48.4° E).
Several small craters, less than 10 km in diameter, are located on the moun-
tain itself. Mons Mouton is of interest as a possible landing site because
it is located on the visible side of the Moon (within direct line of sight of
the Earth), high above the surrounding terrain, and well illuminated by
the Sun during the lunar day. It is possible that there are areas on the pla-
teau containing water ice deposits. Increased hydrogen content in the lu-
nar soil in the plateau region was detected by the probes Lunar Prospector
[1], LRO (Lunar Reconnaissance Orbiter) [2, 3]. In 2024 and 2025, the Mons
Mouton region became the site of unsuccessful landings of the lunar expe-
ditions Intuitive Machines Im-1 (Odysseus) and Im-2 (Athena).

|

Figure 1. Visibility of Mount Mouton from Earth. Earth visibility is shown from 0 to
100 %. There are areas on the plateau that remain visible from Earth for ~80 % of
the lunar year

To determine the geomorphological parameters of the surface of Mons
Mouton, we used the data from the LOLA altimeter of the LRO probe
(https://ode.rsl.wustl.edu/moon/). The calculation of the geomorphologi-
cal parameters was carried out in the same way as described in [4]. The dif-
ference in altitude in this area reaches ~10 km. The maximum altitude
(7 km) is observed in the southeastern part of the mountain, and the mini-
mum (-3 km) in the Scott Crater area. The slope values in the mountain area
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range from 1° at the summit to 44° on the slopes. The height of the relief
surrounding each surface element and the orientation of this surface ele-
ment relative to the visible position of the Sun and Earth at each momentin
time during one lunar year when calculating the illumination and visibility
of Mons Mouton from Earth. To study the temperature regime of the lunar
surface in the area of Mons Mouton, we used the model described in [5].
The following parameters: terrain slopes, solar illumination level, visibility
of the potential landing site from Earth, maximum temperature values,
the possibility of the existence of water ice deposits or any other volatile
compounds in the area under consideration, and the area of the site were
taken into account when determining the positions of possible landing
sites on Mons Mouton. The visibility of this area from Earth is shown in Fig-
ure 1. We have identified several areas on the surface of the mountain that
may be of interest as landing sites for future lunar missions.
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ABSTRACT:

Most lunar craters formed within approximately the first billion years after
the formation of the Moon and Earth. In this study, the number of lunar
craters larger than 10 km in diameter is analyzed for a number of diameter
ranges. The count of ancient craters is carried out primarily in lunar high-
lands, excluding craters in transition zones and mare areas, in order to ex-
clude areas with lava-filled craters in advance. For comparison, the number
of craters of this age is also studied for the entire lunar surface. The craters
are selected based on the Morphological Catalog of Lunar Craters [1] in ac-
cordance with the characteristics suitable for the task, where the clarity or
degree of preservation of the crater rim is defined as “degraded rim”and“ru-
ins”. The catalog of lunar craters [2], which includes information on the age
of craters based on the works [3, 4], is also used to estimate the number of
craters. If it is necessary to clarify the morphological characteristics of cra-
ters, altitude profiles are constructed based on the digital elevation model
of the Moon using LRO LOLA data in the ArcGIS software package. The re-
sults of this study can be used to estimate the average number of impactors
that crossed the Earth’s orbit during the late-heavy bombardment. If the re-
lation between the diameters of a crater and an impactor for intermediate
values of the velocities and impact angles is known, the flux of bodies that
form these craters may be determined from the observations, analysis, and
counting of impact craters on the Moon [5].
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INTRODUCTION:

The regolith of the Moon is a product of space weathering, during which
the material is mechanically and chemically reworked by micrometeorites
and the solar wind. One ofthe key products of these processes are metallic
iron nanospherules (npFe®), which affect the optical and magnetic proper-
ties of regolith [1, 2].

The present study focuses on metallic iron nanoparticles identified in ag-
glutinate particles in regolith delivered by the Chang’E-5 mission. Up to
now there have been no special systematic studies of the impurity compo-
sition of metallic iron nanospherulas, there have only been isolated analy-
ses of nanosulfides, iron silicides and large iron spherulas [3-8]. The aim of
the work was to determine the chemical composition of npFe? spherules.

OBJECTS AND METHODS OF ANALYSIS:

A 0.1 mg sample was collected from a fine fraction of mare regolith from
the Riimker Mountains. Investigations included scanning (SEM) and trans-
mission (TEM, STEM) electron microscopy, focused ion polishing (FIB), ele-
mental mapping and spot EDS analysis.

Lamellae samples were obtained on a Helios NanoLab 660 system using
a Ga*-ion beam. Chemical composition was measured in points and along
profiles on an FEI G20 F20 S-TWIN microscope at an accelerating voltage
of 200 kV. The use of STEM allowed us to achieve a spatial resolution of
1-2 nm.

RESULTS AND DISCUSSIONS:

A lamella was cut out of agglutinate particles (particles formed from rock
and mineral fragments sintered by glass under the action of micrometeorit-
ic impact) by the FIB method together with npFe® clusters. This lamella also
contained chains and scatterings of metallic iron spherules ranging in size
from 10 to hundreds of nm. The npFe® are found both on the surface and
inside the glass. They are often organized in linear chains, indicating their
formation in zones of active melt agitation.

Forty-six metallic spherules were analyzed by the STEM EDS method. Such
spherules contained not only iron, but also a number of impurities, primar-
ily siderophilic elements: Ni, P and S. Their concentrations reached up to
4.5 wt.% Ni, up to 6 wt.% P, up to 8 wt.% S (Figure 1).

Figure 1. Distribution maps of chemical elements, STEM EDX: a — distribution of
sulfur; b — distribution of phosphorus; ¢ — general view of submicron spherules of
metallic iron. Scale bar -100 nm
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Sulfur distribution is uneven, in large spherules there are areas with local
sulfur enrichment, which may indicate the formation of Fe-sulfide inclu-
sions. Phosphorus is more uniformly distributed, and the oxygen content is
lower than in the surrounding glass (Figure 1).

Differences in elemental content in different spherules at the same size may
reflect heterogeneities in the local chemical environment during formation
as well as different thermal history.

Comparative analysis of the host glass matrix revealed oxygen deficiency
(up to 70 % of stoichiometry) and high SiO, content (up to 99 wt%), which
may be typical of VRAP and GASP condensation glasses [9, 10]. It is like-
ly that the observed elevated matrix silicon contents in this sample indi-
cate relics of similar deposition products incorporated into the glass of this
lamella. Such an environment favors the reduction of both iron, and its sub-
sequent organization into spherules, and siderophilic elements that can be
sorbed by nascent spherules [11].

Calculated estimates show that the zone from which the spherule “pulls”
impurities covers up to 3-4 of its radii.

A simple geometric model is used to estimate the volume of the glass ma-
trix from which one° siderophilic elements (Ni, P, S) are absorbed:

Rgm —3 Csph
- !
Rsph

Com
where C_, is the concentration of the element of interest in the npFe®
spherula§7; Cgm is the concentration of this element in the glass matrix.

The calculated values (at C,,=0.1 %) range from 1.5 to 4, with no apprecia-
ble correlation with the siz& of the spherulas. This confirms the active role of
diffusion and mixing in the melt.

CONCLUSION

The study shows that the spherules of nanophase metallic iron (npFe®)
found in the regolith of the Moon delivered by the Chang’E-5 mission are
not chemically inert formations consisting of pure iron, as has long been
assumed. On the contrary, they are enriched with siderophilic impurities —
primarily nickel, phosphorus, and sulfur — whose concentrations are much
higher than their average levels in the surrounding silicate glass. Such en-
richment can be explained by the formation of spherules under conditions
of high-temperature melt with reduced oxygen content, where the above
elements are reduced and actively diffuse into the metallic phase.

The fixation of npFe’ in the volume of glass agglutinates, not only on
the surface of regolith particles, indicates their formation in situ at the time
of micrometeorite impact [12].

Using a simple matter balance model, it was possible to quantitatively es-
timate the volume of the “feeding zone” around the spherules from which
they capture siderophilic elements: it can reach 3-4 spherule radii, which is
consistent with the idea of a high mass transfer rate in a turbulent molten
medium.

Thus, npFe’ spherules in regolith can be considered as a reservoir and carri-
er of siderophile elements. Their study not only deepens the understanding
of physical and chemical processes on the lunar surface, but also allows us
to take a new look at the behavior of reduced elements under conditions of
extreme temperatures and low pressure, which is important both for plan-
etology and for the tasks of airless bodies geochemistry.
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INTRODUCTION:

The recent publication of unique photos of Shackleton Crater’s shadowed
regions [1]is asimportant as the emergence of an accurate digital elevation
model (DEM) of this area. It is now logical to compare these two indepen-
dent data sources on surface and landforms. One of the most intriguing
locations within Shackleton Crater is the three large elevated structures on
its floor (Figure 1).

Figure 1. Mosaic of the Shackleton Crater from images provided by NASA [1].
The red rectangle marks the area examined in this study. The letters A, B, and C des-
ignate the elevated structures within this region

METHODS:

The inner shadowed area of Shackleton Crater was photographed using
ShadowCam [2, 3]. For this study, we use the processed mosaic of Shackle-
ton Crater’s shadowed region (Figure 1), published by NASA [1].
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The Digital Elevation Model (DEM) with a 20 m horizontal resolution was
obtained from the Lunar Orbiter Laser Altimeter (LOLA). This DEM is de-
scribed in detail in [4]. Based on this DEM, the following curvature types
were calculated: vertical (k ), horizontal (k,), and minimal (k . ). Their physi-
cal meaning and computational methods are explained in [4].

A B

Figure 2. The study area with several regions exhibiting interesting coloration in
the ShadowCam images: a — Detailed and b — Generalized mosaics of the Shad-
owCam photographs [1]. Gridded Maps: c — Vertical curvature map, d — Horizontal
curvature map, E — Minimal curvature map. Legend for contours: 1 - “Beret” Dark
smooth area on the summit of Hill B, identified in images A and B. 2 - “Smile” Dark
area on the surface of the relatively flat field 5, identified in image B. 3 - Boundary of
Shackleton Crater’s floor. 4 - Borders of the elevated structures A, B, and C. 6 - Bright
area, visible in images A and B, appearing as an extension of Shackleton Crater’s
slope

RESULTS:
This report focuses on three areas with unusual colour gradients on
the ShadowCam images (Figure 2a, b).

I. BERET

The most noticeable dark patch is located on the summit and slope of ele-
vated structure B (Figure 2, outline 1). Comparison of this colour anomaly
with curvature maps revealed a significant number of pixels with positive
minimal curvature values (Figure 2e). Moreover, the topographic structure
on the minimal curvature map (Figure 2e) appears more compact than in

143
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the photographic images (Figure 2q, b). The texture with k .. > 0 indicates
the presence of convex local formations in this area. Their ngh concentra-
tion in a single location suggests that the surface is approximately smooth.
This conclusion is further supported by a similar pattern observed on
the vertical curvature map (Figure 2¢).

Such an extensive area occupied by pixels with k, >k . >0 is a rare oc-
currence. This clearly indicates the presence of unique geomorphological
formation mechanisms that differentiate this surface from the surrounding
landscape.

Il. SMILE

The relatively dark area (Figure 2, outline 2) is barely visible in the detailed
image (Figure 2a). However, the dark structure becomes noticeable in
the generalized image (Figure 2b). It appears as a narrow strip, approxi-
mately one kilometre long, encircling the base of Hill B along the relatively
flat field (Figure 2, outline 5). By carefully examining Figure 1, this structure
can be identified without relying on outline 2 in Figure 2.

Comparison with curvature maps revealed that outline 2 in Figure 2 closely
matches the region of short linear structures on the vertical curvature map
(Figure 2¢). These structures appear as micro-terraces oriented perpendicu-
lar to the flow lines: dark structures are concave, bright structures are con-
vex. The structures themselves are positioned adjacent to the boundary of
Hill B.

The detected traces provide clear evidence of flow occurring in this area.
However, since the slope gradient in this relatively flat region varies be-
tween 2 to 3°, the migration of solid, unconsolidated mineral particles un-
der such conditions would only be possible with very high initial velocities.
As an alternative explanation, one could hypothesize that these migrating
materials possess special mechanical flow properties, which may be valid
for lunar conditions. A simple explanation is that the observed traces are
remnants of melt flow from crater formation.

I1l. YOUNG LANDSLIDE

Outline 6 in Figure 2 was identified in the images as a relatively bright area,
visually extending the slope of Shackleton Crater. This outline corresponds
well to the dendritic structure observed in the horizontal curvature map
(Figure 2d) at this location. Notably, dendritic structures are characteris-
tic of other areas within Shackleton Crater. For example, they are present
on the surfaces of elevated structures A, B, and C. This phenomenon has
been extensively examined in [4]. However, slope deposits from the crater
walls do not form such structures. Thus, the combination of the bright area
in images (Figure 2a and b) and the dendritic structure in the horizontal
curvature map (Figure 2d) strongly suggests that this feature is a young
landslide/s.

CONCLUSIONS:

I. Beret

The existence of a smooth structure on the surface of Hill B has been con-
firmed. It is likely a rock melt deposit. The hypothesis of an ice cap remains
plausible, but only if the ice is covered by a thick layer of dust. Given the lim-
ited data, further debate on this matter is not meaningful at this stage.
However, future lunar expeditions must conduct detailed geophysical sur-
veys of this area to obtain high-resolution data.

Il. Smile

The existence of a complex surface structure on the relatively flat field
has been confirmed. Curvature maps (k, and k,) support the presence of
multi-directional material flows in this region. "Ilhe presence of structures
shaped by material movement in such a flat location leaves no doubt that
the migrating substance was in a liquid phase.

lll. Young Landslide

Photo image analysis helped identify a relatively young landslide. Its area
appears brighter than surrounding regions and is confirmed by the pres-
ence of a dendritic structure on the horizontal curvature map (kh). This is
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a significant discovery, as it establishes a connection between dendritic
structures and simple linear features on the kh map within the relatively flat
field. These features correspond to unconsolidated solid particles “flowing”
down the extended slope of Shackleton Crater.
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CONSIDERED MODEL:

Planets and the Moon collided with bodies-impactors mainly during for-
mation of planets and at the stage of late-heavy bombardment. After such
collisions some material was ejected from planets and the Moon. In each
my calculation variant, the motion of 250 bodies ejected from a planet or
the Moon was studied for the fixed values of an ejection angle i, (measured
from the surface plane), and a velocity v, of ejection. In differént variants,
the values of ie.varied from 15 to0 90°, and ve.varied from a parabolic velocity
to 20 km/s. Bodies started directly from a planet. Also some calculations
were made at the height h of ejection above the Earth’s surface equaled
to h=3rE, h=5rE, h=7rE, and h= 36r, (the distance from the center of
the Earth is greater than h by r;), where r_ is the radius of the Earth. There
were also calculations for the present orbit of the Moon (its mean distance
from the center of the Earth is 60r, = 385 000 km and is a little greater than
the semi-major axis of the Moon equaled to 384 748 km due to eccentricity
e=0.054). Such calculations with h > 0 correspond to the motion of bod-
ies ejected from the Moon, though the gravitational influence of the Moon
and its motion about the Earth were not included in integrations. In this
case, real velocities of ejection of bodies from the Moon differed a little
from those used in calculations. The calculations at 3r, < h < 36r, corre-
spond to the case when the Moon had not yet reached its present orbit.
Six points on the planet’s surface were considered as a starting point of
ejection. For point F, the motion of bodies started from the height h from
the point of planet’s surface located most far from the Sun in the direction
from the Sun to the planet. For point C, the motion of bodies started from
the point of planet’s surface located most close to the Sun in the direction
from the planet to the Sun. For points W and B on planet’s surface, the bod-
ies started in the direction of the planet’s motion and from the opposite
side of the planet, respectively. Bodies started from points U and D with
the maximum and minimum values of z (with the 0z axis perpendicular
to the plane of the planet’s orbit), respectively. Only point F (relative to
the Earth) was considered for ejection from the Moon. The gravitational in-
fluence of all eight planets was taken into account. Calculations were made
until all bodies collided with the Sun or planets or reached 2000 a. u. from
the Sun. The considered time interval usually equaled to a few hundreds of
Myr. More details about the model and the code used for calculations are
presented in [1-3].

PROBABILITIES AND VELOCITIES OF COLLISIONS OF BODIES
EJECTED FROM THE EARTH WITH THE MOON:

In[1]1studied the probabilities of collisions of bodies ejected from the Earth
with the Moon and velocities of collisions of ejected bodies with the Earth
and the Moon. The Moon was not included in the integration of motion
of bodies. Based on the arrays of orbital elements of migrated bodies and
on analytical formulas, | calculated the probabilities of collisions of bodies
with the Moon and the Earth and the ratio of probabilities of collisions of
bodies with the Earth and the Moon. The probability of a collision of a body
ejected from the Earth with the Moon in its present orbit was by a factor
15-35 smaller than the probability of a collision of a body with the Earth at
v, 2115 km/s. The factor was about 35-45 at v, =113 km/s and 15-30 at
v, =164 km/s. The probability of a collision of such bodies with the Moon
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was mainly about 0.004-0.008 at ejection velocities of at least 14 km/s and
about 0.006-0.01 at v, = 12 km/s. It was greater at lower ejection velocities
and was in the range f0.01-0.02 at v,.=11.3 km/s. It was concluded in [1]
that in order to contain the present fraction of iron, the Moon should form
not far from the Earth.

Values of velocities of collisions of bodies with the Moon and the Earth de-
pended on ejection angles i, ejection velocities v, and on ejection points.
The average velocities of cdllisions of ejected bodies with the Earth are
greater at a greater ejection velocity. The values of these collision velocities
were about 13, 14-15, 14-16, 14-20, and 14-25 km/s for ejection velocities
equalto 11.3,11.5,12, 14, and 16.4 km/s, respectively. The velocities of colli-
sions of bodies with the Moon were also higher at higher ejection velocities
and were mainly in the range of 7-8, 10-12, 10-16, and 11-20 km/s at Vi
equal to 11.3, 12, 14, and 16.4 km/s, respectively.

PROBABILITIES OF COLLISIONS OF BODIES EJECTED FROM MARS,
MERCURY AND VENUS WITH THE MOON:

The probability p, - of a collision of a body ejected from a terrestrial planet
with the Moon in'its present orbit can be estimated to be mainly about by a
factor of 15-30 smaller than the probability p, of a collision with the Earth.
The ratio k. =p,/p,..., can be different for different ejected bodies and
typically is fess for greater v,. For example, for i, = 45° and point F, the ratio
equaled to 30,29,and 18 fo/ejection from Venus at v, equalto 10.5,12,and
20 km/s, k, equaled to 23, 23, and 14 for ejection from Mars at v, equaled
to 5.3, 6, and 20 km/s, and k, equaled to 19, 16, and 21 for ejection from
Mercury at Vg equaled to 5.3,%, and 20 km/s, respectively.

Probabilities p  of collisions of bodies ejected from Mars with the Earth
for points C, 5, F, U, and W were mainly about 0.08-0.16 and 0-0.16 at
505<v,<10 and 15< V, < 20 km/s, respectively. For point B, p, could
exceed 0.24. At p,=0.1 and k, =20, the probability of a collision with
the Moon can be estimated as p =0.005.

moon
Probabilities p, of collisions of bodies ejected from Mercury with
the Earth were less than 0.03-0.05 (depending on a point of ejection) at
4.23 <v_<6km/s. For large velocities in some variants, p_ reached 0.2.
At pe=8.04 and k, =20, the probability of a collision of a body with
the Moon can be estimated as p =0.002.

moon
For middle points C, D, F, and U at 10.4 < Vg < 16 km/s, the fraction p. of
bodies ejected from Venus and collided with the Earth was about 0.54—
0.1ati,= 45° and could be about 0.2 at i = 89°. At p,=0.09 and kem =30,
the pro’bability of a collision of a body with the Moon can be estimated as
P, oon = 0-003.

PROBABILITIES OF COLLISIONS OF BODIES EJECTED

FROM THE MOON WITH THE EARTH:

For ejection of bodies from the present orbit of the Moon, T=10 Myr
and 30 < iej < 60°, p, was about 0.2-0.25 at V= 2.5km/s, 0.13-0.14 at
V=5 km/s,"and 0.06-0.07 at 12 < v, <164 km/s.At T=T, . (at the end of
evolution) and 15 < iejs 89° p, was'about 0.27-0.35 at V= 2.5 km/s, 0.2—
0.25atv,=5 km/s,and 0.1-0.T4 at 12 < Ve < 16.4 km/s. That is, at velocities
slightly greater than the parabolic velocity, the values of p, are approxi-
mately the same for the ejection of bodies from the Earth and the Moon,
but for different ejection velocities. These p_ values show the fraction of
bodies that could collide with the Earth afterfbeing ejected from the Moon
moving in its present orbit. This 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.

For h=36r,, the probabilities p, of collisions of bodies ejected from
the Moon with the Earth were in the range 0.07-0.2 for 30 << 60° and
11.2 < v, < 16.4 km/s, and were greater for smaller velocities. At Ve =3 km/s,
T=T ndh= SrE,the value ofpewas about0.3(0.26-0.37) for 1 < iej < 89°.

end’
Bodies ejected from the lunar embryo, which was moving close to
the Earth, fell back to the Earth and the Moon if their initial velocity was
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less than the corresponding parabolic velocity. At v, = 2.5 km/sand h=3r,
the dynamic lifetime of the ejected bodies was lesS than 5 days. Ath= 5r
i.=30° and V= =2.5km/s, most of the ejected bodies quickly fell to
the Earth. ForhZ 7rg, v, =2.5km/s,30 <, < 60°and (h=>5rg, v, =2.5km/s,
i,=15 °),and (h= 3r vl =5km/s,15<i 4 45°), more than a hélfof bodies
still moved around the’Earth after mord than 100 Myr. The collisions with
the Moon were not included in integrations. So actually such bodies should
collide with the Moon. At V=3 km/s, the values of p, were in the range
(for different i ) 0.26-0.37, “0.25- 0.29, and 0.20-0.22 *for h=5r_, h= 7rg,
and the presen% orbit, respectively. At v_.= 12 km/s, the values o% p, were
in the range 0.13-0.14, 0.11-0.14, and811 -0.16 for 3r, <h < 5r, h= 7re
and the present orbit of the Moon, respectively. The ratios of proE)ab|I|t|es
of collisions of bodies with other planets to that of the Earth for ejections
from the Moon were mainly similar to the ratio for ejection from the Earth.
The probabilities of collisions of bodies ejected from the Earth with plan-
ets were considered in [2]. For ejection from the Moon, | will present such
probabilities in a publication with a larger number of pages than is allowed
in this abstract.

ACKNOWLEDGMENTS:
The studies were supported by the Russian Science Foundation, project
No. 25-17-00051.

REFERENCES:

[11 Ipatov S.I. Growth of the Moon due to bodies ejected from the Earth
// Solar System Research. 2024. V.58. P.94-111. https://doi.org/10.1134/
50038094624010040.

[2] Ipatov S.I. Probabilities of collisions of bodies ejected from forming Earth with
the terrestrial planets // Icarus. 2025. V. 425. Article 116341. 24 p. https://doi.
org/10.1016/j.icarus.2024.116341.

[3]1 IpatovS.l.Exchange of meteorites between the terrestrial planets and the Moon
// Modern Astronomy: from the Early Universe to Exoplanets and Black Holes.
2024. P.904-909. https://doi.org/10.26119/VAK2024.143.



16MS3-MN-PS-12
POSTER

PRELIMINARY ALGORITHM FOR DATA
PROCESSING OF THE RADAR COMPLEX RLK-L

V.N. Marchuk, O.V. Yushkova
Kotel'nikov Institute of Radio Engineering and Electronics RAS, Fryazino
branch, Fryazino, Moscow region, Russia, Marchuk@ms.ire.rssi.ru

KEYWORDS:
lunar surface, lunar soil structure, orbiting spacecraft, space-based radars

INTRODUCTION:

Replace these instructions with the text of your abstract. If you are including
tables or figures, they MUST be imported into this file. The total abstract’s
text with figures and tables is no more than 1-3 pages.

INTRODUCTION:

A preliminary set of algorithms for data processing of the RLK-L radar com-
plex, designed to study the subsurface structure of the Moon to a depth of
several kilometers, is considered [1, 2] (https://iki.cosmos.ru/research/mis-
sions/luna-26). The complex is expected to operate in the Luna-Resurs-1
mission (Luna-26) in orbits from 30 to 100 km above the surface. Based on
the radar data obtained, it is planned to create a map of surface roughness,
a map of the thickness distribution of regolith, and the allocation of areas
with an abnormally high amplitude of reflected signals characteristic of ar-
eas of increased conductivity on the map, which will subsequently allow us
to identify promising areas for examination by landers to detect metals or
helium-3.

RADAR COMPLEX DESCRIPTION:

The RLK-L complex consists of two radars: Radar 20 and Radar 200. Both ra-
dars use linear frequency modulation signals with a duration of 250 micro-
seconds and a recording time interval of 350 microseconds. Measurements
are carried out once per second, during which time the sub-locator point
on the surface is shifted by about 1.5 km, while the radars operate quasi-si-
multaneously — as soon as the Radar 20 completes recording the received
data, the Radar 200 begins emitting and receiving, that is, the time interval
between their measurements is only a few milliseconds. Thus, it can be as-
sumed that within one measurement cycle, radars irradiate almost the same
area of the surface, therefore, Radar 200 data can be used when processing
Radar 20 data to account for reflections from the relief of the lunar surface.
Before each measurement, radar methods estimate the distance to the sur-
face to select the optimal time for recording signals, so registration begins
earlier over hills than over valleys and “seas” and, on the one hand, there
is no loss of important radar data, and on the other hand, measurements
contain only useful data, without areas where The signal has not reached
the surface yet.

The Radar 200 is designed to study the lunar surface, as well as to assess
the thickness of the regolith on it. The frequency range is 140-180 km,
which makes it possible to achieve a range resolution of 4 m. To reduce
the amount of transmitted data on board, the frequency is lowered by ob-
taining the difference frequencies between the received and reference LFM
signals. An intermediate frequency with a bandwidth of about 5 MHz is fil-
tered out, which is digitized and transmitted to the ground-based storage
and processing complex.

The Radar 20 is designed to study the subsurface structure of the Moon to
a depth of 3 km. The radar frequency range is 17.5-22.5 MHz, which pro-
vides a range resolution of 30 m in vacuum and about 10 m in lunar basalts.
To reduce the amount of data, the Radar 20 signals are converted to the fre-
quency range of 0-5 MHz.

When probing from an orbit 100 km above the surface, both radars detect
reflections from objects on the surface (and below the surface) in an area
with a radius of about 100 km. In an orbit 30 km above the surface, the size
of the site will be three times smaller. The signals can be separated by time
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of arrival, but not by direction, that is, all signals from objects lying on a cir-
cle determined by the inclined range r will arrive at the radar receiver simul-
taneously, regardless of whether the reflecting object is located in front of,
behind or to the side of the radar point. To eliminate these effects, methods
of synthesizing the antenna aperture [3-5] or migration methods [6-9] de-
veloped for processing seismic acoustic data can be used.

Another problem may be the overlap of reflections coming from under
the surface with signals reflected from inhomogeneities on the surface
[10]. Since the signals in the ground are significantly attenuated, they may
be faintly distinguishable against the background of reflections from sur-
face roughness, which may also be small, but are attenuated only due to
spherical divergence, but not absorption. The solution to this problem may
be to create a roughness model based on known measurements of the la-
ser altimeter and refined from Radar 200 data and then subtracting the sig-
nals calculated from this model from Radar 20 data.

DATA PROCESSING ALGORITHM:
Thus, the following algorithm is proposed:

1. Data from Radar 20 and Radar 200 are recorded.

2. Measurements that are damaged during transmission and noisy with in-
terference, are rejected. The data are reduced to a single height level rela-
tive to the Moon’s spheroid.

3.The measurement data are linked to the coordinates on the surface of
the moon.

4. Radar patterns of Radar 20 and Radar 200 are formed by the method of
coordinated filtering [13].

5. Areas with an abnormally high level of reflected signal are selected and
mapped.

6. Based on the data from the laser altimeter and Radar 200 radarograms
processed using antenna aperture synthesis and data migration [3-9],
a model of the signal reflected from the surface are created for each point
of the orbit.

7.The signals calculated on the basis of the model are subtracted from
the Radar 20 data, reflections from under the surface are highlighted.

8. By solving the inverse problem in relation to the electrophysical model
[10], the subsurface structure of the lunar soil is determined.

9. By analyzing the spectral characteristics of the reflected signals, the elec-
trophysical parameters of the soil are refined: dielectric constant and ab-
sorption capacity [11-13].

10. By analyzing the data obtained in nearby orbits, the contours of subsur-
face objects are formed, which are mapped.

The development of these algorithms will make it possible to process
the data of the radar complex RLK-L in an optimal way.
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INTRODUCTION:

The Objectives of the PKD and Ground Station experiment are: investiga-
tion of the gravitation field anomaly and orbit parameters by precise one
way Doppler shift measurement (PKD - Ground Station).

The Ka-band receiver (PKD) has been included into scientific payload of
the Luna-Resource-1 orbiter. The receiver is intended to obtain the signal
from Earth’s transmitter. It will allow precise measurements of Doppler shift
and, therefore, of the relative velocity and acceleration.

The main parameters of the Lunar Orbiter Ka-band Receiver:

Central frequency — channel in frequency band ........ 34.7-35.2 GHz (Ka-band)
Bandwidth ..... ... 0.5 MHz

Noise temperature .........coviiiiiiiiiiininenen., 150K
Antennabeamwidth........ ... ... 120°

Antenna polarization ..ot Circular right

Short term frequency stability (Allan variance). .......... 210713

Accuracy of the dV/dt measurements ................... 31073 cm/s?

The layout of the PKD experiment has shown on Figure 1.

Luna-26

e * Ground Station
e .
S .
/ N\
\, v

\

g 0,5 degrees; 34.7-35.5 GHz

Figure 1. Layout of Radio Science experiment including PKD and Ground Station

The PKD experiment competes with most successful GRAIL experiment
performed by NASA.

The comparison of PKD and GRAIL is in the Table 2.

Table 1. The main parameters of the PKD experiment and GRAIL NASA experiment

Parameter PKD experiment GRAIL experiment
Allan Deviation:

1s <1107 <3107

105 <810 <310 "

100's <110 <3-10°"

Accuracy, mGal 3-5 5-10

Resolution, km 5-10 10-20

Area of investigation Visible side of the Moon Full Moon

Ground network Yes Yes
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INTRODUCTION:

At 13MS3, based on domestic developments [1], with the participation of
Dr. A.T. Bazilevsky and Dr. M. A. lvanov, the authors proposed a new con-
cept of modern lunar trains — multi-link mobile robotic complexes (MRTC).
At 15MS3, the design of the SASH was presented, and then some of the re-
sults of the developments were summarized [2]. This report reveals new
technologies for unloading lunar station modules onto the Moon, trans-
porting them to the construction site, and assembling the lunar station.

TECHNOLOGY OF TURNING THE MODULE ON THE CARGO
PLATFORM OF THE SPACECRAFT (SC) AFTER LANDING

ONTHE MOON:

The authors proceed from the assumption that the MNLS modules, as well
as the ISS modules, will be delivered to the construction site fully assembled
and will be structures that fit into cylinders, convenient for transportation
in space using launch vehicles (LRV). The authors also believe that the new
project can be guided by the dimensions (diameter 4 m, length 8 m) and
weight (up to 18 000 kg) of the modules proposed in the Long-Term Lunar
Base (LTB) project, carried out under the supervision of V.P. Barmin. These
initial parameters do not contradict the real parameters of the International
Space Station (ISS) modules.

There is no reason to deviate from the idea proposed in the LTB project
of building a station on pre-leveled lunar soil. Moreover, studies of Lunok-
hod-1 have shown that lunar regolith is compacted during deformation,
and its load-bearing capacity increases. The authors also believe that by
the time work on the Moon to build the MNLS begins, the proven, vertical
methods of landing spacecraft on the Moon on their own supports will re-
main unchanged.

The main problem of unloading modules from the landing spacecraft onto
the transport vehicle will be the operation of turning the module over. It is
possible to turn over and then place the module on board the lunar rover
using lifting and transport equipment using earthly technologies, but for
this it will be necessary to first deliver this crane to the Moon in a compact,
transport version and assemble this crane at the site of operation. All this
requires the participation of astronauts and increases financial costs.

The project proposes a new technology for turning the module over and
its subsequent unloading, using the gravitational field of the Moon and
simple devices of small mass, built into the landing platform of the same
spacecraft. Without going into the technological and design details given
in [3], we note that in the initial position at the R-N launch, module 1, with
guides 2 installed on it, is secured to the cargo platform of the spacecraft 8
using pyrotechnic bolts 16. The module is hingedly connected to two verti-
cal symmetrical rigid struts 5 and 11, rigidly secured to the same platform 8
in such a way that the axis of the mentioned hinge passes through the cen-
ter of mass 14 of this module. Such fastening allows reducing the loads on
the pyrotechnic bolts 16 during R-N maneuvering in flight.
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After landing on the Moon and leveling the spacecraft in a vertical posi-
tion using special jacks built into supports 17, pyrobolts 16 are torn, which
allows winches 7 and 9, operating in coordinated modes, to tear the lower
end of the module away from platform 8 and lift the module’s rotation axis,
which leads to its rotation under the action of the Moon’s gravitational field
to a horizontal position, in which the same winches lay the module in such
a way that guides 2 lie on the roller track of the cargo platform.

14, T =2
N 1

13. 3
A | 5 Y H

LR i 11 | I k20

11~ 5

A
10 i— 0
9~fif-llcy 1 '
16 17—

Z

Figure 1. Diagram of the connection of the module (1) with the cargo platform (8)
of the spacecraft

TECHNOLOGY FOR RELOADING MODULES ONTO A VEHICLE AND
INSTALLING A LUNAR STATION ON THE GROUND OF LUNA FROM
WHEELS:

With a nose cone diameter of D=5 m (Figure 2), it is possible to design a
four-wheel all-wheel drive chassis with a torsion bar suspension and lon-
gitudinal swing of its levers, which has proven itself during the operation
of Soviet lunar rovers, with the following geometric characteristics: wheel-
base L and track B: L = B=3.14 m, wheel diameter d = 1.1 m, wheel width
(based on Lunokhod-1 experience) b = 0.4 m, wheel turning angle 6 = +45°,
With such dimensions, a bundle of two intelligent mobile platforms (IMP)
based on a single ASP is required to transport the module. IMP are unified
ASPs with automatic docking and coupling devices (ADCD) and local navi-
gation systems installed on them. Since the rigid cylinder of the module, all
movements of which after its transfer to the coupling are limited by special
cradles (Figure 3), will exclude the hinged connection of two IMPs, the cou-
pling becomes similar to the eight-wheeled Lunokhod-1 in its chassis.

Both SASH couplings, in addition to traction drives, are equipped with
steering drives, active suspension drives, cradles that ensure the safety of
the modules during transportation and a single steering drive. Steering
drives facilitate maneuvering for the convergence of the docking lunar
rovers. Active suspension drives allow first to ensure the coincidence of
the longitudinal axes of these lunar rovers for their reliable docking, and
then to align the roller tracks of the coupling in one horizontal plane with
the same tracks of the spacecraft cargo platform.

This allows the station module to be moved from the spacecraft cargo
platform to the IMP beds along a single roller track using two winches
at the rear of the coupling. All operations are performed automatically.
One operation that requires the personal participation of the cosmonaut
is to hang the winch cable hooks on the eyes attached to the left end of
the module.
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Figure 3. Design concept of a coupling of two IMPs for transporting lunar station
modules from the landing site to the automatic assembly site: 1 — self-propelled
chassis IMP-1 and IMP-2; 2 — rigid metal wheels; 3 — automatic docking and cou-
pling devices (ADCD)

1. 8

At the command of the cosmonaut to rotate the winches, the cables pull
the module from the spacecraft platform to the coupling beds. Stopping
in the required position and locking the module in this position is ensured
automatically.

The module can be transported from the landing site to the assembly site
at a speed of no more than 0.8 km/h on slopes of no more than 12° along
a pre-prepared route at a low speed (less than 1 km/h). The route prepara-
tion includes only work with the regolith: leveling and deformation to com-
pact the regolith, after which the coefficient of resistance to movement is
reduced. Unloading of modules onto pre-compacted regolith at the lunar
station assembly site is carried out using roller tracks and winches.
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INTRODUCTION:

The most of impact craters found on the Earth are characterized by the pres-
ence of negative gravitational and magnetic anomalies [1]. Magnetic field
anomalies have been created by a displacement of target rocks and by im-
pact shock wave demagnetization. Magnetic anomalies 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].

NUMERICAL SIMULATIONS OF MAGNETIC FIELD ANOMALIES

WITH VARIOUS TYPES AND VOLUMES OF IMPACTITES:

The author has carried out numerical simulations of the magneticanomalies
of the Bosumtwi and Zhamanshin craters [4, 5]. On the one hand, the ejec-
tion of target rocks by a high-speed impact of an asteroid on the planetary
surface and the passage of a shock wave into the target, which destroys
and weakens the magnetic properties, leads to the formation of a nega-
tive magnetic anomaly. On the other hand, in a result of the impact, impac-
tites are formed — rocks with increased magnetic susceptibility, capable of
creating a positive magnetic anomaly in the presence of a planetary mag-
netic field. In the most craters positive magnetic anomalies are observed
within crater diameters. Fulfilled numerical simulations of crater magnetic
field anomalies permit to make suggestions about a volume and magnetic
properties of rocks, buried inside the craters.
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ABSTRACT:

This study focuses on Earth-Moon free-return trajectories that enable ei-
ther Earth return or repeated lunar approach without orbital corrections.
These trajectories hold particular significance for lunar missions as they
substantially enhance mission safety and ensure overall success, especial-
ly for crewed expeditions. This trajectory type was extensively investigat-
ed during mid-20th century lunar programs in the USSR and USA [1, 2],
involving thorough analysis of periodic orbits in the three-body problem
that sequentially approach both Earth and Moon. Specifically, such trajec-
tories were employed for early lunar probes, sample return missions [1],
and crewed Apollo flights [2]. With the renewed lunar exploration efforts
involving spacecraft, planned crewed orbital stations, and surface bases,
these trajectories have regained scientific interest [3]. For future missions,
it is essential to consider both Earth free-return trajectories that guarantee
crew return [1, 2] and lunar free-return trajectories exhibiting lunar reso-
nance [4], which provide opportunities for repeated lunar orbit insertion in
case of anomalies during initial approach.

Clearly, the solution space for such trajectories is extensive, and free-re-
turn trajectories can be achieved through various mechanisms: either by
selecting appropriate lunar approach parameters and gravity-assist ma-
neuvers, or by leveraging solutions from the three- and four-body prob-
lems (including libration point orbits, invariant manifolds, and Weak Sta-
bility Boundary trajectories). The first type corresponds to “classical” (“fast”)
Earth-Moon transfer schemes, while trajectories employing complex three-
and four-body dynamics represent low-energy (“long-duration”) transfer
architectures.

This study focuses on analyzing “fast” free-return trajectories and deter-
mining the lunar approach parameters and gravity-assist maneuvers that
enable transitions to either Earth- or Moon-bound trajectories. The space-
craft’s motion within the Earth-Moon system is modeled using the ze-
ro-sphere-of-influence method. Trajectory determination is achieved
through solving Lambert’s problem [5].

This study presents a preliminary analysis of the essential parameters for
Earth-Moon transfer corresponding to free-return trajectories with passive
lunar flyby during initial encounter, including estimates of the required
velocity costs (AV) for trans-lunar injection from low Earth orbit (LEO) and
subsequent low lunar orbit (LLO) insertion using the obtained solutions,
while evaluating the feasibility of employing such free-return trajectories
for prospective lunar missions in terms of mission safety requirements, pro-
pellant budget constraints, and operational flexibility needs, with particu-
lar applicability to crewed mission abort scenarios, robotic sample return
architectures, and flexible mission design approaches.
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ABSTRACT:

Venera-D is a planned mission to study atmosphere and surface of Venus to
resolve the fundamental difference between climate histories of Venus and
Earth. The Venera-D mission architecture combines the orbiter, the lander
and two airborne balloons to use a complex approach to obtain scientific
information about Venus.

The Orbiter on the polar orbit is focused on studying thermal structure,
dynamics and the composition of the atmosphere (both above and below
clouds).

The Lander contains the scientific payload to study the elemental and min-
eralogical composition of the surface and near subsurface materials, as
well as the structure and chemical composition of the atmosphere down to
the surface, including the abundances and isotopic ratios of the trace and
noble gases, direct chemical analysis of cloud aerosols.

The mission will also include aerial platforms — paired balloons to operate
for up to one month at the 53-55 km altitudes. Such modules can provide
unique in situ information on the meteorological parameters, composition
of the atmosphere, cloud structure, composition and microphysics, nature
and distribution of the UV absorber.

The Venera-D project, planned for launch in 2030s, will be an important
complementation to the other future Venus missions (Indian Venus Orbiter
Mission, VERITAS, DAVINCI and EnVision [1]). A coordination of efforts be-
tween missions and their scientific instruments will be crucial to answer
the most important fundamental questions about Venus.
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INTRODUCTION:

Planetary topography provides substantial clues about the nature of cur-
rent and past geological and geodynamic processes, the composition of
planetary crusts, the efficiency of erosion, degradation and planation pro-
cesses, and the styles, rates and ages of tectonic processes. Elements of
the observed planetary topography can date from different parts of plane-
tary history [1-13]. In our study, we analyzed the global topographic distri-
bution on Venus in the historical aspect using the global geological map of
the planet [14]. We investigated the following set of questions closely relat-
ed to the Venus’' geodynamics. (1) What is the history of the global topog-
raphy of Venus? (2) Does the narrow main peak of the Venus’ hypsogram
suggest tectonic quiescence of the planet, or does it reflect fairly uniform
thickness of crust? (3) Which units of the global geological map correspond
to which major topographic domain of the planet? (4) Does the topograph-
ic configuration of units correlate with their globally averaged stratigraphic
position? (5) Does the assessable topographic evolution of Venus consist of
specific episodes or was it a continuous process?

MAJORTOPOGRAPHIC DOMAINS OF VENUS:

The unimodal hypsogram of Venus allows division of its global topography
into three domains [15] relative to the mean planetary radius of 6051.84 km
[16]: lowlands (below -0.3 km, 43 % of the Venus surface), midlands (0.3-
2 km, 43 %), and highlands (above 2 km, 5 %).

SEQUENCE OF MAJOR GEOLOGIC UNITS/STRUCTURES:

The density of tectonic structures on the surface of units divides them into
categories of tectonic and volcanic units [17, 18]. The tectonic and volca-
nic units occur in the same stratigraphic sequence at both the local global
scales [13, 20-24], which permits establishment of three major episodes of
resurfacing [18] that correspond to specific periods of the geologic history
of Venus [21]. The older Global Tectonic Regime (GTR, Fortunian and Early
Guineverian periods, Figure 1) was characterized by the intensive and ex-
tensive tectonism. The major units of the GTR are: tessera (t), ridged plains/
ridge belts (pr/RB), groove bels (gb). The following Global Volcanic Regime
(GVR, Late Guineverian period, Figure 1) was characterized by the emplace-
ment of vast volcanic plains (shield plains, psh, and two units of regional
plains, rp1, rp2) that overlie ~60 % of Venus. The final, network rifting-vol-
canism regime (NRVR, Figure 1, Atlian period) includes two major units, lo-
bate plains (pl) and rift zones (rz) that occupy much smaller area (~14 %)
comparing with units of previous regimes. The rate of resurfacing during
the NRVR regime was about an order of magnitude lower [25, 26].

=1.5T T ]
Periods of Geologic History

E E Guineverian Atlian
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‘Global Regimes of Resurfacing
NETWORK RIFTING.WOLCANISM

Major Rock-stratigraphic Units

Figure 1. Major divisions (periods and regimes of resurfacing) of the visible portion
of the geologic history of Venus
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TOPOGRAPHIC CONFIGURATION OF UNITS OF THE GTR (FIGURE 2):
Tessera, ridged plans/ridge belts, and groove belts characterize the old-
est recognizable topographic pattern of the planet (Figure 1). The hypso-
gram of tessera is characterized by a weak bimodality. The apparent sad-
dle between the true major peak and the second possible peak is at about
2,600 m.The lower tesserae compose the majority of tessera terrain (~79 %
of its entire area); their mean elevation is about 783+903 m. The higher
tesserae compose ~72 % of the highlands; their mean elevation is about
42704548 m. The hypsogram of ridged plains is strongly unimodal with
the peak at about -60 m. It is slightly skewed to the right and has a tail with-
in the highlands. The mean elevation of rp/RB is about -36+806 m.The hyp-
sogram of groove belts is very similar to that of ridge belts. The mean eleva-
tion of groove belts is shifted to the right (159+745 m).

Global tectonic Global velcanic Netwaork rifting-
regime regime volcanism regime

3500
3000
2500 d
2000
1500
1000
B

500 =

o

Elevation relative MPR (6061.84 km), m

=500

=1000
t pr gb psh rp1 2 pl rz
Figure 2. The topographic position of the major units on Venus (units from t
through rp2 are in stratigraphic order; units rp and rz are at about the same strati-
graphic level)

TOPOGRAPHIC CONFIGURATION OF UNITS OF THE GVR (FIGURE 2):
The hypsogram of shield plains is more symmetrical with the mode at
about -300 m and practically coincides with the peak of the global hypso-
gram. The mean elevation of psh is about —135+637 m. Shield plains make
up ~21 % of the area of the lowlands and ~23 % of the midlands. The low-
er unit of regional plains (rp1) is the most widespread on Venus, covering
~32 % of its surface. The hypsogram of rp1 is unimodal, its mode is be-
tween about -500 and -375 m, which is noticeable lower than the peak of
the global hypsogram.The mean elevation of the unitis about -370+680 m.
The lower unit of regional plains preferentially occurs within the lowlands
and makes up about 50% of this topographical domain. The hypsogram of
rp2 has the major peak between about -750 and -375 m. Mean elevation
of unit rp2 is about -426+570 m. The majority of the unit (~67 %) occurs
within the lowlands and makes up about 16% of this domain.

TOPOGRAPHIC CONFIGURATION OF UNITS OF THE NRVR

(FIGURE 2):

Units of the NRVR represent the topographic pattern of Venus during
the later stages of its evolution. Lobate plains (pl) are distributed in a spot-
like manner and are concentrated around prominent volcanic centers.
The mean elevation of lobate plains is about 350+815 m. Rift zones occur in
close spatial association with broad dome-like rises and likely reflect mantle
upwelling associated with these. The hypsogram of rift zones is significant-
ly wider, with the broader peak between ~960-1000 m.The mean elevation
is ~960+1500. Rift zones and tesserae are the major units of the highlands
and compose ~65 % of this domain.

DISCUSSION/CONCLUSIONS:
The results of our study and their interpretations result in the following
conclusions.
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(1) The formation of the main topographic domains on Venus coincides
with the GTR (Figure 3). The largest tessera regions represent a large por-
tion of the modern highlands. (2) The lowlands also began to form during
the GTR (Figure 3). The narrow hypsograms of the plains imply that their
topographic position/configuration did not change significantly since their
emplacement. (3) The topographic position and configuration of rp2 sug-
gest that the topographic changes have essentially vanished by the end of
the GVR. (4) The GVR with its lower level of deformation and topographic
changes likely represent an aftermath of significant topographic perturba-
tions during the GTR. (5) The stratigraphic position of units formed during
the GTR and GVR is well correlated with their topographic position (Fig-
ure 2). The progressively younger units occur at lower elevations, which
is expected if the embayment relationships determine the stratigraphic
sequence. (6) During the observable portion of the Venus’ geologic histo-
ry there were two episodes of the major topographic changes (Figure 3).
The first characterized the earlier about one third of the history; it was
global in extent and caused both vertical and horizontal displacements of
the crust/lithosphere. The second episode characterized the later about
two thirds of the history and was related to localized formation of the large
topographic swells and the vertical displacements of the crust/lithosphere.
(7) These two episodes (Figure 3) likely reflect both the different pattern
of mantle circulation and the thickness of the lithospheric lid. The lid was
likely thinner and more mobile during the GTR [26, 27] and became thicker
and less mobile during the NRVR.

o
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Major Rock-stratigraphic Units
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Figure 3. Model of the evolution of the long-wavelength topography of Venus
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ABSTRACT:

Venus is often considered Earth’s sister planet due to its similar size and
density, and therefore, it is expected to be volcanically active. However,
confirming current volcanic activity and its rate has remained elusive de-
spite being a top scientific priority. Recent investigations have provided
tantalizing hints of currently active or recent volcanism. Confirmation of
the level of activity is hindered by the thick, omnipresent, optically opaque
clouds that obstruct traditional observations of the lower atmosphere and
surface. Additionally, corrosive surface conditions pose challenges to long-
term landed missions that aim to probe the interior or directly monitor vol-
canic activity. Despite these challenges, we are entering a new decade of
Venus exploration with multiple orbital and probe missions. Here, we re-
view what is known about active volcanism, identify gaps in knowledge to
be addressed, and highlight techniques and approaches that need to be
developed for this new decade of Venus exploration.

The best evidence for active volcanism comes from combining multiple
data sets and approaches, rather than relying on a single study or data set.
Venus is likely volcanically active today, with the strongest evidence for
activity at Idunn Mons, Maat Mons, and Aramaiti Corona. Without global
coverage and regular monitoring, the rate of volcanic activity remains un-
constrained. The fleet of new missions, in combination with previous mis-
sion data, can be used to provide time-sequence data for monitoring. Our
study shows that there are important caveats to combining and comparing
data from different instruments. Specifically, differences in look angles and
illumination conditions must be accounted for when comparing different
datasets.

As we enter the decade of Venus exploration, these new missions must col-
laborate to collect repeat observations of high-resolution imaging, radar
polarimetry, and high-resolution topographical data for any potentially ac-
tive volcano. The ability to integrate these data is required for understand-
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ing Venus's geological activity, particularly in regions where ongoing volca-
nic processes are suspected.
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ABSTRACT:

Microwave remote sensing data acquired with ground-based and orbit-
er-based radar instruments are the major source of information about
the surface of Venus due to its dense, optically opaque atmosphere. Even
though the Magellan mission mapped ~98 % of the surface of Venus in
1990s, there are several gap areas in our understanding of the geologic evo-
lution and resurfacing history of the planet due to the Magellan synthetic
aperture radar (SAR) instrument’s coarse resolution and single polarization
measurements. In this context, the S-band (2385 MHz) fully polarimetric
SAR (PolSAR) instrument VSAR on board ISRO’s Venus orbiter mission will
target the full range of geologic and volcanic processes operating on Ve-
nus to address the overarching science questions related to surface pro-
cesses. Especially, the PoISAR techniques will be utilized to confirm one of
the biggest scientific questions about Venus: whether it is still volcanically
active, what is the current rate of activity, and what is the volcanic resurfac-
ing rate through time. The VSAR instrument’s active and passive imaging
capabilities enable detection of recently active volcanism, and provide new
constraints to understand the microwave emissivity anomalies on Venus’
surface, using repeated PolSAR imagery aided with high resolution, ste-
reo-derived topography. We will present on the VSAR top-level specifica-
tions and targeted surface mapping approach during the conference.
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INTRODUCTION:

The classification of volcanic structures on Venus remains a significant
challenge in planetary science despite three decades of research following
the Magellan mission (1990-1994). While previous studies have cataloged
over 1,700 volcanic edifices, the distinction between coronae (annular tec-
tonic features) and large volcanoes remains ambiguous due to subjective
manual classification methods. Traditional approaches rely on topographic
profiles or diameter-based criteria, but these methods lack objectivity and
scalability for planetary-scale analysis.

This study presents an automated machine learning framework combining
variational autoencoders (VAEs) with clustering algorithms to: 1) Extract
high-level features from SAR and topographic data; 2) Identify natural sub-
classes of volcanic structures; 3) Evaluate spatial distribution patterns of
clustered features.

METHODOLOGY:

Data Preparation

The dataset comprised 688 structures (446 coronae, 136 large volcanoes,
106 medium volcanoes) from published catalogs [4-7]. Each Magellan SAR
image (75 m/px) and corresponding topographic map (5 km/px) was tiled
into 512x512 patches (44,032 total), with augmentation applied to improve
generalization (Figure 1).

Figure 1: Example of input data: a — SAR image of Pomona Corona (79.3°N,
299.4° E); b — Topographic map of same region. Image width: 466 km. Source: Pro-
cessed from Magellan mission data [1]

VAE Architecture

Two separate VAEs were implemented: 1) SAR-VAE: 5-layer encoder with la-
tent dimension 512; 2) Topo-VAE: 3-layer encoder with latent dimension 16.
Training utilized composite loss functions combining: 1) Reconstruction
loss (MSE); 2) Structural similarity (MS-SSIM) [5]; 3) KL divergence for latent
space regularization.

Clustering Pipeline: 1) Feature extraction from latent spaces; 2) Dimen-
sionality reduction to 70 principal components (95 % variance retained);
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3) Application of four clustering algorithms: K-Means, DBSCAN, Hierarchical
clustering, Gaussian Mixture Models.

RESULTS:

Reconstruction Performance:

Topographic maps achieved superior reconstruction (SSIM = 0.941 vs 0.397
for SAR) due to lower noise (Figure 2). SAR-VAE showed pixel-level artifacts
but preserved structural patterns critical for geological interpretation.

Original Reconstructed Heat map

Original Reconstructed Heat map
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Figure 2: Reconstruction comparison (Left: Original, Center: Reconstructed, Right:
Error heatmap). Top row: Topographic data. Bottom row: SAR images

Clustering Results:

Clustering using K-Means, hierarchical clustering, Gaussian Mixture Mod-
els (GMM), and DBSCAN methods was performed on the data obtained.
The clustering results for the 3" clusters of the first three models are pre-
sented inTable 1. K-Means and GMM produced the most interpretable clus-
ters (Silhouette score = 0.03), though with significant overlap. Spatial anal-
ysis revealed longitude-dependent clustering, suggesting potential biases
in Magellan data acquisition or geological processes.

Table 1. Clustering results for 3 clusters using three methods

Method Silhouette | Cluster content

score 1 2 3

cor |vic |vicint | cor |vic |vicint | cor |vic | vicint

K-Means 0.0301 247 194 |77 49 |0 |0 149 42 |29
Hierarchical |0.0245 296|106 | 79 14127 |22 8 3 5
clustering
Gaussian 0.0308 246192 |73 49 |10 |0 150 |44 |33
Mixture
Models

N o tes: cor— coronae, vic — large volcanoes, vicint — intermediate volcanoes.
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In addition to the above examples, experiments were conducted: with
a nonlinear method of dimensionality reduction (Kernel PCA), clustering
without using coordinates (to test their effect on cluster formation), with-
out dimensionality reduction over the entire space of features obtained
from the latent space. All the experiments performed showed either worse
results according to the Silhouette Score metric, or were poorly interpreted.

CONCLUSIONS
A unique dataset combining SAR images, topographic maps, coordi-
nates, and sizes of 688 volcanic centers on Venus was created.

2. Two VAE models were developed, showing acceptable reconstruction
quality, particularly for topographic maps (SSIM = 0.941).

3. Clustering algorithms partially separated the data by type, but signifi-
cant overlap remained.

4. The low Silhouette Coefficient suggests weak internal structure, with
spatial separation by longitude observed.

Future work includes improving VAE models for better feature extraction,
applying the features for cluster analysis, and using the results to automate
Venusian surface analysis for future missions.

CODE AND DATA AVAILABILITY:
https://github.com/MalDan13/Venus-coronae-and-volcanoes-cluster-
ing-with-VAE.
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INTRODUCTION:

One of the main problems in studying Venus's internal structure related
to its extreme conditions: a dense CO, atmosphere with surface pressure
92 times Earth’s, temperatures around £70 °C,and sulfuricacid clouds.These
factors hinder long-term probe operation and data collection. The absence
of plate tectonics and a weak magnetic field complicate understanding its
geological activity and internal structure. Limited missions and insufficient
seismic data also impede accurate modeling of its core, mantle, and crust.
A Markov Chain Monte Carlo (MCMC) method is employed [1, 2] to connect
observational or hypothetical geodetic data, what allows to determine
the posterior probability distribution and the optimal values of the internal
structure parameters of Venus.

DATA:

We consider that the interior of Venus is spherically symmetric, isotropic
and in hydrostatic equilibrium. The model consists of 3 layers: a liquid core,
a viscous mantle and a solid crust. The parameters of each layer are radius,
mean density, viscosity, and velocities V, and V The geodetic data of Venus
are summarized in Table 1.

Table 1. The geodetic data of Venus

Parameter Value

Mean radius R 6051.8+1 km

Standard gravitational GM (324858.592+0.006)-10° m>-s~>
Mean Mol, I/MR2 0.337£0.024

Tidal Love number k, 0.295+0.066

Mean density p 5242.7+2.6 kgm™

A priori Data is summarized in Table 2.
Table 2. A priori data for MCMC

Parameter Value

Core radius 2500-4000 km
Core density <13 000 kg-m™
Mantle density 3300-4600 kg-m™~
Mantle V, 8000-12000 ms "'
Mantle V_ 5000-9000 m-s™"'

We assume that the parameters of Venus's crust are fixed, given that
the crust’s mass constitutes approximately 0.5 % of the planet’s total mass.
The modeled core is in a liquid state, which means that shear wave velocity
is zero within the core. Consequently, out of the 12 model parameters, only
five remain.

MCMC METHOD:

To apply the Monte Carlo method, it is necessary to define the model space
as well as the sampling algorithm used for selecting models to construct
the probabilistic characteristics. It is assumed that normal distributions are
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employed for the core parameters and observed data, while uniform distri-
butions are used for the remaining parameters listed in Table 2. The model
selection criterion is based on the following rule: the next model m,_, is al-
ways accepted if L(m,,,) > L(m)) and accepted with probability L(m )/L( )
otherwise, where L m$ is likelihood function, which measures the degree of
fit between geodetic data and data obtained from model m and i is itera-
tion number:

2
iy —diim(m)|

2
dgbs . d;al (m)‘

dobs dcal( )‘2
L(m) =k, exp _

’

2
20M0| 2(5k2 20,

where d°% is observed data and d“? is calculated data based on the param-
eters of model m; k, is normalization constant.

SIMULATION RESULTS:

Five Markov chains was generated with length of 1 million. More than a half
of each chain was thrown away as burned up period [1], after autocorrela-
tion analysis was collected about 3000 models. The posterior probability
distribution of the obtained models parameters is shown in Figures 1 and 2.
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Figure 1. Mean Mol, mean density and tidal Love number k, for geodetic data
(white) and MCMC inversion results (blue)
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Figure 2. Mean Mol, mean density and tidal Love number k, for Gaussian distribu-
tion (white) and MCMC inversion results (blue)

Based on the assumption of 3-layerd model it was shown, that the interior
parameters can be obtained by using the MCMC method with close to nor-
mal distribution of parameters.
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INTRODUCTION:

The dense CO atmosphere (~96.5 %) and H SO -cloud layer at 47-70 km
greatly obstruct remote sensing of Venus. A'a result the atmosphere be-
low the clouds and the planet’s surface remain insufficiently studied. One of
the most effective tools for remotely observing Venus's lower atmosphere
and surface is the measurement of the atmospheric infrared (IR) transpar-
ency windows at 0.8-2.5 um. These windows are narrow spectral intervals
between the strong CO, absorption bands and they regulate the thermal
radiation escaping from the hot surface and deep atmospheric layers. This
weak infrared radiation can be observed on the Venus's night side [1].

The present study examines the spectral interval of 0.8-1.3 um, which in-
cludes transparency windows at 0.85, 0.9, 1.02, 1.1, 1.18, 1.28, and 1.31 pm.
In this spectral range, the thermal emission originates from the hot sur-
face and the atmosphere at 0-20 km. The radiation intensity is primarily
influenced by the scattering in the sulfuric acid clouds. Additionally, it de-
pends on the surface emissivity and the absorption of H,0 at 0.9-1.0 and
1.1-1.2 um. It should be noted that the 1.28-um window is contaminated
by an O, (a,Ag) airglow at 1.27 um produced at 96 km [1].

DATASET OF THE SPICAV IR SPECTROMETER:

The infrared (IR) channel of the SPICAV spectrometer on board the Venus
Express (VEx) spacecraft performed observations of the planet night side
in 2006-2014. The instrument measured spectra of the transparency win-
dows with a high resolving power of ~1400 [2].

RADIATIVE TRANSFER MODEL:

The measured spectra are analyzed using a multiple scattering radiative
transfer model. The model is based on the DISORT program package, which
implements the discrete ordinate method for pseudo-spherical geometry
[3]. Vertical profiles of atmospheric temperature, pressure, and density were
obtained from the VIRA database. The absorption of CO,, H,0, and HDO is
calculated from the “High-T", BT2, and VTT spectroscopic *databases [4]. Itis
assumed that H,O is uniformly mixed beneath clouds. The HDO/ H.O ratio
is fixed at a valué that is 127 times lower than the terrestrial one [ %\erosol
particles are assumed to be spherical and consist of 75 % HZSO4 solutlon

The optical depth, single scattering albedo and asymmetry parameter are
calculated using Mie theory based on the cloud model of Haus et al., 2016
[5]. The variable parameters of the model are the H,0 volume mixing ratio
(VMR), cloud opacity and surface emissivity. The model synthesizes the O,

(a,Ag) airglow spectrum using the HITRAN database [6].

RESULTS

The Venus's cloud opacity averages 36.7+6.1 at 1 um and depends on lat-
itude, with @ minimum at 50-55° N. In the Southern Hemisphere, the re-
duced spatial resolution of the experiment obstructs study of the cloud
opacity latitude dependence. Clouds exhibit strong variability at short time
scales, more pronounced in the equatorial region. No persistent longitude
or local time trends were detected [7].
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The volume mixing ratio of deep-atmosphere H,O (10-16 km) was con-
strained in the range of 23.6-27.7 ppmv. Water vapor is largely uniform
with latitude and local time, showing only a slight high-latitude decrease.
Eight years of observations reveal no significant long-term trends or peri-
odicities of H,O [8].

The surface emissivity variations were studied for the first time for a set of
full SPICAV IR spectra.
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ABSTRACT:

This paper presents the scientific concept of the VIRAL experiment (Venus
InfraRed Atmospheric Linker), which is devoted to study the composi-
tion and structure of Venus' atmosphere at the top and above the cloud
layer. The instrument was selected by the Indian Space Research Organ-
isation (ISRO) as a scientific payload on board of the Venus Orbiter Mis-
sion. The VIRAL instrument includes distinct two infrared (IR) channels:
a high-resolution mid-IR echelle spectrometer (VIRAL-C) and an ultra-high
resolution near-IR laser heterodyne spectrometer (IVOLGA). The instrument
has been designed to perform solar occultation measurements, thereby
providing an optimal photon yield combined with a high spectral resolv-
ing power exceeding 22,000 (VIRAL-C). The instrument has a high vertical
resolution (approximately 1 km at the limb), which enables the detailed
altitude profiling of the Venusian upper atmosphere in terms of its com-
position and structure. The instrument will measure the major and trace
species present at the altitudes from 65 to 160 km. The list of species that
absorb in the VIRAL-C wavelength range (2.2-4.2 um) includes CO, and its
main isotopologues (allowing the retrieval of atmospheric temperature),
H,O and HDO (related to the evolution of water on Venus), other trace gas-
es (CO, SO,, HCI, HF) and layers of H,SO, aerosols. Enhanced sensitivity will
facilitate the improvement of upper limits or the detection of new trace
gases, including H,CO, OCS, C,H,, H,S. PH, may be upgraded as allegedly
detected. The IVOLGA channel will fesolve the frequency profile of a sin-
gle CO, line at 1.6 um with an ultrahigh resolving power of ~10° with an
objective to retrieve the vertical profile of the wind. The VIRAL results will
contribute to our understanding of the gaseous species variability, as well
as the structure and dynamics of the Venusian upper atmosphere.



16MS3-VN-09
ORAL

LONG DURATION PAYLOAD BAY FOR VENUS
EXPLORATION

J.Sharma
Moscow Aviation Institute, Moscow, Russia, sharma.joshital4@gmail.com

KEYWORDS:
Multi-Layer Insulation, Heat Flux, Coefficient of Thermal Expansion, Energy
Losses, Compressor

INTRODUCTION:

This work intends to present the design of a long duration Venus Lander
that is capable of operating for 60 days under the Venus surface conditions
of 475 Celsius and 9.3 MPa. The proposed system integrates advanced
support systems that enable this extended functioning, including mul-
ti staged thermal control system which contains Multi-Layer Insulation,
Phase Change Materials and active cooling methods suitable to be used
in the Venusian conditions and a Power system to support its continuous
operation. The Thermal management system employs active cooling to
maintain critical components within their operational limits. Additionally,
itincludes strategic landing site selection to ensure hazard avoidance with
low fuel requirements while maintaining critical data collection opportuni-
ty. The end-to-end mission architecture incorporates trajectory optimisa-
tion, launch vehicle compatibility and orbital insertion strategies tailored
for the lander. While maintaining the 60-day milestone, this work also iden-
tifies the limitations prohibiting the development of a lander beyond this
limit due to lack of technological advancement, pertaining to the lack of
material testing for a longer duration for the required conditions.

THERMAL REGULATION:

Upon landing on the surface of Venus, a module is expected to face tem-
peratures around 475 °C (~748 K) with atmospheric pressure of around
9.2 MPa. Thus, it is most imperative to maintain the temperature within
the Payload Bay so as to allow the proper functioning of the electronic de-
vices, which are generally expected to function until the temperature of
125 °C (~398 K). This concept divides the task into two parts, initially be-
fore entering the payload bay, the heat flux entering the system should be
minimised, for this purpose, few layers of insulations have to be placed for
reduction of conductive as well as radiative flux. The outermost layer, which
shall interact with the environment will remain to be Titanium to prevent
corrosive reactions, beneath its placement of twenty layers of gold foil will
be required to reduce the radiative heat flux, following which would be
a layer of vacuum, supported by Carbon-Carbon Composite layers on each
side, as well as support rods between both, of the same material, this would
minimise the conductive heat flux.

Once the heat flux is minimised, the temperature inside would be needed
to be maintained, which shall allow comfortable functioning of the Equip-
ment, for this purpose, the atmospheric Carbon Dioxide can be utilised,
the pressure difference between the Venus Atmosphere and the payload
cooling pipeline, which should be at 0.3 MPa would allow rapid suction as
well as cooling of this Carbon Dioxide, to prevent excess speed and energy
loss, the intake can be divided into six stages, each with 1.77 pressure ratio,
overall this would reduce the gas temperature to ~80 Celsius, which upon
flowing through small channels beneath the insulating layers would absorb
the already lowered heat flux, thus maintaining the temperature. Finally, to
maintain a continuous gas flow and thus by, cooling, this carbon dioxide
would need to be removed at the same rate as its intake, for this purpose,
the mostly conserved energy can be passed through five stages of diffuser,
each with a pressure ratio of 0.52, this would bring up the final pressure at
the end of these stages to 7.59 MPa, a single stage centrifugal compressor,
would use the pressure ratio of 1.24, to finally increase the pressure beyond
the Venusian atmospheric pressure and thus eject the gas, ensuring a con-
tinuous flow and cooling.
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MASS AND SIZE:

The expected mass of the lander would be 1000 kg, including the landing
capsule, the aerodynamic heat shielding and aerodynamic surfaces, sci-
entific equipment, service platform and thermal regulation system. With
the mass of the Thermal Protection Layers to be ~223 kg, and the overall
service platform mass as ~244 kg including the active thermal regulation.

Summary:

The design of a long-duration Venus Lander presents extraordinary chal-
lenges due to its extreme surface conditions, with inclusion of the high
temperature conditions, the crushing pressure of the atmosphere as well
as the highly corrosive chemistry. This work explored the solutions to over-
come these obstacles enabling sustained operations leading to deeper sci-
entific exploration on Venus surface. By the integration of multiple systems,
the proposed explorer (lander) design provides a feasible pathway towards
the course of extending mission lifetimes beyond the limitations encoun-
tered by the previous missions.
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INTRODUCTION:

Currently, Venus is of great interest to the global scientific communlty
The new generation of missions planned for the 30s of the 21% century is
focused on the perspective of understanding the evolutionary history of
the planet atmosphere and geology [1, 2]. One of the intriguing subjects is
the potential cloud habitability [3].

Aerobots as a part of modern Venus exploration missions can provide
unique in situ data on meteorological parameters, atmospheric composi-
tion, the nature and distribution of the UV absorber, as well as on the struc-
ture, composition and microphysics of clouds, including the presence of
biomarkers there [3]. For the first time, aerobots were used to explore Ve-
nus in the 80s in Soviet missions, but the research was limited by the low
aerobot battery power capacity and their visibility from ground stations —
the operation time of the aerobots was about 46 hours [4]. An increase in
both the drift duration and available resources of the power system are re-
quired to improve the quality and quantity of atmospheric data received
by the aerobot from various regions on both the night and day sides [5].
The formation of an operation scheme of the aerobots in the atmosphere
during their design is also of fundamental importance [6].

The use of simulation modeling is proposed for the design analysis of
the operation of an aerobot in the Venus atmosphere. Simulation modeling
allows you to perform virtual tests and analyze the operation of the product
under various external influences during the spacecraft design process [7].

The paper analyzes the cyclograms of the aerobot’s equipment operation
during its movement in the cloud layer of the Venus atmosphere in a select-
ed range of latitudes and makes suggestions on the use of simulation mod-
eling in forming the scheme of aerobot operation in the Venus atmosphere.

The results could be applied in the development of missions for the com-
prehensive exploration of planets with an atmosphere.
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The exploration of asteroids has been a primary focus for many years, as
there is still much that is unknown about these small bodies in our solar
system. While there are more than 1 million asteroids listed in databases
such as JPL and MPC, only a small number have been characterized by
the SMASSII spectral classification system, and even fewer by the Tholen
system. Consequently, the exploration of these asteroids remains a signif-
icant challenge for space exploration. This study aims to develop trajecto-
ries that include flybys of asteroids as an extension to the main scientific
mission.

This particular study focuses on asteroids encountered in near-Venus space,
which are of significant interest due to their proximity to both Venus and
the potential for capturing spacecraft for studying both. The transfer of a
spacecraft into a resonant orbit around Venus facilitates a short transfer arc
to asteroids while maintaining proximity to Venus. This allows the space-
craft to encounter asteroids every 224.7 days, enabling the selection of new
asteroid targets at each gravitational assist from Venus.

The primary objective of this research is to establish the trajectories for as-
teroid flybys and spacecraft transfers into mean orbital resonance around
Venus by utilizing Venus gravity assists. Three potential scenarios have been
explored: (1) an Earth-to-Venus transfer involving a periodic or non-peri-
odic orbit around Venus (PA/NPA), (2) a series of Venus-PA-Venus transfers,
and (3) a sequence that includes Venus -NPA1-Venus-NPA2-Venus. Special
consideration is given to flybys of potentially hazardous asteroids, which
are included in the PA term in schemes 2 and 3. Additionally, the study in-
vestigates the possibility of returning to Earth following the final gravity
assist of Venus.

For this study, ephemeris data for about 2,000 asteroids were obtained
from the JPL database based on their estimated diameters and perihelion
distances. This included 69 asteroids with mean motion resonances around
Venus and 169 potentially hazardous objects with approximate minimal or-
bit intersection distance less than 1 lunar diameter. Trajectories were then
calculated based on the scenarios described above and results for the years
2029-2031 were obtained. The results from applying the search for trajec-
tories both using patched conics and high-fidelity models demonstrated
the feasibility of the proposed approach.

Collecting data on Venus through future missions using the planet’s grav-
itational assistance opens up new possibilities for science and represents
a significant step towards establishing partnerships between scientific
communities. The practical advantage of implementing asteroid fly-bys
due to Venus' gravity assists is, among other things, the ability to pass small
bodies whose orbits are highly inclined to the ecliptic plane. The scientif-
ic outcomes of the proposed mission plan will combine atmospheric and
geological studies of Venus with spectroscopic and morphological analyses
of asteroids, filling in gaps in both fields. Thus, this work creates a model
for multi-purpose deep-space missions, demonstrating that trajectories
oriented towards resonant Venus open unprecedented opportunities for
exploring asteroids and at the same time contributing to the advancement
of knowledge about Venus.
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INTRODUCTION:

The mesosphere of Venus, extending from approximately 65 to 120 km
above the planet’s surface, transitions into the lower thermosphere at
the mesopause, which is located between 95-120 km altitude. These
atmospheric regions host numerous complex phenomena, including
the formation of detached haze layers, observed at 80-90 km with diurnal
altitude variation [1, 2], and water escape processes, evidenced by deute-
rium-to-hydrogen ratio more than 100 times higher than Earth'’s [3, 4] Prior
to the launch of Venus Express in 2006, these layers of Venus' atmosphere
were relatively poorly studied. Nevertheless, some missions (for example,
Pioneer Venus and the Soviet Venera missions), as well as ground-based
observations, were aimed at investigating this layer of the atmosphere.
Detailed review articles have been published which include an extensive
description of the results obtained during that period [5, 6].

Previous missions to Venus carried instruments that enabled the study of
the atmospheric thermal structure using multiple methodologies, each
with their own advantages and disadvantages. For example, radio oc-
cultation technique was used to retrieve temperature profiles between
35-90 km above surface starting with Mariner 5. Then, the technique was
refined with subsequent missions (Mariner 10, Pioneer Venus, Magellan).
The VeRa experiment was an integral part of the Venus Express mission,
aimed to investigate the atmosphere of Venus through radio occultations
[7]. The geographic coverage of the temperature profiles derived from VeRa
data reflects the trajectory of Venus Express spacecraft. Because of its el-
liptical orbit, measurements were lacking in the northern mid-latitude re-
gions. The advantage of this experiment was the high vertical resolution of
the temperature profiles, about 500 m. This property made it possible to
study small variations in temperature depending on local time and latitude
and reveal gravitational wave activity above the tropopause [8, 9].

Solar and stellar occultation techniques were both widely represented in
Venus Express mission, with SOIR (Solar Occultation at Infrared) [10] and
SPICAV (Spectroscopy for the Investigation of the Characteristics of the At-
mosphere of Venus) [11] instruments. SPICAV was designed with two chan-
nels, one operating in the ultraviolet range (110-320 nm) and the other in
the near-infrared range (1-1.7 um). While it could operate several methods
to acquire data, such as nadir pointing, solar occultation and stellar occulta-
tion, the most effective way to get temperature profiles was to utilize the UV
channel measurements in stellar occultation mode. SPICAV-UV performed
more than 500 stellar occultation measurements covering all latitudes on
the nightside. Not only temperature profiles were retrieved, but also vertical
profiles of CO, density and aerosols in the upper atmosphere (90-140 km).
Main findings include a warm layer at 90-100 km and a constant tempera-
ture decline above 120 km, reaching minimums of 100-130 K [12].

The SOIR (Solar Occultation in the InfraRed) instrument on Venus Express
conducted solar occultation measurements on altitudes of 65-170 km. Op-
erating in the 2.29-4.43 um spectral range, this high-resolution spectrom-
eter detected narrow absorption lines from various atmospheric constitu-
ents. During its eight-year mission (2006-2014), SOIR accumulated a large
spectral dataset, making it possible to perform detailed studies of tempera-
ture, density, and trace gas distributions.
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Figure 1. Mean temperature profiles retrieved from several Venus Express instru-
ments’ occultations data at mid-northern latitudes, VIRA and VCD temperature pro-
files included for reference

Overall, the Venus Express mission greatly improved the understanding
of Venus's atmospheric thermal structure. Instruments using occultation
methods, like VeRa, SPICAV and SOIR delivered a great amount of tempera-
ture profiles, unveiling new features of the atmosphere. These discoveries
greatly enhanced atmospheric models, and LMD Venus GCM was also up-
dated [13]. The model was extended up to 150 km and shifted its main fo-
cus to the thermal structure and the processes in the upper atmosphere,
from 90 to 50 km. The Venus Climate Database (VCD) is built on the on base
of LMD Venus GCM, and its outputs are mostly analogous to the Mars Cli-
mate Database (MCD). The VCD extends and updates legacy atmospheric
databases like the Venus International Reference Atmosphere (VIRA) [14]
by integrating new observational data from recent missions and incorpo-
rating advancements in climate modeling techniques. Core components of
the VCD include temperature, density, pressure, wind speeds, and more-
over, information on the vertical distribution of major atmospheric species.
It also provides a high-resolution mode, and intra-hour and day-to-day
variability of meteorological variables based on extensive GCM simulations
[15]. The Venus Climate Database serves as a valuable resource, integrating
all available observational data through climate modeling. It is an essential
reference for validating future observational data and an important plan-
ning tool for designing upcoming missions to Venus.

Regarding the aforementioned solar occultation measurements by SOIR,
it should be noted that prior thermal structure investigations using this
instrument’s data established some important foundations. The study de-
rived vertical number density and temperature profiles from SOIR spectra
[16], which subsequently enabled the retrieval of other species, including
water vapor and HDO vertical distributions [17]. However, there were con-
straints in the retrieval algorithm that limit data coverage at lower altitudes
and introduce uncertainties in atmospheric density profiles.

This study introduces a new retrieval algorithm developed at IKI RAS, dis-
tinct from previous approaches, which adapts the methodology applied
for analogous solar occultation experiment ACS/ExoMars in Martian atmo-
sphere [18, 19]. Our algorithm’s key advantages include enhanced sensi-
tivity to absorption lines at lower altitudes and reduced uncertainties in
the mesopause region.

To retrieve the altitude profiles of density and temperature, measurements
in the spectral ranges where CO, absorption bands are observed in the al-
titude range available for SOIR observations, from 70 to 170 km, are best
suited. In this work, mainly the range of 3308-3381 cm™ (corresponding to
the 21002-00001 transition) was used.
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Figure 2. Spectra fitting example and the corresponding temperature vertical pro-
file retrieved

By applying this algorithm to the full SOIR dataset, we could obtain
the most precise characterization to date of Venus' atmospheric structure
at 65-170 km. The results would advance our understanding of atmospher-
ic dynamics and photochemistry and enable future studies of other mo-
lecular species present in the corresponding region (H,O, HDO, HCl, SOZ)
through derived number density and temperature profiles.
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INTRODUCTION:

Coronae and volcanoes are large landforms (hundreds of kilometers in
diameter) on the surface of Venus [1-3]. Three main topographic classes
characterize coronae: (1) class D, dome uplifts; up to 530 km in diameter,
in the progressive stage of evolution of the parent diapir; (2) class W, com-
plex depressions with a central peak; up to 660 km in diameter, the dome
uplift loses the thermal support of the diapir and subsides; (3) class U, sim-
ple depressions; up to 530 km in diameter, corresponding to the regressive
stage of evolution of the diapir [4]. Three size groups characterize large
volcanoes: (1) the largest flattened, up to 740 km in diameter; (2) medium
conical, up to 425 km in diameter; and (3) small conical, up to 240 km in
diameter [5].

Volcanic activity in most coronae died out mainly during the pre-Atlian pe-
riod [6, 7]. Only a 17 % of the total population of corona exhibit younger
volcanic activity in the form of lobate plain flows [8]. Most of the studied
volcanoes formed during the late Atlian period [1, 5, 7, 9]. Their slopes are
covered with numerous lava flows, which, when merged, form vast com-
plexes of young lobate plains [1, 10-12].

Coronae are often found in spatial-stratigraphic association with Guineve-
rian groove belts and, less commonly, with rift zones of younger Atlian age
[13]. Such typical spatial associations of coronae indicate their probable
genetic relationship with linear extension zones [14]. Volcanoes are more
widespread on the surface of Venus and are less associated with regional
zones of extension, groove belts and rift zones [5, 15].

Previously, we analyzed the spatial and genetic relationships of the coro-
nae — sources of lobate plains and large volcanoes of Venus and found
that they are genetically unrelated [15]. We identified regions of concen-
tration of these features in which they are spatially separated, for example,
in the Metis, Ulfrun, Rusalka, Atla, Imdr and Alpha regions and co-occur, for
example, in Tethus, Hinemoa-Beta, Laufey, Eistla, Bell, Ovda-Tellus, Parga-N
and -S (Figure 1). In some regions, such as Lakshmi, Aino and Lada, the only
sources of lobate plains are coronae, while in the Kawelu region, only vol-
canoes are present.

In all the regions identified, the coronae are associated with regional exten-
sion zones: groove belts and/or rift zones. Volcanoes are associated with
these zones to a lesser extent [15].

RESULTS:
We analyzed the regions of concentration of these structures and identified
the following areas:

(1) areas where mainly coronae with annulus made by ancient groove belts
dominate and volcanoes are absent: Lakshmi, Aino and Lada. Coronae of
the regressive stage of evolution are widespread there; these are mainly
of the U class. In the Lada area, coronae of the subsidence stage dominate;
these are mainly of the W class (blue outlines in Figure 1). An exception is
the Atla area, where in addition to coronae of the regressive stage with an-
cient annulus of groove belts, large flattened and medium-sized conical
volcanoes are found (white outline in Figure 1);
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(2) areas where small cone volcanoes and coronae with annulus of an-
cient groove belts dominate: Tethus, Eistla, Alpha, Laufey and Imdr (yellow
outline in Figure 1). In the Tethus, Eistla, Alpha and Imdr areas, coronae of
the subsidence stage (class W) are common. In the Laufey area, coronae of
the progressive stage (class D) are more common;

(3) areas where rift-annulus coronae dominate, mainly of class D: Parga-N
and -S, Ulfrun (outlined in orange, Figure 1). In the Rusalka area, in addition
to the progressive stage coronae, subsidence stage coronae (class W), are
common (this area is shown in black, Figure 1). In all these areas, conical
volcanoes of medium and small diameter are common;

(4) areas where the large flattened volcanoes dominate: Metis, Hine-
moa-Beta, Bell and Ovda-Tellus (outlined in red, Figure 1). In these areas,
coronae of all three stages of evolution are found in approximately equal
proportions, mainly with an annulus of ancient groove belts. In the Kawe-
lu area, large flattened volcanoes are also common, but coronae are not
found (green outline, Figure 1).

e Lakshmi o

Kawelu

Ulfrun: Hinemoa-Beta

Eistla OvdarTellus!, Rusalka
' Bl

Laufe

g oW ogly
Parga’—North

Figure 1. Regions of Venus where large volcanoes and coronae-sources of lobate
plains are predominantly concentrated. Coronae are blue dots, volcanoes are red
dots, groove belts are violet zones and rifts are pink. The base is the hillshade to-
pography. The map is in the Mollweide equal-area projection, central meridian 180°.
Geological boundaries by map of Venus [7]

For each region of the features concentration, we estimated the ratios of
the average volcano diameters to the corona diameters, except for areas
where coronae of the regressive stage of evolution dominate and volcanoes
are absent (Lakshmi, Aino, Lada). The exception is the Atla region, where
mature U-class coronae with annulus of ancient groove belts and large
flattened and medium-sized conical volcanoes are common. The ratios of
the average diameters of these volcanoes to the coronae are about 2.2.

For areas where small cone volcanoes and coronae are predominantly dis-
tributed, mainly of the subsidence stage (mainly class W) with an annulus
of ancient groove belts: Tethus, Laufey, Eistla, Alpha and Imdr, the ratio of
the average diameters of volcanoes and coronae is about 0.8, the average
diameter of volcanoes (187 km) is smaller than that of coronae (230 km).

For areas where coronae of the progressive stage (class D) with rift annulus
dominate: Parga-N and -S, Ulfrun; the ratio of average diameters of volca-
noes and coronae is about 1.3, the average diameter of volcanoes (275 km)
is larger than the average diameter of coronae (217 km).

For areas where the large flattened volcanoes dominate and coronae of all
three stages of evolution are in approximately equal proportions: Metis,
Hinemoa-Beta, Bell and Ovda-Tellus; the ratio of the average diameters of
volcanoes and coronae is about 1.3, the average diameter of volcanoes
(420 km) is significantly larger than that of coronae (315 km).
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CONCLUSION:

The areas of concentration of coronae and volcanoes can be characterized
as volcanically mature and immature. (1) Mature areas: dominating by coro-
nae of the regressive stage of evolution with an annulus of ancient groove
belts and either the absence of volcanoes (Lakshmi, Aino and Lada) or with
abundant small conical volcanoes (Tethus, Laufey, Eistla, Alpha and Imdr).
The average diameter of volcanoes in these areas is smaller than the aver-
age diameter of coronae, which is probably explained by the relatively small
supply of volcanic material from the source area of volcanoes. (2) Immature
areas: coronae of the progressive stage of evolution with rift-annulus dom-
inate and abundant either medium and small conical volcanoes (Parga-N
and -S and Ulfrun) or large flattened volcanoes (Metis, Hinemoa-Beta, Bell,
Ovda-Tellus). The average diameter of the volcanoes in these areas is larger
than the average diameter of the coronae. It's probably areas where deep
mantle plumes (sources of large volcanoes) dominated, and mantle diapirs
(sources of coronae) were of subordinate importance.
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INTRODUCTION:

Beta Regio is a part of the BAT (Beta-Atla-Themis) region, an area of most
recent tectonic and magmatic activity on Venus. BAT represents a currently
active mantle plume in that it is topographically elevated, has an associated
geoid high, and is also the locus of a triple junction rifting system defined
by Hecate Chasmata to the west and Devana Chasma to both the north and
south. The main volcanic center of Beta Regio is Theia Mons, a large shield
volcano, 500 km in diameter.

PREVIOUS WORK AND GOALS:

Mapping of dyke systems that included part of present study area was pre-
viously done by Ernst et al. (2003) [1]. This work provisionally suggested that
a radiating graben-fissure-fracture system (interpreted as a dyke swarm) of
Theia Mons changed from radiating to linear 1000 km away from the center,
and located several points of convergence of radiating swarms near 40° N
parallel. My more recent 1:500,000 scale mapping focused on Theia Mons
focused on flows, grabens and rift systems associated with Theia Mons [2].
It helped to identify two distinct magmatic centers 200 km apart, TM1 and
TM2 each defined by fanning lava flows, grabens (representing dykes) and
rift systems. The shift between the centers is postulated to indicate relative
movement between the lithosphere and the underlying plume head.

Our detailed mapping of graben-fissure-fracture systems (interpreted in
dyke swarms) in a broader are of Beta Regio that includes Theia Mons is
done with following goals: 1) searching for cryptic magmatic centers in
the area, 2) characterizing age relationships between swarms, 3) finding
correlations between patterns in separated tessera areas. To achieve this,
we created a map of dyke swarms in the area of 95 to 65°W, 40 to 10° N at
the scale of 1:500,000.

DATA AND SOFTWARE USED:

We used data of synthetic aperture radar (Cycle 1 left look at 75 m per pix-
el) and altimetry from the Magellan mission (1989-1994), obtained from
USGS Astropedia. Mapping was done using ArcGIS Desktop 10.8.1 soft-
ware. In addition, JMARS was used for tracking swarms and possible related
centers outside the study area.

MAPPING OF GRABENS:

We mapped about 90 000 separate graben-fissure-fracture lineaments (Fig-
ure 1). They are generalized into main sets — linear, circumferential, and ra-
diating systems interpreted as dyke swarms (Figure 2), including a number
swarms not previously recognized.

The new mapping allowed to expand Theia Mons’ two radiating swarms
to a radius of about 1500 km each. Inside the study area, no evidence was
found for them having a shift to a more linear, northward-facing swarm, as
suggested by R.E. Ernst [1]. However, it was noted that the swarm of central
caldera may be curved by influence of coeval stress due to Kono Mons ac-
tivity to the south-west.
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]

Figure 3. Radiating graben patterns possibly associated with Rhea Mons and circu-
lar boundary of elevated tessera (left) and topographic profiles across Rhea Mons
and northern part of Devana Chasma (right)

Several new small circumferential features were found, mostly on far north
and far south areas of Beta Regio. However, no circumferential swarm has
been identified for either of the Theia Mons' centers.
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Across southern part of Beta Regio, a giant NW linear trend was noted.
However, searching outside the area with JMARS did not reveal any mag-
matic center that could be the source of this swarm. For now, it is suggested
that this may be a coincidence of overlapping parts of different radiating
swarms.

Mapping of extensional lineament patterns within separate tessera terrains
of the study area reveals matching trends between the tessera terrains, and
suggests no rotation of separate blocks of crust.

RHEA MONS ANALYSIS:

Rhea Mons is a topographic high located 960 km to the north from Theia
Mons' central caldera. Its lack of visible center or associated flows, high po-
sition in very disturbed area and negative Bouguer anomaly allowed the as-
sumption that Rhea Mons is not a magmatic center, but a part of tessera
terrain on thick crust [3, 4].

However, the sub-circular extent of this tessera terrain, and our newest
mapping suggests that there may be both a radiating (radius 1000 km) and
circumferential (radius 350 km) pattern of extensional lineaments centered
Rhea Mons (Figure 3). This suggests that Rhea Mons’ area is elevated not
just because of high crustal thickness, but by uplift due to a plume that did
not develop to a point of fueling the volcanic activity in this area.
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INTRODUCTION:

Venus is assumed to be a seismically active planet. For upcoming seismic
experiments on Venus [1] it is of importance to know the areas of large
stresses. The surface of Venus has a wide range of volcanic and tectonic
features, which could be sources of seismic activity. Part of volcanoes on
Venus show spatial concentration in the Beta-Atla region [2].

DATA:

Gravity and topography data are the datasets with which we can study
the stress state of Venus. Topography data up to the 360" degree and or-
der (SHTJV360u model) [3].The resolution of gravity field is about from 400
to 1000 km, the spherical harmonic model (SHGJ180u model) is presented
to degree and order 180 [4]. We use thecoefficients up to the 70™ degree
and order, because of bad correlation of the gravity and topography data
for higher harmonics. The topography and gravitational data we determine
with respect to the reference surface (effectively equilibrium Venus) [5].

STRESS MODELING:

The used numerical modeling method was described in detail in [6].
The numerical solution of the system of elastic equilibrium equations for
an elastic self-gravitatational spherical planet was carried out on a grid with
a resolution of 1x1°in latitude and longitude. Data on the topography and
gravitational field were used as boundary conditions.

e m— T
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Figure 1. Extensional (positive values) and compressional (negative values)
stresses(in MPa) beneath Atla Regio and Beta Regio on Venusin the crust at depths
of 25 km for a model with a lithosphere of 300 km for model V_16 from [7]

RESULTS:

The Figures 1 and 2 show stress maps beneath Atla Regio and Beta Regio
on Venus. Beneath Beta Regio, strong compressional stresses are observed.
To the north and east, these transition into extensional stresses reaching up
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to approximately 20 MPa. The region of maximum extension within the se-
lected area is located in Guinevere Planitia. This area also exhibits the high-
est shear stresses in the analyzed region, exceeding 25 MPa.

0 5 10 15 20 25

Figure 2. Shear stresses (in MPa) beneath Atla Regio and Beta Regio on Venus in
the crust at depths of 25 km for a model with a lithosphere of 300 km for model
V_16 from [7]

Beneath the central part of Atla Regio, compressional stresses are dominant
and extend southeastward. However, extensional stresses are observed in
other directions, with particularly strong extension in the Lavinia Planitia
area. Shear stresses in the Atla region are also high, but lower than those
beneath Beta Regio.

CONCLUSION:

We have presented the distributions of non-hydrostatic stresses in the in-
teriors of Venus based on a joint interpretation of topography data and
the non-equilibrium part of the gravitational field. The results of model-
ing non-hydrostatic stresses in the interiors of Venus can be of interest for
choosing the location of the seismometer sitein connection with the future
seismic experiments.

ACKNOWLEDGMENTS:
This work is financially supported by Budget funding of Schmidt Institute
of the Earth RAS.

REFERENCES:

[11 Kremic T, Ghail R., Gilmore M. et al. Long-duration Venus lander for seismic
and atmospheric science // Planetary and Space Science. 2020. V. 190. Arti-
cle 104961. DOI: 10.1016/j.pss.2020.104961.

[2] HahnR.M., Byrne P, K Kernel density analysis of volcanoes on Venus at varying
spatial scales // 53 Lunar and Planetary Science Conf. 2022. Article 2437.

[31 RappaportN.J., KonoplivA.S., Kucinskas A. B. An improved 360-degree and order
model of Venus topography // Icarus. 1999. V. 139. Iss. 1. P. 19-31. https://doi.
org/10.1006/icar.1999.6081.

[4] Konopliv A.S., Banerdt W.B., Sjogren W.L. Venus gravity: 180" degree and
order model // Icarus. 1999. V.139. Iss. 1. P.3-18. https://doi.org/10.1006/
icar.1999.6086.

[5]1 Zharkov V.N., Gudkova T.V. On parameters of the Earth-like model of Venus
// Solar System Research. 2019. V. 53(1). No. 1. P. 1-4. https://doi.org/10.1134/
$0038094618060084.

[6] BatovA.V., GudkovaT.V. Zharkov V.N. Nonhydrostatic stress state in the Martian
interior for different rheological models // Izvestiya, Physics of the Solid Earth.
2019.V. 55(4). P. 688-700. DOI: 10.1134/51069351319040025.

[71 Gudkova T.V., Zharkov V.N. Models of the internal structure of the Earth-like
Venus// Solar System Research. 2020.V. 54(1). P. 20-27. https://doi.org/10.1134/
$0038094620010049.



16MS3-VN-PS-05
POSTER

THE EFFECT OF THE CONTOUR SHAPE

OF SPECTRAL LINES ON THE EMISSION

IN THE 4.3 MM BAND OF CO, MOLECULES
OUTGOING FROM THE PLANETARY
ATMOSPHERE IN THE PRESENCE

OF MACROSCOPIC WIND VELOCITY
GRADIENT

V.P. Oglbalov1 2 L.V. Belyakova1 I.V. Voytko ', E. M. Pastushok ',
E I. Rasputina’, S A. Starostina', A.A. Sosnovskaya1
' Admiral Makarov State University of Maritime and Inland Shipping
Saint Petersburg, Russia
Saint Petersburg State University, Department of Atmospheric Physics
Saint Petersburg, Russia, vpo563@yandex.ru

KEYWORDS:
Radiative transfer, planetary atmospheres, wind field gradient, Venus, mo-
lecular bands, carbon dioxide

INTRODUCTION:

The discovery of the existence of large-scale currents in the atmospheres
of planets with velocities of the order of the speed of sound and significant
large-scale wind velocity gradients (for example, the phenomenon of super
rotation above the cloud layer on Venus [1]) underscores the significance
of incorporating this phenomenon into account in modeling radiation in
the IR bands of atmospheric gas molecules. When observing from angles
other than the nadir, there exists a non-zero component of wind velocity
projected along the line of sight. Consequently, due to the Doppler effect,
there is a variation in the frequency of radiation absorption, resulting in
a substantial change in the value of the volume radiation absorption coef-
ficient, 0, and, consequently, to a change in the radiation transfer pattern.
In the center of the strongest line of the 4.3 um band of the principal iso-
topologue '*C’ O the optical thickness of Venus' atmosphere above ap-
proximately 85 ke is approximately 2.3-10%. Therefore, it becomes crucial to
consider the accurate representation of spectral line shapes.

In the paper [2], within the framework of a simplified model, the problem of
radiative transfer in the spectral lines of the 4.3 um band of the CO, mole-
cules in the planetary atmosphere was considered with taking into account
the frequency shift of the volume radiation absorption coefficient due to
the Doppler Effect.

In this paper, we continue our previous investigation and explore the effect
of the shape of spectral lines on the values of the radiation intensity outgo-
ing from the planetary atmosphere in the 4.3 um CO, band, assuming both
the Doppler and more realistic Voigt and Lorentz Zontours for planetary
atmospheres.

MODEL:

In general, the model of the structural parameters of the planetary atmo-
sphere and the model of the parameters of the vertical wind velocity profile
adopted in this work follow the models described in [2]. We consider a planet
whose atmosphere is stationary relative to the surface, with the exception
of a certain layer that moves parallel to the equator at a speed of the order
of the speed of sound. The atmosphere is considered to be plane-parallel
with pressure distributed according to the barometric law with values char-
acteristic of the above-cloud layer in the atmosphere of Venus, with a tem-
perature having a linear vertical gradient (see in [2] Flgure1 Ieft panelg
and con5|st|ng entlrely of CO molecules. The isotopologues C' O

C'?2 00" and C'? 0'%0" are taken into account (hereinafter the de5|g—
nations 626 636, 628 and 627 are used and their abundance values for
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the Earth are assumed: 0.984204, 0.011077, 0.003947 and 0.0007339, re-
spectively). For simplicity, it is assumed that a local thermodynamic equilib-
rium is maintained at all altitudes in the planetary atmosphere.

For the vertical distribution of the modulus of horizontal wind speed,
a Gaussian dependence with 3 parameters is assumed: u, is the maximum
wind speed (in units of the speed of sound), which is reached at a height
of z_, the layer has a half-width of Az _.In the coordinate system of an ob-
server stationary relative to the surface of the planet, an expression was
obtained in [2] for the frequency shift of radiation emitted in a certain direc-
tion by gas molecules moving in a wind current at a given height. This shift
is taken into account in the expression for the values of o, when modeling
radiation coming out of the planet’s atmosphere at the upper boundary
with different values of the zenith angle.

For all spectral lines, a Voigt contour with a width parameter of
Y, = 0,068 sm Latm™ (at p,=1atm, T, =296 K) and a temperature depen-
dence parameter of n = 0. 7is adopted. %Since this work is of a demonstration
nature, the radiation field at frequencies is considered only for the most in-
tense line of fundamental transitions with values of the central frequency
v, and the Einstein coefficient of spontaneous emission A, characteristic of
the 4.3 um band of molecules of the considered 4 CO, isotopologues.

RESULTS:

The values of the radiation intensity exiting the upper boundary of the plan-
etary atmosphere have been modeled for cases involving a stationary (i.e.
atmosphere without the moving layer) and moving atmosphere (i.e., one
with a moving layer). The results are presented in Figure 1 in the form of
a ratio of outgoing radiation intensities, g, for a moving vs. stationary at-
mosphere, depending on the dimensionless frequency (the difference
between the current frequency v and the central frequency Ve expressed
in units of Doppler width Av,). This dimensionless frequency is useful for
studying the effects of macroscoplc wind speed gradients on the outgoing
radiation spectrum.
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Figure 1. The ratio g of the spectrum of outgoing radiation for a moving atmo-

sphere (wind velocity in the center of the moving layer is 1 Max) to the spectrum of
outgoing radiation for a stationary one for the principal isotopologue '*C'°0, from
the Doppler (solid), Voigt (long dotted line) and Lorentz (short dotted line) contours
of the spectral line in the 4.3 um band.

In order for the wind profile model to approximately correspond to the ob-
served velocity field in the layer above clouds in the atmosphere of Venus,
the following values were selected: velocity in the center of the layer
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u, =1 Max, height of the center of the moving layer z = 30 km, half-width
of the moving layer Az_= 10 km (the wind velocity profile is shown in [2]
in Figure 1, right panel)f"]'he following observation geometry was adopted:
the ray of sight has the cosine of the zenith angle p=0.1, and the azimuth
angleis 0°.

The following characteristic values were taken as the main optical pa-
rameters on which the_optical thickness of the planetary atmosphere in
the 4.3 um band of the '2C 6O2 molecule depends: the frequency of the cen-
ter of the line v, = 2340 cm™"” and the Einstein coefficient of spontaneous
emission A, =400 s,

From the Figure 1, it can be concluded that the Doppler effect is most no-
ticeably taken into account when taking the Doppler contour of the spectral
line, because in this case the wings of the spectral lines are not developed:
the volume absorption coefficient of radiation, o, decreases very quickly
at all altitudes in the atmosphere with increasing distance from the cen-
tral frequency of the line. The least noticeable manifestation of this effect is
when assuming the Lorentz contour, since in this case the rate of decrease
of 0, is too slow at all altitudes in the atmosphere (inversely proportional
to the square of the dimensionless frequency). Both of these contours are
marginal cases. In the case of the Voigt contour, which is more realistic for
planetary atmospheres, with the Voigt parameter proportional to pressure
(and, consequently, exponentially increasing with decreasing altitude in
the atmosphere), the influence of the Doppler effect on the outgoing radi-
ation remains significant, although it is an order of magnitude weaker than
in the case of the Doppler contour.

Itis also evident that the locations of the maxima and minima in the values
q are shifted away from the centerline as the rate of decline in the values o,
(Doppler shift) increases.

CONCLUSIONS:

It has been shown that the presence of a moving layer in the planetary at-
mosphere, for a certain range of frequencies in the near and middle parts
of the wings of the spectral lines, can significantly affect the intensity of
radiation outgoing from the planetary atmosphere at its upper boundary.
These variations can reach hundreds of percent, both upwards and down-
wards. Furthermore, these variations do not cancel each other out, as they
are significantly non-linear in nature.

The main conclusions are as follows. 1) The spectral distribution of radiation
escaping from the atmosphere at the upper boundary in the presence of
a large-scale vertical gradient of horizontal velocity strongly depends on
the parameters of the spectral line of the band (the central frequency v,
and the Einstein coefficient of spontaneous emission AO). 2) When the spec-
tral parameters of the line vary, the intensity of the outgoing radiation
changes in different ways for frequencies located at different distances
from the central frequency. 3) In this case, the change in radiation intensity
in the presence of a moving layer in the atmosphere has a very different
character from line (band) to line (band).

The latter circumstances can be used to diagnose the characteristics of
large-scale wind movements in planetary atmospheres. Based on the anal-
ysis of the results of this work, it suggests that further studies of this prob-
lem using more realistic models, both for spectral bands and for large-scale
vertical wind velocity gradients, may be appropriate.
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INTRODUCTION:

The exposure of volatiles could be spotted on the surface of comets as
bright spots. Firstly, bright spots were discovered on the surface of comets
9P/Tempel 1 [1] and 103P/Hartley 2 [2]. Under the Rosetta mission, bright
features on the comet’s surface were identified using OSIRIS and VIRTIS-M
multispectral imaging systems (Figure 1). The component analysis revealed
that these bright spots primarily consist of water ice (e.g., [3]). The esti-
mated water ice abundance significantly varies from 10 % to up to 80 %.
The lifetime of bright spots varies from the diurnal cycle of frost reconden-
sation [4], up to months for bright spots in consolidated material (e.g., [5]).

'i(l m

Figure 1. An example of water ice exposure and evolution: a — boulder before de-
struction and exposure; b — boulder after cracking and exposure; (c) close-range
image of the boulder

In our investigation, we present a comprehensive spatial and temporal
analysis of water exposure on the surface of Comet 67P, highlighting ac-
tive areas that depend on the comet’s position in its orbit. Based on this
knowledge and morphological analysis of active spots, we aim to investi-
gate the primary mechanisms responsible for exposing water ice on 67P’s
surface. The next step will be to integrate morphological and thermophys-
ical analyses.

MORPHOLOGY, SPATIAL DISTRIBUTION AND TIME-SERIES
ANALYSIS:
In our research, we rely on previous publications in classification [3, 6] and
the mapping of bright features [6, 7]. However, we have developed a com-
bined classification based on the morphology and origin of these features.
While we focused on the erosional exposure of volatiles, it has allowed us
to exclude sublimational deposition of frost from our analysis. The frost
sublimation and deposition process will be studied in separate research.
Therefore, studying the erosional mechanism of volatile exposure allows us
to distinguish three types with several subtypes for future heat and mass
modelling:
1. Volatile exposure in a smooth material:

1a) areal exposure,

1b) scarp-related exposure.
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2.Volatile exposure in a consolidated material:
2a) consolidated material,
2b) separated boulders.

3. Volatile exposure caused by slope collapse.

To explain the mechanism of exposure formation, we focused on (1a) are-
al volatile exposure in smooth material and (2) volatile exposure in a con-
solidated material, because the other types required the use of additional
methods and will be studied in the future,

Volatile exposure in a smooth material

The variations of volatile exposure in a smooth material allowed us to sub-
divide these features into (a) areal exposure and scarp-related exposure
(Figure 1b). The first subtype (1a) is related to the areal exposure of volatiles
in a smooth material. This subtype is characterized by both a localized ex-
posure within one month and a prolonged active period that spans a large
area. The main feature of this subtype is the formation of volatile exposure
in smooth material without an obvious external erosional process. It is as-
sumed that exposure occurs due to internal driving forces. The most com-
mon is the 1b subtype related to the active transient surface changes that
appeared on the surface due to the formation of erosional circular scarps.
The speed of scarps migration reaches 7.6 m/day, which is much faster than
the erosion by H,O or CO,, suggesting non-sublimation-driven erosion.
This explains why this mechanism was excluded from our numerical calcu-
lations. Therefore, volatile exposure in smooth materials is mainly related
to the fast-growing and short-lived process, which appears on the surface
through the erosional removal of dust material.

Volatile exposure in a consolidated material

Compared to volatiles exposed in a smooth material, the process in consol-
idated material (Figure 1) is usually active for a longer time and localized to
a few meters. This is facilitated by the rough, partially shaded surface and
slow material erosion, which slows down the sublimation rate. Time-series
analysis revealed that this process can be prolonged for up to 10 months in
some cases, with breaks for several months. This process is less dependent
on orbital position and exhibits only a slight increase in activity detection
after perihelion. In the after-perihelium period, the mean exposure lati-
tude shifted more to the south, which is explained by better illumination of
the southern hemisphere at this part of the orbit.

Volatile exposure caused by slope collapse

This type of volatile exposure is associated with highly inclined slopes
and cliffs, including the break line at the inclined surface and redeposited
material, such as talus and individual boulders, at the base of the slopes.
A combination of processes, including water-ice sublimation, metamor-
phism, material thermal stress, and local gravity, drives the formation
mechanism. Higher local gravity accelerates the breakdown of consolidat-
ed material, leading to its fragmentation into larger fragments and subse-
quent downslope transport, which forms taluses and individual boulders
at the bottom of the slope. Volatile-rich areas are exposed at the break line
areas and on the eroded material. Within this process, the assumed influ-
ence of subsurface ice sublimation on material erosion could be more sig-
nificant. A combination of processes acting on the material leads to more
active erosion and, consequently, an acceleration of the erosional cycle.
The time-series analysis confirmed this assumption and revealed a relative-
ly uniform temporal distribution of this process with the significant pres-
ence of prolonged or reactivated exposures.

RESULTS:

The results of the mapping revealed 340 places with ice exposure (Fig-
ure 2). Totally, 32 exposures for subtypes 1a (8) and 1b (24), 244 exposures
for subtypes 2a (154) and 2b (90), and 64 exposures for type 3 were de-
tected. The duration of volatile exposure in 135 places was more than one
month, occurring over several consecutive months or appearing separately
with intervening inactive periods. This reveals the reactivation mechanism
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of exposure. The main density of volatile exposure accrues to Comet 67P's
equatorial and southern regions, which are extensively illuminated close to
the perihelion period.

-180 -150 -120

Figure 2. Map of volatile exposure on the Comet 67P

The morphology and dynamics of exposures considered in our work re-
vealed the erosional nature of the processes and indicated that consol-
idated material remains a primary reservoir for volatile storage (see Fig-
ure 1). The reactivation of active places says about the erosional cycle with
the gradual destruction of material: (a) drying of the upper layer, (b) erosion
of dry crust with underlayer volatile exposure, (c) sublimation of volatiles
and repeating the cycle.
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ABSTRACT:

Observations have shown that many icy bodies in the Solar System un-
dergo processes of active energy release. These processes may lead to
the formation of liquid water beneath the surface of an icy body. An en-
ergy source for such processes remains unknown in many cases. We pro-
pose the recombination of accumulated radicals as the energy source. We
assume that the accumulation of H and OH radicals occurs in amorphous
water ice due to the decay of radionuclides throughout the entire volume
of the body. Our previous calculations show that if a certain concentration
of radicals accumulates inside an icy body, the recombination process can
raise the temperature up to 273 K [1]. However, the formation of liquid wa-
ter inside the body also requires sufficient gas pressure. In the work [1] we
carried out simulations without taking into account the diffusion of vola-
tile gases and, therefore, we did not address the pressure that would de-
velop inside an icy body during the recombination process. In the present
work, we examine a more complex model in which the processes of dif-
fusion and crystallization of volatile gases are also taken into account [2].
This model allows us to study the dependence of the possibility of liquid
water formation on the composition and porosity of an icy body. In this
work, we consider porous bodies with radii up to 20 km (e.g., comets and
small bodies of the Kuiper belt). We assume that the bodies are composed
of amorphous water ice and dust. At low temperatures, amorphous ice
traps volatile gas molecules [3]. At temperatures above 120 K, the process
of transition from amorphous ice to crystalline ice occurs, accompanied
by sublimation of trapped volatile gases (e.g., CO and CO,). The release of
these gases results in the growth of pressure inside the boéy The gases can
diffuse through the porous material into unheated layers, where they can
recondense. Our calculations show that the maximum pressure front of CO
and CO, gases is slightly behind the recombination front and propagates
throughout the body along with it. The gas pressure inside this region can
reach large values necessary for the formation of liquid water. For example,
when the molar abundances of CO and CO, gases relative to water ice are
equal to 0.1, as in works [1, 2], this pressure exceeds 20 atmospheres.
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ABSTRACT:

The New Horizons mission measured an abnormally high density of dust
particles at a distance of R = 42-55 au and even an increase in their number
with increasing distance from the Sun [1]. Existing models of dust genera-
tion in the Kuiper Belt region cannot explain these observations. So far, only
two mechanisms of dust formation at large distances from the Sun have
been considered: collisions of bodies entering this belt and bombardment
of their surfaces with interstellar dust particles.

We propose a new mechanism for the generation of dust at large distances,
which is based on our previously proposed model of observed cometary
outbursts at R > 10 au [2]. Our mechanism is based on the rapid process of
recombination of radicals accumulated in the surface layers of icy bodies
as a result of long time bombardment by galactic cosmic rays. The process
leads to the release of a large amount of energy and the ejection of a large
number of dust particles M > 10'° g.

In our work, we estimate the required number of icy bodies and their size
and distance distribution from the Sun to generate enough to explain
the results of the New Horizons mission.
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ABSTRACT:

We investigate the origin of distant trans-Neptunian objects under collec-
tive gravity of the known giant planets, additional outer planets and mas-
sive planetesimals. We carry out the full N-body numerical simulations of
gravitational interactions of the giant planets and smaller bodies of differ-
ent mass ranges for 4 Gyr. First, we study the evolution of the Solar system
with additional Earth-mass planets. Secondly, we consider systems with
additional planets of larger masses. In most cases of numerical simulations,
either the destructions of planetary systems or the transitions of planets
to orbits significantly different from modern orbits occur. Nevertheless, we
have found many cases of the planetary systems that survive for the Solar
system age with a configuration close to the present one. In such systems,
the presence of distant trans-Neptunian objects is typical. The dynamical
features of objects in the remote trans-Neptunian region are very diverse
and include mutual secular resonances and close encounters. The com-
bined action of perturbations from the giant planets, additional planets
and self-gravity of the planetesimal disk can produce distant trans-Nep-
tunian objects in both high-eccentricity and near-circular orbits. A trend
towards an increase in the number of surviving distant trans-Neptunian ob-
jects with an increase in the number of additional planets has been noted.
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INTRODUCTION:

The dynamical evolution of comets is influenced not only by gravitational
perturbations, but also by non-gravitational forces such as cometary out-
bursts [1, 2]. While planetary encounters and migration, as described in
the Nice model [3-5], played a dominant role in reshaping the structure
of the outer Solar System, additional effects from comet-intrinsic activity
could have contributed to the long-term orbital evolution of small icy bod-
ies. In this study, we explore how cometary outbursts may have affected
cometary orbits during the early stages of Solar System history. Comets
in our simulations were initially distributed between 30 and 50 au from
the Sun. We compare two evolutionary scenarios: one involving only plan-
etary gravitational perturbations, and another incorporating both gravita-
tional forces and velocity impulses caused by cometary outbursts.

RESULTS:

Our results show that cometary outbursts can significantly affect orbit-
al evolution by increasing eccentricity. In multiple cases, comets that re-
mained on near-circular or moderately perturbed orbits under purely
gravitational influences acquired near-parabolic or even hyperbolic trajec-
tories when outbursts were included. This effect was particularly evident
for smaller comets, which experienced stronger velocity changes per unit
mass. Even though outbursts were applied infrequently, their cumulative
effect led to major divergence between the two scenarios. These findings
suggest that cometary activity could have played a substantial role in shap-
ing the dynamical structure of the early outer Solar System.
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INTRODUCTION:

In the case of a comet [1], in addition to the processes leading to the elec-
trostatic interaction of dusty plasma with the charged surface of the cos-
mic body, the formation of dusty plasma is influenced by the drag of dust
by the flow of gases resulting from the sublimation caused by the heating
of the comet nucleus by solar radiation. Here, we present a description of
dusty plasma processes in the vicinity of 67P/Churyumov-Gerasimenko
comet and discuss the influence of albedo on the processes of dusty plas-
ma formation.

RESULTS OF CALCULATIONS:

Figure 1 presents the comparison of the temperature T_ of gases in the gas
flow, their concentration n_ and velocity V. calculated for two values of
the bolometric albedo, namely, 0.06 (solid curves) and 0.63 (dashed curves).
The comet nucleus is supposed to correspond to the conditions of the nu-
cleus of the 67P/Churyumov Gerasimenko comet (in particular, the gravi-
ty is 00245 cm/s?, the nucleus radius is R = 1.65 km, the nucleus mass is
M, = 10" kg, and the nucleus matter density is p, = g/cm?).

Ifthe albedo of the comet nucleus is rather high (e.g., 0.63 for pure ice [2])
the dusty plasma processes are manifested significantly when a comet is
sufficiently far from the Sun. For example, the dusty plasma near the com-
et nucleus at distances to the Sun no less than ~2.5-2.5 au can be formed
[1] due to the electrostatic interactions similar to the situation, e.g., near
the Moon. Dust particle dynamics at closer distances from the Sun is deter-
mined by the gas flow from the comet nucleus.

The low albedo (e.g., 0.06 for the nucleus of the 67P/Churyumov-Gera-
simenko comet) results in a significant change in the parameters of gas-
es resulting from the sublimation
caused by the heating of the comet
nucleus in comparison with the sit-
uation of the high albedo (see Fig-

ure 1). In particular, for the same w
distance L from the Sun, the gas flow
from the comet nucleus is stron-
ger for the lower albedo. Figure 2
shows the altitude distributions
of the parameters characterizing
dusty plasma above the surface of
the 67P/Churyumov-Gerasimenko
comet nucleus at L =5 au. The ratio
of the electrostatic and gas-dynam-
ic forces acting on a dust particle,
EE/Efg ~TatL=>5au (seeFigure 2).
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Thus for the 67P/Churyumov-Gerasimenko comet the dusty plasma
is formed mainly due to the electrostatic interactions when L is within
the range from ~5 au to the aphelion of the comet, 5.68 au. For the distanc-
es less than ~5 au the dynamics of dust particles is determined by the gas
flow from the comet nucleus.
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Figure 2. Sizes a and charge numbers Z  of dust particles, the ratio E./E, of the elec-
trostatic and gas-dynamic forces acting on a dust particle, and the e(gctric field E
versus the altitude h over the surface of the comet nucleus for the subsolar angles
0 =287°(a) and 77° (b). The dashed lines correspond to unstable equilibrium states
of dust particles. Calculations are performed for the conditions of the 67P/Churyu-
mov-Gerasimenko cometatL =5 au

DISCUSSION AND CONCLUSIONS:

For a comet exhibiting parameters of the nucleus close to those of the nu-
cleus of the 67P/Churyumov-Gerasimenko comet, the dusty plasma in
the vicinity of the nucleus forms due to electrostatic interactions, i.e.,
analogous to dusty plasma formation near other bodies without atmo-
sphere (e.g., Mercury [3], the Moon [4], Martian satellites [5, 6]), provided
that the distance from the comet to the Sun is at least ~5 au. On the con-
trary, if the comet is closer to the Sun, the dynamics of dust particles is
determined by the gas flow from the comet nucleus. The reason why for
the 67P/Churyumov-Gerasimenko comet the distance of the dusty plasma
formation due to the electrostatic interactions is larger than for a comet
with nucleus consisting of pure ice is the low value of albedo of the surface
of the 67P/Churyumov-Gerasimenko comet. Thus albedo is an important
factor for the formation of dusty plasma system in the vicinity of a comet.

The results obtained here can be used for the description of dusty plasmas
near active asteroids [7]. Because active asteroids are Main Belt those, and
the typical distance from the Sun to an active asteroid is 2.8 au, an appear-
ance of dusty plasmas formed mainly due to the electrostatic interaction
at active asteroids is possible only for rather high albedo of their surface
(e.g., 0.63).

Although the history of studying dusty plasmas at comets and asteroids is
relatively long, there are still unresolved problems, and successful solution
of some of them requires accumulating new knowledge about the studied
space objects. This goal can be achieved only in the course of future space
missions.
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INTRODUCTION:

Studying of trans-Neptunian bodies, we address the origin and formation
scenario of the Solar System. The distant comets are members of the Oort
and Kuiper belts, and therefore they remain the Solar System primary
material. The distant comets move at large heliocentric distances and re-
tain the material in the primary, almost no processed state. The ices cov-
ering the comet nuclei contain different types of molecules from simple
two-atomic to precursors of the complex organic species like methanol.
Measuring the molecular composition of the distant comets helps us to un-
derstand how deeply their ices were preceded by solar UV radiation. Since
methanol can only be formed on dust grains by subsequent hydrogena-
tion of condensed CO, the abundance ratio of primary volatile molecules
CH,0H/CO can be marker of a comet history and its irradiation by solar UV
photons

RESULTS:

We observed 12 lines of methanol, one line of CO and one of HCN in
the Oort comet C/2017 K2 (PANSTARRS) during the pre-perihelion phase
from April to July 2022 with the APEX and OSO-20m telescopes. Our con-
clusions are following.

First, the intensities of the methanol lines rise from April to July from 10-20
t0 100 % for the lines with £ < 40 K and even higher for lines with £, > 40 K.
The intensities of the CO and HCN lines did not rise from spring to summer
which is probably related with depletion of these hypervolatiles. The coma
expansion velocity of 0.3 km/s was unchanged regardless of the position of
the comet relative to the Sun.

Second, water production rate Q,,,=(0.7-1)- 10%°s™! was almost stable
during the observed pre- perlhellon phase The non-LTE model appears to
be degenerate across the explored gas temperature values. However, we
find that the best-fit models correspond to gas temperatures above 100 K
by at least a factor of few, whereas the LTE analysis yields values an order
of magnitude lower. The ratio of CH;OH/H,Q is in the interval 0.013-0.017.

Third, while the LTE analysis provides reasonable agreement of the sim-
ulated and observed line intensities, the non-LTE intensities are closer to
the observed. These two approaches give different values of the gas tem-
perature, CH,OH/H,O ratio and Q,,,,. Since the non-LTE is more general ap-
proach, we do our’main conclusions using those. Molecular abundances
and other physical parameters of comet comas obtained using the LTE ap-
proach should be interpreted with caution and must be supplemented by
more accurate non-LTE analyses to draw reliable conclusions about the in-
terstellar origin of elements and molecules found on Earth.

-1
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INTRODUCTION:

The existing infrared spectral measurements of Pluto by the New Hori-
zons spacecraft’s LEISA instrument make it possible not only to determine
the composition of the dwarf planet’s surface, but also to find out the spa-
tial distribution of various materials and ices. Despite the fact that there is
already very good work [1-3] on calculating the materials distribution on
Pluto’s surface, only 2 images of the LEISA camera were used in the work,
and the spatial resolution was limited to 12 km per pixel due to computa-
tional difficulties. In this work, an attempt is also made to calculate the dis-
tribution of materials using simultaneously 5 images of the LEISA camera
in a spatial resolution of 7 km per pixel. During the processing of the cali-
brated LEISA fits files, some image defects were detected and removed that
could affect the calculation results.

Figure 1. Example of calculated Pluto surface composition: CH4-rich ice, N2-rich ice,
H20-ice and Titan tholins
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INTRODUCTION:

Since 2019, polarimetric monitoring of near-Earth asteroids (NEAs) has been
conducted at the 2.6-m telescope at the Crimean Astrophysical Observa-
tory (CrAO) and the 2-m telescope at the Peak Terskol Observatory (PTO,
a branch of INASAN). Polarimetric studies, especially over a wide range of
phase angles, are essential for determining polarization phase dependenc-
es (PhDP) for different taxonomic classes, as well as estimating albedo and
size.To date, polarimetric properties of more than 30 near-Earth asteroids
have been measured. This represents a significant contribution to the total
number (approximately 26) of observed NEAs published to date.

2100 RA-SHALOM:

In the period from July 23 to August 3, 2025, observations of the low-al-
bedo NEA 2100 Ra-Shalom were carried out in the phase angle range of
84-73° using the CrAO and PTO polarimeters in the V and R bands. Figure 1
shows the R-band PhDP, supplemented by measurements at 60° [1] and by
unpublished measurements at 27°.
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Figure 1. The phase-angle polarization dependencies of low-albedo NEAs.
The dashed line represents the average polarization curve of NEAs 101955, 152679,
162173, 25330. For comparison, the synthetic polarization curve for intermedi-
ate-albedo S-type asteroids is shown as a solid curve
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For comparison, the data of different authors [2] are presented for other
low-albedo asteroids 101955 (Bennu), 152679 (1998 Ku2), 162173 (Ruygu),
3200 Phaethon. Additionally, data from NEAs 25330 and 417264 obtained
using our program [3] are shown.

The figure shows that the PhDP of Ra-Shalom differs significantly from
the data for Phaethon and four asteroids 101955, 152679, 162173, 25330.
The latter form a group with close polarization curves. However, the PhDP
of Ra-Shalom coincides well with the polarization of NEA 417264. In gen-
eral, it is obvious that low-albedo asteroids demonstrate significant scat-
tering of the degree of polarization on the plot P_vs phase angle. Possible
reasons will be discussed.
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ABSTRACT:

Earth’s 1:1-resonant asteroid companions make up a small yet remarkable
partof the near-Earth space objects. A Monte Carlo investigation [1] showed
that slow, chaotic drift from the main belt can keep this co-orbital group
continually supplied, replacing objects that persist for just 10°~10° years.
These bodies are difficult to detect: they are spread over a wide area of sky
and too faint for most telescopes.

Complementing that statistical view, long-term simulations in [2] show that
the high-inclination Hungaria family is an active inner-belt source of near-
Earth, planet-crossing asteroids with frequent close encounters. In a subse-
quent study, [3] quantified the co-orbital contribution: approximately 5 %
of the test Hungarias escaped over 100 Myr, and about 3 % of these escap-
ees were temporarily captured into 1:1 resonance with Earth or Mars. Once
trapped, they typically remain co-orbital with Earth for a few tens of thou-
sands of years before planetary perturbations or close encounters break
the resonance. Most captures take the quasi-satellite form, with a smaller
contingent on horseshoe or Trojan paths; a bias toward Earth’s trailing (L5)
region is evident, and lifetimes rarely exceed ~6-10* years.

More recently, numerical and spectral studies [4, 5] revived the idea that
some co-orbitals may actually be fragments of the Moon. Simulations
reveal that just a tiny fraction of ejecta, launched at velocities slightly
above lunar escape speed from the Moon'’s trailing hemisphere, can leave
the Earth—Moon system, hover near 1a.u., and settle into the 1:1 reso-
nance. Spectroscopic observations show an L-type reflectance profile that
is virtually indistinguishable from lunar silicates for the long-lived qua-
si-satellite (469219) Kamo'oalewa, hinting that Earth’s co-orbital ranks in-
clude not only Hungaria-type asteroids but also occasional lunar shards.

In comparison with [2, 3], our study is based on updated information on
the distribution of orbital elements of the Hungaria family of asteroids.
Using long-term N-body integrations, we track entries into Earth’s 1:1 res-
onance, classify co-orbital regimes (quasi-satellite, horseshoe, Trojan) and
measure residence times. The objective is to quantify the intrinsic supply
potential and typical lifetimes of Hungaria-derived co-orbitals.
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INTRODUCTION:

This work is devoted to study the possibilities of redirecting spacecraft
from the initial halo orbits in the vicinity of the L, Sun-Earth libration point
to the required ones, which ensure the spacecrafts approach to one of
the near-Earth asteroids and further movement around the libration point.
Such an asteroid can be Apophis [1], which will approach Earth on April 13,
2029, passing near the L, Sun-Earth libration point two days prior.

The paper focuses on orbits whose parameters are similar to those of ex-
isting space observatories and telescopes, such as The James Webb Space
Telescope [2] and the Spectrum-Roentgen-Gamma (SRG) [3]. It is shown
that, taking into account current fuel reserves, a spacecraft in the SRG-like
orbit can approach the Apophis asteroid at a cost of a characteristic velocity
of less than 200 m/s in several ways.

SIMULATION RESULTS:

Figures 1 and 2 show the dependencies x(t), y(t), z(t) and a(t) (phase angle),
respectively, for one initial (red) and three target orbits, obtained by apply-
ing the necessary impulse on different dates: February 18 (AV =200 m/s,
purple), March 3 (AV . =1752m/s, blue) and March 15 (AV =200 m/s,
green), 2029. The date rFebruary 18 is accepted as t =0. The vertical line
marks the date of Apophis’ flyby near the L, Sun-Earth libration point.
The spacecraft approaches the asteroid in all three target orbits on April 11,
2029, with a difference of several hours, during which Apophis manages
to cover almost 100,000 km along the x-axis. It is important to note that
the approach to Apophis can occur at different phase angles.
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Figure 2. Phase angle as a function of time for the initial and target orbits

CONCLUSION:

The proposed kind of extended mission enable acquiring new scientific
data about the target celestial body while simultaneously pursuing primary
objectives. Such a concept for designing transfer trajectories within the vi-
cinity of the libration point may be useful for future missions, especially for
small spacecraft due to the low fuel consumption to implement the neces-
sary maneuvers.

REFERENCES:

[11 Shuvalov V.V, Svettsov V.V, ArtemevaN.A. Asteroid Apophis: evaluating
the impact hazards of such bodies // Solar System Research. 2017.V.51. No. 1.
P. 44-58. https://doi.org/10.1134/5S003809461701004X.

[2] Gardner J., Mather J., AbbottR. et al. The James Webb Space Telescope mission
// Publications of the Astronomical Society of the Pacific. 2023.V. 135. Iss. 1048.
Article 068001. 24 p. DOI: 10.1088/1538-3873/acd1b5.

[3]1 Eismont N.A., Kovalenko I.D., Nazarov V.N. Orbital motion and attitude control
of the Spectrum-Réntgen-Gamma space observatory // Astronomy Letters.
2020.V.46.No. 4. P. 263-274. https://doi.org/10.1134/51063773720040040.



16MS3-SB-12
ORAL

ON THE POSSIBILITY OF FLYBYS OF A LARGE
NUMBER OF MAIN BELT ASTEROIDS

A.A. Sukhanov
Space Research Institute RAS, Moscow, Russia, sukhanov@cosmos.ru

KEYWORDS:
spacecraft, main belt asteroids, asteroid flyby, gravity assist maneuver, as-
teroid mass determination

ABSTRACT:

A concept of a low-cost mission to a large number of main belt asteroids is
considered; a similar project called Hannes was being developed in Swe-
den in the 1990s [1]. It is proposed to launch several spacecraft (SC) by
one launch vehicle, each of which approaches several asteroids. To lower
the mission cost, it is suggested to use identical SC, perform gravity as-
sists of Venus and Earth (i.e. Venus-Earth Gravity Assist (VEGA) maneuver
is used), and explore asteroids from flyby trajectories. After the VEGA, for
each of the SC a main target among main belt asteroids is selected; apart
from that a few smaller asteroids can be encountered for low additional AV
by each of the SC. Then each of the SC performs second Earth gravity assist
maneuver which directs it to second main target, etc. An illustrative exam-
ple of such a mission is given. This example includes encounters of one of
the SC with such big asteroids as (216) Kleopatra, (112) Iphigenia (or (235)
Carolina or (196) Philomela) and a few more small asteroids for 5-6 years.
A method for accurately determining the mass of an asteroid from a flyby
trajectory, suggested in [2], is described. This method is based on optical
observations from the SC of a passive probe that separated from the SC
shortly before the asteroid flyby.
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INTRODUCTION:

The study of approaches of Near-Earth asteroids (NEAs) to other planets pro-
vides important information about the nature of their motion and further
evolution, since this feature can affect the behavior of orbital parameters
in a short time. It is especially important to identify approaches to massive
planets such as Jupiter, since its gravitational effect can cause the object
to become a potentially hazardous asteroid. Earlier, we compiled a list of
Near-Earth asteroids approaching Jupiter [1], which contains 1409 such ce-
lestial bodies. A detailed study of the dynamics of these asteroids requires
constructing a perturbation structure. Formation of this structure will allow
us to compile a recommended list of forces that have be taken into account
to build a more accurate prediction of the dynamics of Near-Earth asteroids
approaching Jupiter. This topic is covered in this paper. A special place in
constructing the perturbation structure is occupied by solar radiation pres-
sure and the Yarkovsky effect. These non-gravitational perturbations can
have a significant effect on the orbits of small asteroids that regularly pass
close to the Sun. The difficulty in taking these factors into account lies in
the lack of knowledge of the physical parameters of most asteroids.

STUDY TECHNIQUE:

The impact of perturbing factors on the asteroid motion was assessed
using a technique we had developed earlier [2, 3]. The methodology for
studying the perturbation structure is based on the assessment of not only
the nominal orbit, but also the size of the initial confidence region. These
methods are implemented in our software “IDA” [4]. Using the IDA, we ob-
tained estimates of the influence of perturbations for all Near-Earth aster-
oids approaching Jupiter from [1]. To process an array of 1409 files, a Python
script was written, which made it possible to obtain general statistics on
perturbations by class of these asteroids and separately for each object.

To assess the influence of solar radiation pressure, it is necessary to know
the physical parameters of asteroids, such as diameter, mass, and albedo.
To take into account the Yarkovsky effect, it is sufficient to know the trans-
verse acceleration parameter A,. To make it easier to find these parame-
ters and reduce the time spent, we created the AstroScan program. This
program automatically downloads known parameters for a given list of
asteroids from the NASA JPL database (https://ssd.jpl.nasa.gov). The user
specifies a list of parameters for searching and a list of asteroids and runs
the program. AstroScan automatically generates APl requests to the NASA
server, filters the data and leaves the necessary information. The user re-
ceives the results in text format and can save them for further use.

RESEARCH RESULTS:

The conducted study allowed us to identify the following set of pertur-
bations that should be taken into account when constructing the orbital
evolution of NEAs approaching Jupiter: gravitational influence of the plan-
ets, the Moon, Ceres, Pallas, and Vesta, relativistic effects of the Sun and
the Sun oblateness. For 1/3 of the asteroids under study, taking into
account the relativistic effects of Jupiter is also valid; the Jupiter oblateness
has a slightly lesser effect, which is most likely due to close approaches to
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the planet. The influence of these factors should be considered for individ-
ual objects.

To account for solar radiation pressure, we were able to download parame-
ters for 113 asteroids, and the Yarkovsky effect parameter was available for
only five objects. Using these parameters, we constructed the perturbation
structure for these asteroids and found that the Yarkovsky effect should be
taken into account for all five asteroids with a known A.. Solar radiation
pressure has a significant impact on approximately half of the objects with
known parameters. When analyzing the dynamics of individual asteroids, it
is advisable to assess the influence of these parameters on a case-by-case
basis.

The obtained results led us to the idea of performing numerical estimates
of the A, parameter for all the studied objects. By applying an automated
procedure, we obtained the following estimates. For 16 objectsz the uncer-
tainty of the Yarkovsky effect parameter does not exceed 107" a.u,; these
are numbered asteroids with well-determined orbits. For 209 NEAs, the un-
certainty is less than 107'% a.u.; these results can be considered acceptable.
The orbits of the remaining objects are not well enough defined to obtain
reliable estimates of the Yarkovsky effect parameter.
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INTRODUCTION:

Modern missions to small bodies of the Solar System increasingly rely on
energy-efficient ballistic solutions, especially in the context of planetary
defense and asteroid deflection technologies. One of the most promising
strategies involves transferring an asteroid onto an orbit resonant with
Earth, which enables regular encounters with the Earth—-Moon system and
creates favorable conditions for gravitational capture without the need for
high-energy braking maneuvers.

MISSION CONCEPT:

This study considers a transfer scheme for near-Earth asteroids to a helio-
centric orbit with a period close to one Earth year [1, 2]. Special attention
is given to the selection of suitable targets and the design of the initial
phase of the mission, including departure from low Earth orbit (LEO), ren-
dezvous with the asteroid, and a single impulse maneuver that places it
on a resonant trajectory. Transfer trajectories were constructed for selected
asteroids using chemical propulsion systems. The resulting orbital config-
urations ensure stable annual encounters with Earth, and minor angular
adjustments allow for close approaches to the Moon without the need for
additional impulsive corrections. This work lays the foundation for further
studies on multi-flyby lunar capture and low-thrust trajectory optimization,
forming the initial stage of an extended research project. Numerical simu-
lations were performed using Lambert problem solvers and integration of
full equations of motion under the perturbations from the Sun, Earth, and
Moon. The analysis used JPL DE ephemerides and an adaptive Runge-Kutta
integration scheme.

RESULTS:

The analysis demonstrates that a well-chosen combination of target se-
lection and initial maneuver parameters can significantly reduce the mis-
sion’s energy budget. A single-impulse transfer to a resonant orbit enables
further passive capture through natural dynamics within the Earth—-Moon
system. Such strategies can be used not only for planetary defense but also
for asteroid resource utilization and demonstration of low-energy capture
techniques for small-body missions.
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INTRODUCTION:

The young Emilkowalski asteroid family is located in the central Main Belt:
semi-major axis a=2.60 a.u., eccentricity e=0.15, inclination i=17.75°.
In 2006 Nesvorny and Vokrouhlicky [1] considered Emilkowalski family as
a cluster of three asteroids in close heliocentric orbits: (14627) Emilkowal-
ski, (126761) 2002 DW10, and (224559) 2005 WU179. The first estimate of
the age of the family at 220+30 kyr [1] showed that it is a young family.
Veres et al. [2] estimated the taxonomic type of asteroid (14627) Emilkowal-
ski based on photometric observations as type D.

Pravec et al. [3] and Fatka et al. [4] discovered new family members and
brought the number of asteroids in the family to nine. Age estimates of
the “main asteroid (14627) Emilkowalski — secondary asteroid” pairs were
obtained in papers [3] and [4]. Estimates of the formation a 3gs, of the oldest
palr(14627) Emilkowalski - (476673) 2008 TN44 are 3. 447_0898 Myr [3]and
3. 020+1 §2§ Myr [4]. It was shown that at least two decay events of the par-
ent asteroid of this family occurred in the last 5 Myr. This is consistent with
the scenario of cascading disintegration of the parent body. Kuznetsov
et al. [5] added four new members of the Emilkowalski family. Thus, 13 as-
teroids that are members of the Emilkowalski family are currently known.

Kuznetsov et al. [6] considered the young Emilkowalski asteroid family from
the point of view of studying the formation process and attempting to re-
construct the chronological sequence of the parent body breakup based
on nominal orbits. It is possible that the family is significantly younger
than previously thought. According to the constructed scenario, the age of
the family does not exceed 1.5 Myr.

In this paper, we estimate the ages of asteroid pairs in the Emilkowalski
family from the results of probabilistic evolution modeling to verify and re-
fine the family formation scenario.

METHODS:

In the probabilistic evolution modeling, 250 clones were generated for
each asteroid. The linear stochastic scheme e = e, + Lr was used. Here e,
and e are vectors of orbital elements of the (hominal) asteroid and its (virtu-
al) clone, respectively; L is the Choletsky decomposmon matrix for the co-
variance matrix of parametric errors C: € = LL'; r is a six-dimensional vector
of independent standard normally distributed random variables.

Improved orbital elements and covariance matrices for the asteroids of
the Emilkowalski family for epoch MJD 60800 (05.05.2025) were obtained
from AstDyS Database (https://newton.spacedys.com/astdys/). As a re-
sult, 250 variants of dynamical evolution were modeled for each asteroid,
and 62500 evolutionary variants were considered for each pair. Numerical
simulations of the dynamic evolution of asteroids were performed using
the Orbit9 software included in the OrbFit software package (http://adams.
dm.unipi.it/orbfit/). Perturbations from eight major planets and the dwarf
planet Pluto, the Sun’s oblateness, relativistic effects, and the influence of
the Yarkovsky effect as the drift rate of the semi-major axis da/dt were con-
sidered. The integration interval was 2 Myr.
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Estimation of the drift rate of the semi-major axis da/dt was performed us-
ing a modified version of the Orbit9 software included in the OrbFit pack-
age (https://github.com/Fenu24/OrbFit) [7], which provides the possibility
of taking into account the influence of the Yarkovsky effect and the YORP
effect on the basis of setting the dynamic (period of axial rotation and in-
clination of the rotation axis), physical (density) and thermophysical (heat
capacity, thermal conductivity, radiation and absorption coefficients of sur-
face layers) parameters of the asteroid.

When considering the influence of the Yarkovsky effect, we used phys-
ical and thermophysical parameters for D-tyPe asteroids [8]: density
p=1300 kg-m’3, thermal inertia I = 580 J-m %K -s’”z, coefficients of emis-
siona = 1andabsorption 3 = 1.Forasteroids (14627) Emilkowalski, (126761)
2002 DW10, (224559) 2005 WU178, (256124) 2006 UK337, (434002) 2000
SM320 the positions of the rotation axes are known, so only one variant of
the Yarkovsky effect was considered for them. For the other asteroids, three
variants of the initial position of the rotation axis were considered: the axis
is orthogonal to the orbital plane in clockwise and counterclockwise ro-
tation, and the rotation axis lies in the orbital plane. If the pair has both
asteroids with known rotational axis position, we get one age estimate. If
the position of the rotation axis is known for one asteroid in the pair, we
get three age estimates for the pair. If the position of the rotation axis is not
known for both asteroids of the pair, then — nine estimates.

We considered three methods for estimating the age of pairs: 1) searching
for moments of low relative-velocity close encounters of asteroids, 2) an-
alyzing the moments of encounters of the nodal and apsidal lines, and
3) achieving the minimum of the Kholshevnikov metric p, [9]. The low rela-
tive-velocity close encounters method yielded large uncertainties in the re-
sults and was therefore not used to obtain final age estimates for the pairs.
Methods for searching for moments of minima of the Kholshevnikov met-
ric and approaches of nodal and apsidal lines gave consistent age esti-
mates. In the method of searching for convergence of nodal and apsidal
lines, we searched for the time t of reaching the minimum of the function
fit) = (AQ()? + Ag()?) %, where AQ and Ag are the differences of longitudes
of ascending nodes and arguments of pericenters, respectively. The mini-
mum errors in estimating ages were obtained using a smoothing filter mov-
ing average.

RESULTS AND DISCUSSIONS:

Based on age estimates obtained from the results of probabilistic evolu-
tion, we adjusted the preliminary scenario for the formation of the Emil-
kowalski family. Table 1 provides estimates of the age of family pairs as
median values with 5 and 95 percentiles. According to the presented sce-
nario, the asteroid family was formed because of the cascade destruction
of the parent body. The beginning of the family formation corresponds to
an event that occurred with the parent body of the family 1.26 Myr. Then,
three intervals can be distinguished during which further destructions of
intermediate parent bodies occurred: 957-926, 753-636, and 313-187 thou-
sand years ago.

Table 1. Estimating the age of pairs of asteroids in the Emilkowalski family

Asteroid pair Age, kyr
(14627) Emilkowalski — 2009 VF107 (N) 12637
(14627) Emilkowalski — (476673) 2008 TN44 (S) 95745,
2009 VF107 (N) — 2015 WH29 (N) 9565,
(14627) Emilkowalski — 2022 SA160 (P) 93475
(14627) Emilkowalski — (653857) 2014 UV143 (S) 92675
2016 C5377 (N) — 2022 SA160 (P) 7537581
(476673) 2008 TN44 (S) — (679223) 2018 VB69 (N) 74455
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Asteroid pair Age, kyr
(476673) 2008 TN44 (S) — 2017 UY114 (N) 636 7
(434002) 2000 SM320 — 2017 UY114 (N) 31315
(14627) Emilkowalski — (224559) 2005 WU178 274%,
(14627) Emilkowalski — (256124) 2006 UK337 19417
(14627) Emilkowalski — (126761) 2002 DW10 187.047 %"

N o tes: The designation N corresponds to the tilt of the rotation axis relative to
the orbit plane ¢ = 0°, P corresponds to ¢ = 90°, S corresponds to ¢ = 180°.

CONCLUSIONS:

In this work, a scenario for the formation of the young Emilkowalski asteroid
family was developed. The next important stage of the work is to establish
the feasibility of the proposed scenario and, if possible, the events that led
to the formation of new members of the family: collisions, disintegration of
binary and multiple systems, etc.
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INTRODUCTION:

Over the past decade, we have witnessed the rapid growth of meteor event
detection systems operating in the optical bandpass, along with the de-
velopment of corresponding databases. These databases provide results
from raw data analysis, which includes video streams or consecutive image
frames. They offer detailed information on individual meteor events, such
as the time of occurrence and positions on the celestial sphere, as well as
insights that can be derived from a set of individual event data, including
radiant evolution, ZHR, and orbital parameters.

Perhaps the most well-known meteor camera network is the Global Mete-
or Network (GMN, https://globalmeteornetwork.org/) [1]. One of the main
advantages of the GMN database is a special Python code for data access.
The GMN data are extracted from globally distributed small cameras with
an angular scale of about ten of arcmins per pixel. This decreases the final
data accuracy and applicability to the set of meteor astronomy problems.
There are several similar types of data sources that are available at the Me-
teor Data Center (MDC) of the IAU (https://www.iaumeteordatacenter.org/),
usually as plain text (sometimes as CSV) tables. A significant improvement
in the accuracy and availability of faint meteor data was demonstrated by
the Mini-MegaTORTORA (MMT, http://mmt.favor2.info/) system [2]. Here,
we see simple text tables for different nights and some visualization of in-
dividual events.

The natural data set traditionally available from numbered databases
usually includes RA and DEC for starting and final points, angular veloci-
ty, and minimal and maximal brightness. However, for a significant part of
the modern applications, a set of sequential event images is required. Here
we present the meteor event detection network izMeteors and the corre-
sponding database (https://izmeteors.ru/, and a mirror at izmeteors.puldb.
ru). Our database provides access to both traditional meteor event data
and a compressed image set, which is one of the main advantages of our
data product.

IZMETEORS METEOR EVENT DETECTION NETWORK:

Our meteor event detection network relies on intermediate optics. This ap-
proach avoids very short focal length lenses, which have an angular scale
of approximately 10 arcmin per pixel. The frame field of view is 50x30° with
a scale of 3 arcmin/pix. The fundamental pipeline for event detection is
outlined in papers [3] and [4], with partial availability on GitHub (https://
github.com/ymax74/szm). The link http://sfa.puldb.ru:9010/MetObs/Assy-
Turgen/MetVideo/m2025x05x%24T20h17m34s.mp4 demonstrates the typ-
ical set of frames for the event.

Our meteor monitoring network was established one year ago. The cameras
are located at Pulkovo Observatory (59.771771, 30.326226), Zlobino station
(55.414497, 41.554068), Ka-Dar Observatory (43.652548, 41.428386), and
Assy-Turgen Observatory of the V.G. Fesenkov Astrophysical Institute (FAI)
of the National Center for Space Research and Technology under the Aero-
space Committee of the Republic of Kazakhstan (43.227172, 77.872787).
Additionally, this high-altitude observatory is home to the Pulkovo 40-cm
telescope and the WFOS-40 telescope, designed by FAIl specialists.
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A distinctive feature of the network is the complete automation of work
and the minimization of the efforts of observatory engineers to maintain
equipment. The video stream analysis from the cameras is conducted using
energy-efficient computers running Windows 10 in real time.

The video feed from Astroverty astrofarm cameras was analyzed simulta-
neously using software developed for the GMN network and the izMeteor
pipeline. It turned out that izMeteor reliably detects about 1.5 times more
meteor phenomena.

CONCLUSIONS:

The izMeteors network (https://izmeteors.ru/) has been constructed at
the IAA RAS and the Pulkovo Observatory. Data on 60,000 individual mete-
or events are currently available. The system collects 500-1000 events each
night. Alongside the standard data set for each event, compressed image
sets are available. This data can be utilized for reprocessing and training
neural networks to identify the characteristics of meteor events. For in-
stance, meteor phenomena caused by cometary particles can exhibit dif-
ferent behaviors compared to those caused by meteoroids that have been
ejected from asteroid surfaces when they enter the atmosphere.
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INTRODUCTION:
The solution to the two-body problem for dust particles near asteroids dif-
fers significantly from similar problems for objects of greater mass and size.
Due to the fact that dust particles are small in size and weight, they are
much more significantly affected by various small disturbing forces [1-3].
These forces include the radiation pressure of the Sun, which is the main
mechanism for the loss of the dust exosphere of comets and asteroids that
are close enough to it. Although radiation pressure weakens in the main
asteroid belt, it is still a significant factor influencing the trajectory of dust
particles, and if the asteroid itself is small enough, it can be the main mech-
anism for the loss of the dust exosphere. In addition to radiation pressure,
the solar corona emits a stream of ionized particles (mainly helium-hydro-
gen plasma) that interacts with the asteroid’s surface and forms an elec-
trostatic field near it. These electrostatic forces [4-6] are the main forces
affecting the dynamics of dust particles near the asteroid’s surface.
MATHEMATICAL MODEL:
In general this results in the following differential equation describing
the trajectory of a dust particle ejected from the surface of a 5-km asteroid:
GMr  Qy(t)

r= +
r m

s g T .
E(r)+rxB(r)|+—Fpp(F), (1)

P mp

where Q(t) is the charge; m  is the mass of the dust particle; Fopp(r) is

the solar radiation pressure. E(F) and B(r) are the electric and magnetic
fields, respectively.

The initial potential of the asteroid surface and the electric field are calcu-
lated by the interaction of the solar wind plasma with the asteroid surface
using the “Particle-in-Cell” method [7]. This method allows the actual num-
ber of solar wind ions and electrons to be replaced by a smaller number
of macroparticles, which significantly reduces the calculations required for
plasma modeling. The edges of the calculated area are open boundaries,
and the asteroid’s surface is the boundary between two environments:
the dust layer of regolith and the drifting field of the solar wind plasma
flow. Due to the low density of the solar wind plasma, the motion of plas-
ma particles is considered to be collisionless, and the magnetic field can
be neglected. Plasma particles move with a certain initial velocity toward
the asteroid under the action of the Lorentz force.

PRELIMINARY RESULTS:

Although the Particle-in-Cell method significantly reduces the amount of
calculations required, it still requires considerable computing resources.
The method is also demanding in terms of the constructed grid and time
step. As a result, a fairly small grid (about 40x20x40 cells) has to be used for
a real asteroid, so at this stage of the work, we can only talk about prelim-
inary results (Figure 1). The simulation species include solar wind ions and
electrons, and photoelectrons.
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Figure 1. Concentration of charged particles near the asteroid (black circle)

The calculations were performed for an asteroid with a radius of 5 km and
a density of 1.7 g-cm™ at a distance of 3 a.u, from the Sun. A dust particle
with a radius of 1 um, a density of 1.7 g-cm™, and an optical coefficient of
Q,, = 1. The dust particle moves only in the gravitational field of the aster-
oid. Eq. 1 can be represented as follows:

r:ag+aEs +dspp,

where a , [ and Agpp aAre the gravitational, electrostatic, and solar influ-
ences of the dynamics of the dust particle. In this case, we can estimate
the order of magnitude of the contribution of all forces:

«a_upto 1073 near the surface;
*dgc up to 107" near the terminator;
* depp cOnstant due to the order of magnitude 107,

As can be seen, the contribution of non-gravitational forces can even
exceed the gravitational force of the asteroid. This can be clearly seen in
the graphs in Figure 2. They show two trajectories of a dust particle: one
due to gravity alone (left graph) and one with the influence of all the above
forces. In both cases, the particle is launched at an angle of 70° with a speed
of 1.4 m/s, which is one of the possible scenarios for the ejection of a dust
particle in the case of water ice sublimation.

RN

=4000
~4000

=4000  -2000 o 2000 4000 6000 8000 —-5000 o 5000 10000 15000

Figure 2. Trajectory due solely to gravitational forces on the left, t = 10 000 s. Tra-
jectory taking into account electrostatic forces and solar wind pressure on the right,
t=25000s

CONCLUSION:
The following objectives were achieved during the course of the work:

1. A mathematical model of the dynamics of dust particles in the gravita-
tional and electrostatic fields of a primitive asteroid was developed.

2. A model of the interaction of solar wind plasma with the surface of an
asteroid was developed.

3. Estimates were given for the influence of forces on dust particles near
an asteroid with a radius of 5 km.
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It is possible to talk about the influence of the electrostatic field and solar
radiation pressure on the trajectories of dust particles (sometimes even of
a higher order than gravitational forces). Dust emissions due to sublima-
tion of water ice near the terminator allow dust particles to remain around
the asteroid longer (several times compared to movement only due to
gravity Figure 2) owing to the influence of electrostatic forces. As a result,
we can say that a thin and relatively stable dust exosphere (with a thickness
in the range of 10-1000 m and an optical thickness of t < 0.5) can form on
the illuminated side of the asteroid consisting of particles of minimum size
(0.01-1.0 um) in the form of a plasma-dust layer close to the surface, pro-
vided that the rate of dust particle ejection into this layer during water ice
sublimation exceeds the rate of their ejection by the electrostatic field near
the terminator.
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INTRODUCTION:

Meteor observations are needed to solve various near-Earth environmental
fundamental and applied tasks. Ideally, meteor observations should be car-
ried out around the clock and all year round (24 hours per day / 7 days per
week / 365 days per year). It is more convenient to analyze the character-
istics of both meteoroids themselves and their streams based on the same
type of data. Therefore, the location of meteor systems in different parts of
the world is an approximation to the non-stop observation option. In order
to implement a meteor network with stations spaced by longitude, to study
their capabilities and work features, in 2024, the same type of meteor sys-
tems were launched on the territory of Russia and Tajikistan. Observations
were organized by Institute of Astronomy RAS and Institute of Astrophysics
NAST.

OBSERVATIONS AND RESULTS:

The observations were carried out from several stations (Dushanbe-San-
glokh (Tajikistan) and Zvenigorod-Mikhnevo-Ryazan (Russia)) that
formed the double-station observations and allowed to get individual pa-
rameters for each meteor events. For our observations, we selected cam-
eras that are widely used in the world (as part of the GMN (https://global-
meteornetwork.org/). Sony IMX 307 cameras with 4 mm lenses are used for
observations (with field of view of 87x45°); RMS software (https://global-
meteornetwork.org/) [1, 2] is used for observations and primary process-
ing. Individual parameters of each meteor event can be calculated by dou-
ble-stations observations. Two types of software (UFO (sonotaco.com) and
RMS (https://globalmeteornetwork.org/)) were used for meteor parameters
calculations.

Several hundred basic meteors have been detected since the cameras were
first launched in November 2024.

Examples of parameters distributions of the fireball detected in 01.06.2025
in 22:24:56 UTC in Zvenigorod Observatory INASAN (ZV) and Astronomical

Observatory of Ryzan State University (RZ) are presented at the Figure 1, 2.
The distance between RZ and ZV stations is 220 km.
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Figure 1. Distribution of the 20240601_222456 meteor height by time. Red line —
ZV, Black line —RZ
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Figure 2. Light curve of the 20240601_222456 meteor. Red line — ZV, Black
line —RZ

Examples of parameters of fireballs detected at Tajikistan stations
16.03.2025 in 20:38:53 and at Russian stations 01.06.2025 in 22:24:56 are
presented in Tables 1-4.

Table 1. Parameters of the 20240601_222456 meteor obtained by RMS and UFO
software

Soft- | M, Mass RA,deg | DEC, deg V, km/s |H,km H, km
ware (t=0.7 %),
kg
RMS |-1.98 |3.32:10™* 355.498+ | +45.897+ | 49.108+ | 106.660+ | 85.736+
0.171 0.102 0.036 0.04 0.03
UFO |-2.034 |- 357.192 | +45.787 |49.112 |109.544 |86.717

Table 2. Orbital parameters of the 20240601_222456 meteor obtained by RMS and
UFO software

Software a, au e g, au i, deg peri,deg |node, deg

RMS 6.214+ |0.889+ |0.686+ |88.628+ |108.181+ |[71.317%
0.111 0.002 0.002 0.146 0.283 0.00001

UFO 8.096 0.919 23.045 |87.654 105.401 70.358

Table 3. Parameters of the 20250316_203853 meteor obtained by RMS and UFO
software

Soft- | M, Mass RA,deg |DEC, Vg, km/s | Hy, km | H, km

ware (r=0.7 %), kg deg

RMS |-0.54 |6.78-107* 166.567+ | -3.816+ |23.822+ | 98.617+ | 76.819+
0.046 0.223 0.008 0.06 0.03

UFO | -0.405 | - 166.826 |-3.438 |23.249 |97.038 |78.263

Table 4. Orbital parameters of the 20250316_203853 meteor obtained by RMS and
UFO software

Software a, au e g, au i, deg peri,deg |node, deg
RMS 5201+ |0.875t |0.648t |6.358% 75.366+ 176.141+
0.079 0.002 0.0006 |0.154 0.124 0.0004
UFO 4.370 0.851 0.651 5.896 75.578 176.153
CONCLUSION:

Simultaneous observations allow us to obtain different characteristics of
each meteor particle and their flux. Meteor observations on the same type
of cameras from Russia and Tajikistan were started. A preliminary analysis
of the obtained particle characteristics has been carried out. The analysis of
the used meteor systems has been carried out. Observations are continuing.
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ABSTRACT:

Cosmic dust (CD) collections obtained in 2017 and winter 2023/2024 by
filtering fresh snow near the Vostok station in Central Antarctica (Figure 1),
were studied using a scanning electron microscope. Morphology, structure
and composition of particles falling to the surface of the Earth have been
analyzed (Figure 2).
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Figure 1. CoIIectlon of snow with cosmic dust in a clean area near Vostok station.
1 — building of the new station, 2 — clean room for changing clothes and prepar-
ing equipment, 3 — snow collection area). Photo by PJSC“Zapsibgazprom”

The CD flux distributions according to the time of deposition and the par-
ticle size distribution were determined [1]. The main attention was paid to
the study of stability and fluctuations in the CD flow during the season of
work 2023-2024 (28 days) with the time resolution (the interval between
the closest collection samples) of one day. The range of sizes of obtained
particles — from three to several hundred micrometers — is associated
both with the rate of precipitation of particles (particles less than 3 um fall
down in the atmosphere during the several days) and the collecting tech-
nology (fresh snow with CD is transferred by the wind into the trench for
collection and, therefore, do not contain massive particles). A comprehen-
sive analysis of the collections of CD based on the results of seasonal work
is a step towards the accumulation of such data on stability and fluctua-
tions in the flow as: a) dynamics of the precipitation of the CD on Earth (pos-
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sible fluctuations of flow caused by disturbances in resonant orbits of dust
particles, associated with both the activity of the sun and the complexity
of trajectory of the Earth's movement); b) detailing data on the structure,
composition and dynamics of the passage of individual meteoroid showers
with a possible identification of parental bodies (comets and asteroids).

Figure 2. Examples of found cosmic dust particles: completely melted and oxidized
in the atmosphere: a — iron oxides; b — O-Fe-Ni spherules; ¢ — partially melted
and burnt out in the atmosphere (practically melted olivine crystal; d — maussan-
ite with regmaglypts; e — scoriaceous-type silicate; f, g — particles without visible
traces of heating and melting (olivine and pyroxene crystallites; h — particle from
stuck together micron silicate grains
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ABSTRACT:

The problem of dust rings formation by Phobos and Deimos attracts atten-
tion for rather long time. There are publications in which the role of differ-
ent factors in dust grains motion (the gravity, electric fields, solar radiation
pressure, oblateness of Mars) is investigated for particles with various sizes
(see, e.g., [1-3]). In these publications calculations are carried out for small
initial velocities of dust grains (in accordance with the power-law distribu-
tion accepted for dust ejected from the Galilean moons). Based on the re-
sults of the LADEE mission quite different initial velocity distribution of dust
grains ejected by micrometeorites bombardment from the Moon (with
the pronounced maximum at rather high velocities) has been obtained not
long ago [4]. As it is unclear what type of the initial velocity distribution for
dust grains ejected from Phobos and Deimos is more suitable, it is worth-
while to investigate the behavior in time of dust grains with high enough
initial velocities. In this presentation we discuss the influence of the main
factors (the gravity, electric fields, and solar radiation pressure) on radial
localization of dust particles with rather small sizes (less than a few microns)
ejected from Phobos and Deimos. We present the results of numerical com-
putations and argue that there could exist three populations of dust. For
dust grains ejected from the front hemisphere (with respect to the orbital
motion) by micrometeorites bombardment the orbital initial velocities are
higher than the orbital velocity of the corresponding moon. These grains
are situated at larger distances from Mars than the moon and their evolu-
tion in time is determined mainly by electric forces. The second population
is formed by dust grains ejected from the rear hemisphere. These grains
have initial orbital velocities smaller than one of the moon and occupy
some space at distances between Mars and the moon. The last population
is formed by charged dust grains raised from the surface by local electro-
static fields. Such grains have small initial velocities (of the order of a few
meters per second). It is shown that some of these grains are accelerated
in particular regions (like magnetosheath) and contribute to formation
of a dust ring in the vicinity of the moon. In our calculations we take into
account recent numerical simulations (based on the results of the MAVEN
mission) that predict significant electric potentials in particular regions in
plasma (up to 150V in the magnetosheath of Mars and -100 V in the wake).
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INTRODUCTION:

The features of the processes occurring in the plasma layer of slow me-
teoroids can be studied using: i — registration of the emission spectra of
fireballs; ii — study of the phase and chemical composition of the fusion
crust of meteorites; iii — conducting model experiments on ablation with
the meteorite material in a plasma torch. This review examines current
achievements in this area and formulates unanswered questions.

SPECTRA OF FIREBALLS

As meteor networks and amateur astronomy develop, the meteoroids pass
through the atmosphere are recorded in detail. Not only do eyewitnesses
or CCTV cameras give records, but they are remotely controlled and direct-
ed into the sky stationary cameras that are united in a network. Today, it has
even become possible to observe the falls of asteroids that discovered on
their approach to Earth [1, 2].

For a few registered meteorites, there is comprehensive data on their path
through the atmosphere. The chemical composition of the Kindberg and
Ribbeck meteorites matter was determined from the data of the lumines-
cence spectra [1, 2]. However, measuring the emission spectra of a falling
bolide requires a diffraction grating, which is not yet widely used. Never-
theless, the recent fall of a meteorite Smalyavichy in Belarus was recorded
by a bolide network. The registered spectrum was compared with the com-
position of the fragments found [3, 4].

FUSION CRUST

Fusion crust formation occurs under the following conditions: velocity of
the meteoroid is from 11 to 20 km/s [5]; duration of the fusion crust forma-
tion is of several seconds; temperature gradient on the meteorite surface
is above 2000 °C [6]; thickness of the fusion crust depends on the type of
meteoritic matter, that is usually less than 2 mm for stony meteorites.

Studies of the composition of the fusion crust in comparison with the in-
ternal substance of the meteorite using X-ray diffraction, magnetic mea-
surements and Mdssbauer spectroscopy methods showed some features
of the fusion crust mineral composition. In particular, the phase ratio trans-
formed, and new minerals formed [7-9]. In addition, the presence of PGE
elements was found in the fusion crust of the Chelyabinsk LL5 chondrite,
although they were not noted in internal substance, despite many studies
in various laboratories [10].

MODELING OF ABLATION

Experiments with a plasmatron to model the ablation process on chondrite
matter were carried out in laboratories [11-13]. Measurements of the spec-
tra of the synthesized plasma recorded lines of iron, together with silicon,
sodium, potassium, and manganese [11]; and iron, copper (that was pollu-
tion from the holder) [12]. The atomic lines of nitrogen and oxygen appear
from the air in a plasma flow in both [11] and [12].

Thus, a fusion crust is the result of interaction between meteorite material
and the atmosphere under high-energy circumstances of the ablation pro-
cess. From this point of view “we know what it was, what was gone, and
what remained”. It was noticed that non-volatile elements heavier than Ni
and Co tend to accumulate in the fusion crust of chondrites.
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ABSTRACT:

Dust particle electrization in arid environments plays a crucial role in at-
mospheric dynamics, influencing local electric fields and generating elec-
tromagnetic activity [1]. This study investigates the low atmospheric elec-
trical and electromagnetic properties of dust-laden arid Kalmykia regions
under moderate wind conditions and convective dust aerosol transport
(Figure 1). Comprehensive multilevel measurements of wind speed, tem-
perature, humidity, solar radiation, and electric potential were conducted
alongside the Dust Complex instrumentation [2], which includes piezoelec-
tric sensors and an Electromagnetic Analyzer (EMA). The analysis reveals
a strong correlation between electromagnetic bursts, and fluctuations in
electric field strength and wind speed. A significant increase in burst fre-
quency and intensity was observed under low relative humidity conditions
(<30%), highlighting its role in enhancing discharge activity. The shift in
the relationship between electric field strength and relative humidity sug-
gests that charge formation is driven by the balloelectric effect. Statistical
and cross-correlation analyses further indicate lagged effects of tempera-
ture variations on electromagnetic activity, emphasizing the complex real-
tion between thermal and mechanical processes in dust electrization [3].
These findings provide valuable insights into dust charging and discharg-
ing mechanisms in arid environments, with implications for understanding
similar phenomena in planetary atmospheres, particularly on Mars, and it
is in this context that the results obtained are discussed. The study under-
scores the importance of integrating high-frequency electromagnetic mea-
surements with meteorological data to refine models of dust dynamics and
atmospheric electrization.

Figure 1. Dust Complex setup in the Kalmykia steppe
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INTRODUCTION:

The outer space around the Earth is becoming more and more loaded with
artificial objects. In this regard, the urgency of the problem of space debris
is growing [1].The study examines the ballistic operation of a spacecraft
with a solar parabolic concentrator for space debris disposal in Geostation-
ary orbit [2].

MISSION CONCEPT:

The possibility of using a parabolic solar sail to maneuver a spacecraft with-
out fuel consumption is being investigated. Thus, in the course of the work,
the problem of optimal control of a solar sail using the Pontryagin maxi-
mum principle was posed and solved [3]. An algorithm has been developed
to calculate flight paths to debris accumulation zones, taking into account
the change in sail orientation and minimizing flight time.

RESULTS:

A complete and detailed formalization of the trajectory problem as an op-
timal control problem was carried out, special attention was paid to the de-
velopment of a robust algorithm for numerically determining optimal con-
trol, which sets the orientation of the solar concentrator. An expression was
obtained for optimal control of the orientation of the solar concentrator
for a phase vector corresponding to the use of rectangular planetocentric
coordinates; the expressions obtained can also be transformed into a form
corresponding to any other set of coordinates of the phase vector (for ex-
ample, written in the elements of the orbit). A complete set of optimality
conditions is obtained and the corresponding optimal control problem is
reduced to a two-point boundary value. The numerical solution of the lat-
ter was carried out using the developed software. The study shows the fun-
damental possibility of using a solar concentrator as a propulsion device
(i.e., as a solar sail with low “windage”), and new results have been obtained
for the corresponding problem of optimal control of sailing systems.
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INTRODUCTION:

The study of orbital resonances is a fundamental challenge in celestial me-
chanics that is critical for understanding the long-term evolution of celes-
tial bodies and artificial satellites. A resonance occurs when the satellite’s
orbital period is commensurate with the central body’s rotation, leading
to cumulative gravitational perturbations that alter the orbit’s long-term
behavior. Analyzing these resonances is essential for identifying stable and
chaotic regions in space. Numerical study of the structures of near-plane-
tary orbital simples is associated with routine analysis of a large number of
graphical data.

To address these limitations, this abstract explores the application of Ar-
tificial Neural Network (ANN) to automatically classify orbital resonances.
By training a convolutional neural network (CNN) on graphical represen-
tations of resonant arguments, we demonstrate that a machine learning
model can accurately distinguish between different resonant behaviors.
This research shows that the proposed ANN-based approach can signifi-
cantly enhance the efficiency and accuracy of resonance analysis, allowing
for the rapid processing of vast data.

ORBITAL RESONANCE:

Orbital resonance is a phenomenon in celestial mechanics that occurs
when two orbiting bodies exert a regular, periodic gravitational influence
on each other. This condition typically arises when the ratio of their orbital
periods can be expressed as a ratio of two small integers, such as 1:2 or 2:3.
These periodic gravitational interactions can significantly perturb a satel-
lite’s orbit, leading to distinct dynamical behaviors that are critical for un-
derstanding its long-term stability.

This phenomenon has a dual nature. On one hand, it can be a source of pro-
found stability, locking objects into stable configurations that persist over
astronomical timescales. On the other hand, resonances can be powerful
agents of instability, amplifying orbital perturbations, driving objects into
chaotic zones, and ultimately leading to their ejection from the system or
collision with other bodies [1].

Resonant Characteristics: Libration,

Circulation and Transitional States

The state of an object with respect to a potential resonance is character-
ized by the behavior of its critical resonant angle, a variable derived from
the orbital elements of the bodies involved. Formulas to calculate resonant
critical argument angle were given in the table below [2].

The analysis of this angle reveals three primary dynamical states (Figure 1):

1. Libration (Figure 1a): The critical angle does not circulate through all
possible values (0 to 360°) but instead oscillates, or librates, around
a stable equilibrium point.

2. Circulation (Figure 1b): The critical angle changes monotonically, con-
tinuously increasing or decreasing over time (circulate through all pos-
sible values).

3. Mixed States (Circulation-Libration) (Figure 1¢): This state involves tran-
sitions between circulation and libration.
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Table 1. Critical Arguments and Resonance relationships

Critical Arguments Resonance relationships
O, =uM+o+Q)—mb b, =uM+o+Q)—mb
@, = u(w+M)+m(Q—0) @, = u(®d+M)+m(Q—6)
Oy =uM+m(o+Q—8) by =uM+m(e+Q—6)
O, =uM—-Q+w0)—md b, =uM—-Q+d)—mb
Oy =uM+m(—» +2Q—0) by =uM+m(—d +2Q—0)

0,08
0,04
-0

--0,04
VUV
T T T T
0 20 40 60 8 100 0 20 40 60 8 100 0 20 40 60 80 100
t, rope! t, rope! t, roge!

0,08
0,04

E004
£ 008

a b C
Figure 1. Rules for selecting the type of resonant characteristics

ARTIFICIAL NEURAL NETWORKS:

Artificial Neural Networks (ANNs) have revolutionized the field of visual pat-
tern recognition, a journey that gained significant momentum with Yann
LeCun'’s groundbreaking work in 1989 [3]. His application of backpropaga-
tion to recognize handwritten zip codes laid the foundation for the deep
learning models that are ubiquitous today. This breakthrough, combined
with the integration of other Al techniques, has led to the development of
powerful and sophisticated artificial intelligence systems.

As our work deals directly with pattern recognition from the graphical rep-
resentations of each resonant argument angle (®1-®5) as seen in the ex-
ample for the resonant argument @, in Figure 1. We apply the exact same
principle to our problem in celestial mechanics. Just as LeCun’s network
learned the visual grammar of handwritten numbers, our CNN is designed
to learn the visual grammar of the evolution of the critical orbital resonance
argument. By training the network on a large dataset of labeled plots, it
learns to associate the distinct graphical patterns of libration, circulation
and mixed type with their respective classifications.

To accomplish this, we designed a custom multi-input multi-output CNN
architecture (Figure 2) to accommodate 5 parallel input data of 5 different
resonant arguments (®,-®.). Each branch processes its respective image
independently (through BaseCNN) before their outputs are combined for
a final classification.

The core of ourmodelisabase CNN architecture that processes 224x224 pix-
el color images. The network is made up of several sequential blocks, each
performing four key operations:

ommwmoum,mma»l o..mmwe(mmm,mml omwxsrwe(nme‘nqmvnl 224,224, Output shape: (None, 224, 24, |

BaseCNN (Functional

Figure 2. Multi-input multi-output CNN architecture

1. Convolution (Conv2D): This layer finds basic features in the image, such
as lines, corners, and textures.

2. Normalization (Batch Normalization): This step helps make the net-
work’s training process more stable and faster.

3. Activation (ReLU): A simple function that decides if a detected feature
is important enough to be passed on.
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4. Pooling (MaxPooling): This layer reduces the image’s size while keeping
only the most important detected features.

As data passes through these blocks, the network learns to recognize in-
creasingly complex patterns, and the size of the feature map gradually de-
creases. At the end of this process, the resulting 2D data is “flattened” into
one long vector using a Flatten layer. This vector, which contains all the key
information about the image, is then passed to two final fully connected
layers that form the final data representation.

The final model was trained on a comprehensive dataset combining all
three orbital resonance region (1:2, 2:1, and 3:1), which included a total of
69,240 model objects. The Convolutional Neural Network (CNN) was tasked
with classifying the five different resonant arguments (®,-O,) for each ob-
ject. The network demonstrated excellent performance across the entire
dataset. As summarized in Table 2, the fully trained model achieved a high
degree of accuracy, correctly predicting the dynamical state in an average
of 98.11 % of cases. This result confirms the model’s robustness and its abil-
ity to accurately classify different critical argument behaviors.

Table 2. Accuracy of resonance classification

Orbital resonances o, D, o, o, o,

1:2 0.9892 0.9932 0.9823 0.9853 0.9729
2:1 0.9860 0.9828 0.9777 0.9848 0.9687
3:1 0.9860 0.9828 0.9777 0.9848 0.9687
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CONSIDERED MODEL:

Collisions of bodies-impactors with planets caused ejection of material
from planets. Such collisions took place mainly during the accumulation of
the terrestrial planets and at the late heavy bombardment) My studies of
the motion of bodies ejected from the Earth have been published in [1, 2].
A review of papers devoted to studies of the motion of bodies ejected from
planets can be found in these papers. Short information about the motion
of bodies ejected from Mars was published in [3]. Below | discuss the evolu-
tion of orbits of bodies ejected from Mercury and Venus. In each calculation
variant, the motion of 250 bodies ejected from a considered planet was
studied for the fixed values of an ejection anglei_ (measured from the sur-
face plane of the planet), a velocity v, of ejection, and a time step ¢, of
integration. 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 [4] was used for integration of the mo-
tion equations. The initial positions of planets in their orbits were the same
as those from this package. | studied the probabilities p, p,, pye Py @aNd
Ps,, Of collisions of bodies ejected from a terrestrial planet With the Earth,
Vfanus, Mercury, Mars, and the Sun. Also the fraction p,; of bodies ejected
from the Solar system was calculated. Most of calculations were made at
t.= 1% for ejection from Mercury and at t= 29 for ejection from Venus. For
comparison a few calculations for Venus were made at t. = 1° and t.=5%
The results of calculations with different t. were comparedsand gave similar
results. The motion of bodies ejected from a planet under the gravitational
influence of all planets was studied during the dynamic lifetime T, of all
bodies, which was often about several million years in the calculation vari-
ants. In some calculations T, exceeded 1 Gyr.

The ejection of bodies from six opposite points of the planet’s surface was
studied for a number of values of velocities and angles of ejection of bod-
ies. For points F and C, the motion of the bodies started at most and least
distant points of the planet’s surface from the Sun (located on the line from
the Sun to the planet), respectively. For points U and |, the bodies start-
ed from points on the planet’s surface with the maximum and minimum
values of z (with the z axis perpendicular to the plane of the planet’s or-
bit), respectively. For points W and B), the bodies started from the forward
point on the planet’s surface in the direction of the planet’s motion and
from the back point on the opposite side of the planet, respectively. Evo-
lution of orbits of bodies launched from points B and W can differ from
that of bodies launched from other four points (F, C, U, and D). In different
variants, the values of the ejection angle i,; were 15, 30, 45, 60, 89, or 90°.
The ejection velocity v,; was mainly equal t0 4.23,4.25,4.3,4.5,5,6,8,10, 15,
or 20 km/s for ejection from Mercury, and v, mainly equaled to 10.4, 10.5,
10.7,11,12, 14, 16, or 20 km/s for ejection frdm Venus.

MIGRATION OF BODIES EJECTED FROM MERCURY:

Probabilities of collisions of ejected bodies with planets depend on ejection
velocitiesv,, ejectionanglesi,andejectionpoints.For4.23 <v_ < 6 km/sand
pointF, | obtained that p_ < 02004, p.  <0.1,06 <p,,. <0.97,602<p, <03,
pe < 0.04, and p,,. <0.004. The probabilities for ejection from points C, D
and U did not ditfer much from those for pointF. For4.23 < V< 6 km/s and
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point B, obtained thatpej <0.01,pc,,<0.1,065<p,, <0.850.1<p, <0.25
pe <0.03, and p,,. <0.004. For 4232 Ve < 6 km/s and points W, / obtained
that p_ <0.004, p,  <0.2,03<p, <T1,p, <05 p <0.05 and p,, =0.For
point W, the probalbilities Pye ancivlpv can reach larger values than for other
points. Often for greater v,, the greater values of p_, pc ., P, Pg, @and p,,.
were obtained, but it may not be true for v,>8 km/s. The Values o Py Were
typically smaller for greater v,. The values ojfpv were greater than p, typical-
ly by an order of magnitude, the difference was greater for smaller ejection
velocities. The probabilities of collisions of bodies ejected from Mercury
with the Earth usually did not exceed 0.1 at ejection velocities less than
15 km/s. The probabilities of collisions of bodies ejected from Mercury with
Venus were usually about 0.1-0.3 at ejection velocities from 4.3 to 10 km/s.

For large ejection velocities, the above probabilities can differ much for
points F, W, and B and for ejection angles. At v_.= 20 km/s and point F, | ob-
tained that0.004<p, <0.1,0.14<p, '<04,03<p, <044,0.12<p, <04,
0.02<p,<0.1, and Py, < 0.008. At v,=20 km/s, i >30° and point B, it was
obtained that 0.9 <p,  <0.95 and all other bodies collided with the Sun
(there were no collisions with other planets and no ejection from the Solar
system). At v, =20 km/s and point W, probabilities were different for differ-
ent ejection angle: For iej = 30° it was obtained that p_. = 0.044, Psun = 0.268,
Pye =0.144, p,=0.284] p.=0.24, and p, =0.02. For i =89 most of
the bodies were ejected from the Solar system (pej: 0.75(4) and all other
bodies collided with the Sun.

MIGRATION OF BODIES EJECTED FROM VENUS:

In this paragraph | discuss the values of the probabilities of collisions with
planets for bodies ejected from Venus from the “middle” points C, D, F, and
U at ejection velocities between 10.4 and 16 km/s. In this case, the fraction
p,; of bodies ejected into hyperbolic orbits did not exceed 0.06, the frac-
tion p, - of bodies collided with the Sun was about 0.1-0.4, the fraction
Pye of Bodies collided with Mercury was about 0.01-0.2, the fraction p,, of
bodies collided with Venus was about 0.3-0.8, and the fraction p. of bod-
ies collided with the Earth was about 0.04-0.2 (was smaller by aEfactor of
several than p, ). The values of p, = were greater by about a factor of 2 at
v, =16 km/sthanatv, =104 km/s. The values of P At v, = 16 km/s were
greater by about a factor of several (from 2 to 10 depending on the point of
ejection and ie) than at v, =104 km/s. The values ofpv have some tenden-
cy (but not at Al initial da‘ca) to be smaller at greater v, The probabilities of
collisions of bodies with Mars often did not exceed 0.01 for all considered
initial data.

For the “middle” points C, D, F, and U at v, =20 km/s, Py Was about 0.1-
0.15; the values of p,, were about 0.23-0.95; the values of pe were about
0.04-0.1 ati_ .= 45° and could be about 0.2 at iy = 89° the values of p ;were
about 0.25-032 at i, = 45° and they could be about 0.02 at iej =89% the val-
ues of p,  were abdut 0.15-0.3.

For the point B, the values of Py Were about 0.02-0.35 (with maximum at
V= 20 km/s), the values of p,, were about 0.4-0.8, the values of p. were
mainly about 0.04-0.2 (but equaled to 0.01 at v_, =20 km/s and ie/.= 899),
the values of p,; were mainly less than 0.04, and the values of Pe,,, Were
about 0.07-0.3.

For the point W at v, <12 km/s, the values of p . were about 0.01-0.1,
the values of p,, were about 0.3-0.8, p, was about 01 -0.2, the values of p .
were mainly less than 0.06, and the vaFues of pg,,, were about 0.1-0.4. Mor:
bodies were ejected from the Solar system at greater v,. For v,.=20 km/s
and the point W, the fraction of ejected bodies was about 0.8 at iel: 45°,
and all bodies were ejected at i, = 89°.

CONCLUSIONS:

Most bodies ejected from Mercury fell back onto Mercury. The probabilities
of collisions of bodies ejected from Mercury with the Earth usually did not
exceed 0.1.The fraction of bodies that collided with Venus was greater than
with the Earth, usually by an order of magnitude. The probabilities of colli-
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sions of bodies with Venus were usually about 0.1-0.3 at ejection velocities
from Mercury from 4.3 to 10 km/s.

For bodies that had been ejected from Venus, the fraction of bodies that
collided with Venus was about 0.2-0.8, and the fraction of bodies that col-
lided with the Earth was about 0.04-0.2. The fraction of bodies collided
with Mercury varied from 0.01 to 0.2. The probabilities of collisions of bod-
ies with Mars often did not exceed 0.01 for all considered initial data.
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ABSTRACT:

The International Astronomical Union has set a definition of small Solar Sys-
tem bodies (SSSB) by isolating them from larger objects such as planets,
dwarf planets, and their satellites. Therefore, SSSB include asteroids, me-
teoroids, comet nuclei, and others. Their shapes vary from spherical (e.g.,
the satellite of asteroid 243 Ida Dactyl) to extremely irregular (e.g., aster-
oid 433 Eros). Bodies like Eros are highly elongated and look like a potato.
The shape is a key factor in choosing a reference surface and corresponding
projections for the mathematical basis of maps of celestial bodies. Recom-
mendations for the use of a reference surface are contained in the report of
the Working Group on Cartographic Coordinates and Rotational Elements
[1]. Most SSSB are approximated by a triaxial ellipsoid, but it is noted that
the use of triaxial ellipsoids complicates the calculations of cartographic
projections. Their use and study of properties are also complicated. In our
previous studies [2, 3], formulas for cylindrical, azimuthal, and conical pro-
jections of the triaxial ellipsoid with different distortion were derived, and
the conformal projection proposed by the German mathematician Carl
Jacobi was adapted for cartographic purposes.

To use projections of the triaxial ellipsoid in geoinformation technologies,
it is necessary to solve the problems of transformation coordinates from
a geographic system into a projection plane system (direct problem) and
from planar rectangular coordinates into geographic coordinates (inverse
problem) on the approximation surface.

The proposed method for recalculating rectangular coordinates of a projec-
tion plane into geographic coordinates is based on the possibility of sep-
arating variables and sequentially determining the argument value based
on the value of a function of one variable. The calculation uses the method
of dividing a segment in half. In this case, the optimal range is selected to
find the desired argument value. In cylindrical projections and in the Jacobi
projection, a range of longitude and latitude from zero to 90° is used. There
is no such need for azimuthal projections, since longitude is calculated us-
ing an exact formula, and the sign of longitude does not matter when de-
termining latitude.

The problems that arise when recalculating the coordinates of cylindrical, azi-
muthal and conic projections are shown using the example of cylindrical and
azimuthal projections selected for the implementation of the methodology.
The Jacobi projection was chosen because it has its own characteristics both
when recalculating coordinates from geographic to rectangular ones, and
when determining geographic coordinates with known rectangular ones.

Experiments were conducted with transformation the coordinates of
the contours of relief forms on the surface of Phobos from the cylindrical
projection of the meridian section into geographic coordinates on a triaxial
ellipsoid. A similar recalculation was performed for cartographic grids in
the azimuthal projection, which preserves the lengths along the meridians,
and the Jacobi projection.

The presented formulas can be included in geoinformation software, which
will allow to use projections of the triaxial ellipsoid in geoinformation

mapping.
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INTRODUCTION:

Plasma-dust clouds formed from the “building material” of the Solar Sys-
tem bodies are an interesting object encountered in natural terrestrial and
cosmic processes. For example, the catalytic effect of such a multiphase en-
vironment in the abiotic synthesis of organic compounds is possible [1, 2].
To study this issue, plasma-dust clouds must be created from the starting
substances, at least repeating the chemical composition of the simulated
natural environments, and better yet, repeating their mineral composition.

One of the methods for creating plasma-dust clouds is a discharge that
occurs when powder mixtures are irradiated with microwave radiation [3].
However, a feature of this approach is the necessity for the mixture to have
a sufficient volume concentration of particles with a decent concentration
of free charge carriers, or particles with a high dielectric loss. That is, it is
necessary to have particles in the mixture that will ensure the absorption of
the electromagnetic wave at the initial stage.

In natural conditions, the initial substance for plasma-dust clouds is often
regolith or rocks of cosmic bodies (including the Earth). They may not con-
tain a sufficient concentration of the curtain substances capable to absorb
microwave radiation to start the discharge. An example of such substances
is the lunar regolith, containing mainly olivines and pyroxenes.

The goal of our experimental study was to find mineral components that,
when added to mixtures simulating lunar regolith, can ensure the micro-
wave breakdown and the formation of a plasma-dust cloud, but at the same
time do not contradict the nature of the simulated environment. As the first
samples, we chose ilmenite and pyrrhotite, which are well known from lit-
erature for their good microwave absorption and electrical conductivity,
respectively.

EXPERIMENTS:

The samples of ilmenite (FeT|O) and pyrrhotite (Fe, .S, close to mo-
nomineral composition, were pre -crushed and powdered in an agate
mortar. The powdered samples were exposed to microwave radiation of
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the gyrotron (frequency f= 75 GHz) with the power of 400 kW. This pow-
er value corresponds to an average beam cross—section power density of
14 kW/cm? and RMS electric field strength of 2.3 kV/cm. Each powdered
sample (200 mg of mass) was exposed to one microwave pulse of length
8 ms. Argon at a pressure of 1 atm was used as the initial atmosphere, pro-
viding a chemically inert environment. Optical emission spectroscopy and
high-speed video recording were used during the experiment to obtain
the discharge parameters and its dynamics.

RESULTS AND THEIR DISCUSSION:

For both types of minerals, a microwave breakdown occurred with the for-
mation of plasma-dust clouds. However, with pyrrhotite, the volume and
intensity of the cloud visible radiation were significantly lower. This could
be the manifestation of strong magnetic properties and/or high electrical
conductivity of pyrrhotite. In order to minimize these effects we increased
the distance between the pyrrhotite particles and changed the technique
for the powder sample placing on the quartz glass bottom of the test
chamber for that purpose. After that improvement, we obtained plas-
ma-dust clouds of larger volume and with greater intensity/duration of
visible radiation.
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Figure 1. Optical emission spectrum in the experiment with the ilmenite sample

Figure 2 SEM image of the ilmenite sample after the microwave discharge

The emission spectra of the discharge contained emission lines of atoms
(Fe, Ti) from the composition of the initial sample substance, which indi-
cates the destruction of the initial substance in the discharge. In the case of
ilmenite, intense emission bands of TiO and FeO molecules were observed
(Figure 1), which indicates the binding of oxygen from the initial substance.
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The vibrational temperature of the gas was determined to be 5500 K from
the TiO bands, and the surface temperature of the solid phase was 2500 K
from the thermal radiation continuum.

Comparative X-ray diffraction (XRD) study of the initial and microwave ir-
radiated samples has not shown any changes in the structural properties
of either ilmenite or pyrrhotite. Metallic iron was not detected using en-
ergy dispersive X-ray (EDX) analysis either. This could require further study
with higher sensitive methods, since the appearance of metallic iron was
observed after ilmenite and pyrrhotite vaporization with the millisecond
Nd:YAG laser.

Scanning electron microscopy (SEM) of revealed the appearance of spher-
ical microparticles after the microwave discharge (Figure 2). This spheroid-
ization effect is inherent for dust particles of micron range and lower sizes
exposed to plasma [4, 5].

CONCLUSION:

The formation of plasma-dust clouds during microwave irradiation of mo-
nomineral samples of ilmenite and pyrrhotite demonstrates the possibility
of their use as an additive to simulant mixtures, for example, lunar rego-
lith, to ensure the discharge formation while maintaining the “validity” of
the sample.
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INTRODUCTION:

One of the important risk factors for planned automatic and manned sci-
entific missions to the Moon and other atmosphereless bodies of the Solar
System is the harmful effect of dust particles on equipment and crew [1].

To understand the processes that determine the behavior of dust particles,
a large number of experimental and theoretical studies are being con-
ducted, for example, [2-4]. Experimental studies are focused on laborato-
ry simulation of processes occurring with particles under conditions that
imitate the environmental impact typical to atmospherless bodies. Optical
methods are widely used to study the dynamics and characteristics of dust
particles in such experiments. In the simplest case, the number of moving
particles is estimated post facto based on counting the particles scattered
in the area around the test sample. This is primarily due to the fact that
the particles move quite quickly and form intersecting tracks in the images.
The speed and charge of each particle are estimated based on the height of
its trajectory. In a previous study [5], an approach was used in which the tra-
jectories of micron-sized particles were extracted from stereo images of
their tracks, and the speeds and charges of the particles were then estimat-
ed based on the trajectories found. One of the problems in processing ex-
perimental images was the difficulty of separating intersecting tracks and
the need for a large amount of manual work when matching these tracks
on stereo pair images.

Therefore, this paper proposes the use of an improved algorithm for pro-
cessing stereo images of particle tracks, based on a convolutional neural
network for their instance segmentation, encouraged by [6].

EXPERIMENTAL SETUP:

The small vacuum chamber of the IKl allows to create electric fields with an
intensity of up to 10°V/cm in the area with the particles under study, as well
as irradiating the particles with UV radiation at a wavelength A =172 nm
with a flux of up to 18 mW, generated by a high-pressure excimer lamp
filled with argon. The pressure in the measuring volume of the vacuum
chamber was 4-10°-6-10" Torr. Optical access to the measuring volume
was provided through vacuum flanges with windows. An MGL-FN-532
laser source with A =532 nm and a power of 2W was used to illuminate
the samples. Stereo pairs of particle tracks were recorded using Contras-
tech Mars 2300S-40gm CMOS machine vision cameras with a resolution
of 1920x1200 pixels and a pixel size of 5.86 um. VST SV-7525H lenses with
a focal length of 75 mm were used.

IMAGE PROCESSING ALGORITHM:

To improve the algorithm for processing stereo pairs of particle trajectories
proposed in [5], it was suggested to use the YOLO11 deep convolutional
neural network [7]. Specifically, the possibility of implementing instance
segmentation to highlight intersecting trajectories. To train the network,
10,000 synthetic images with a size of 19001200 pixels were created using
the method described in [8], with a total of about 60,000 tracks. The input
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image size for the network was chosen to be 960 pixels to increase the seg-
mentation accuracy. Training was performed for 500 epochs on an NVIDIA
GeForce RTX 3060 graphics card. The network size was selected as nano
(2.9 million parameters). The best results in terms of segmentation error
were achieved at approximately 250-300 epochs. The results achieved so
far in training the network are: precision metric 0.989, recall metric 0.73,
mAP50 metric 0.855, mAP50-95 metric 0.564.

The trained model was integrated into software developed for processing
stereo pairs of tracks and demonstrated its effectiveness, allowing the iden-
tification of intersecting tracks in experimental images.

The improved algorithm for separating intersecting particle trajectories in
images will allow for more accurate determination (without loss of frame
information) of particle motion parameters, such as their initial velocity and
mass transfer, when simulating conditions at the surface of atmospherless
bodies. The calculated heights of the motion trajectories will allow us to
estimate the lower limit of the particle charge.
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INTRODUCTION:

The energy deposition due to interaction of the meteor particle with
the Earth’s atmosphere determines the light and ionization, which are ob-
served by different techniques. The energy deposition depends on ablation
rate and deceleration of the meteor particle. The ablation and deceleration
are determined by the particle size and density, as well as the entry angle
and velocity. To determine the properties of the meteor particles different
models should be applied to observational data.

DESCRIPTION OF THE MODELS:

Light curves are usually reproduced with the help of two most common ab-
lation models. The first model assumes that the entire incoming energy flux
is consumed for ablation. The second model suggests that the incoming
energy is expended on meteoroid heating, thermal radiation and ablation.
The mass loss itself is determined by the saturated vapor pressure. Both
models include a number of coefficients, which also affect the obtained
results.

DISCUSSION:

The work used double-station observations of the 2016 Perseid shower.
One of the used ablation models is applicable to small meteoroids, so me-
teors weaker than -2™ were selected. Light of a number of meteor events
were reproduced using two ablation models. Corresponding meteor par-
ticles parameters (mass and size) were determined. The presentation will
discuss used models, their results and uncertainty, and factors, which affect
obtained results.
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INTRODUCTION:

Low frequency noises from meteoroid tails which are registered simultane-
ously with passages of meteor bodies can be associated with plasma waves,
instabilities and turbulence in the meteororid tails. One of such process is
the development of modulational instability of low-hybrid drift waves [1].
It produces the same range of frequencies as observed electromagnetic
noises and electrophonic noises from meteoroid flight simultaneously with
the passage of meteor body. It should be mentioned that these mysterious
phenomena still do not have definite explanation.

DISCUSSION:

In plasma-dust systems of meteoroid tails, various wave oscillations can
arise. In particular, taking into account the inhomogeneities of the plasma
concentration of meteoroid tails and the presence of the Earth’s magnetic
field, excitation of drift lower-hybrid waves, as well as the development of
modaulational instability of these oscillations, is possible. One of the phe-
nomena in meteor physics that has not yet been fully explained is the elec-
trophonic sounds that arise simultaneously with the passage of meteoroids
and are obviously not associated with ordinary sound waves. It is noted
that the appearance of electrophonic sounds simultaneously with the pas-
sage of meteoroids can be caused by the development of drift lower-hybrid
turbulence in the tails of meteoroids. The frequencies of the observed elec-
trophonic noises from the passage of meteoroids have values lower than
the frequencies of the drift lower hybrid waves, which determine the fre-
quency threshold of wave oscillations that can be excited in the tails of
meteoroids as a result of the development of modulational instability of
the drift lower hybrid waves and thus explain the occurrence of electro-
phonic noise simultaneously with the passage of meteoroids. The condi-
tions under which the propagation of drift lower hybrid waves in the plasma
of meteoroid tails during their passage through the Earth’s ionosphere and
the development of modulational instability of these waves for different
frequency ranges are considered. The corresponding increments of the de-
velopment of modulational instability of the monochromatic pump wave
are derived. The values of the increments of the development of this insta-
bility for typical parameters of the plasma of meteoroid tails are calculated.
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ABSTRACT:

The third known interstellar object, designated C/2025 N1 (ATLAS), was
first identified on July 1, 2025, by the Asteroid Terrestrial-impact Last Alert
System (ATLAS). Orbital calculations revealed its interstellar origin, with an
exceptionally high eccentricity exceeding 6.

Serendipitously, the Rubin Observatory collected imaging in the area of
the sky in habited by the object. The object was detection by Rubin’s tele-
scope spanning 2025 June 21 (10 days before discovery) to 2025 July 7.
Thanks to the large aperture and high spatial resolution of the Rubin
telescope, cometary activity was detected as early as June 21 [1]. Analy-
sis of Rubin’s astrometric data revealed a small but significant systematic
offset relative to the predicted positions from JPL Horizons ephemerides.
One possible explanation is a shift of the observed photocenter relative to
the center-of-mass of the comet, due to asymmetric shape of the cometary
coma.

In this work, we quantify the magnitude of this offset in the astrometric
measurements and determine the corresponding non-gravitational accel-
erations affecting the comet’s motion. To achieve this, we use a dedicated
modeling program that allows us to determine both the values of position-
al shifts and the parameters of non-gravitational forces over different time
intervals. This, in turn, enables us to investigate the evolution of these val-
ues and place constraints on the velocity and size distribution of particles
in the comet’s coma.
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ABSTRACT:

One of the main features that distinguishes dusty plasma from ordinary
one (which does not contain charged dust particles) is anomalous dissi-
pation associated with the effect of dust particle charging as well as leads
to new physical phenomena, effects and mechanisms [1, 2]. In our work
we consider the process of anomalous dissipation in the way of describing
dust particle dynamics in the dusty plasma of comets [3] and the near-sur-
face dusty plasma of an active asteroid. An analytical description of the mo-
tion of a dust particle above the surface of the comet and active asteroid
is presented. It is shown that in the case of dust particle periodic motion in
the comet and active asteroid dusty plasma attenuation processes are de-
termined by the charging frequency of dust particles, which characterizes
anomalous dissipation. In addition, it is shown that under certain condi-
tions the dynamics of dust particles can have an aperiodic character. The re-
sults of corresponding numerical calculations are presented [4]. It is shown
that anomalous dissipation plays a significant role in justifying the appli-
cation of the levitating dust particle model describing the dusty plasma
above a comet and active asteroid.
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ABSTRACT:

A model of Enceladus’ surface charging as a result of its interaction with
the surrounding plasma of Saturn’s magnetosphere has been developed,
taking into account its characteristic parameters. Namely, two types of ions:
protons and ions of the so-called “water group” (such as OF, OH, 2O
H3OJr N* with an average atomic mass of about 16 a.m.u.); two types of
electrons (“cold” and “hot” with corresponding different temperatures);
as well as the influence of the photoelectric effect on the surface of En-
celadus and taking into account the reverse current of photoelectrons.
Within the framework of the proposed model, the surface charge of Ence-
ladus, the characteristic profile of the electric field depending on the height
above this surface, as well as the characteristic sizes of dust particles and
the corresponding heights to which these particles are capable of rising
as a result of the action of electrostatic repulsion forces from the charged
surface of Enceladus are determined.
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INTRODUCTION:

Phobos and Deimos are atmosphereless celestial bodies with a weak grav-
ity. Their surfaces consist of small regolith grains that are not connected
to one another and have appeared due to bombardment with microme-
teorites. Their weak gravity makes these bodies interesting for piloted
flights and increases the role of dust, since even a small perturbation leads
to the creation of massive dust clouds above their surfaces. The surfaces
of these satellites of Mars are charged by the electromagnetic radiation
from the Sun and the plasma of the solar wind. The dust grains located at
the surface and in the near-surface layer absorb the photons, photoelec-
trons, electrons, and ions of the solar wind, and, as a result, they obtain
electric charge. The action of the electrostatic force under the weak gravity
conditions leads to the detachment of dust grains from the surface and
the creation of a dusty plasma system together with the electrons and ions.
In the dusty plasma system above the surfaces of Mars’s satellites, dust
acoustic perturbations can propagate. We consider nonlinear periodic and
solitary dust acoustic waves with an arbitrary amplitude, which can propa-
gate near the surface of Phobos and Deimos, and discuss the possibility of
observing these structures.

THE DUSTY PLASMA SYSTEMS NEAR THE SURFACES

OF PHOBOS AND DEIMOS:

The dusty plasma systems near the surfaces of Phobos and Deimos are
described using the model, in which the charging of dust grains above
the surface is calculated taking into account the effects of solar radiation,
photoelectrons, and electrons and ions of the solar wind. The photoelec-
trons emitted by the surface of the satellite and the surface of the sus-
pended dust grains are accounted for. The problem is solved numerically
and is self-consistent, since the photoelectrons affect the distributions of
the dust grains while the dust grain distributions determine the number
of the photoelectrons. When the distribution function of the photoelec-
trons is calculated, the important parameters include the solar radiation
spectrum, the quantum yield, and the regolith work function. The shape
of the solar radiation spectrum is similar to the shape of the spectrum near
the Moon [1], yet its intensity is lower due to the solar constant being lower
at Mars's orbit (43% of the solar constant value at Earth’s orbit). The work
function and quantum yield of the regolith are unknown; therefore, they
are assumed to be similar to those at the Moon [2]. In calculations, the fol-
lowing parameters of the solar wind are used the electron temperature
To=14 10° K, the ion temperature T.=7 10° K, the ion density (equal to
the electron density) ng=n, =3. 7 ¢ , and the velocity u=468 km/s.
As the solar wind ions, protons were chosen.

NONLINEAR DUST ACOUSTIC WAVES:

We use the standart Sagdeev’s potential method to study nonlinear dust
acoustic waves and solitons. The Gurevich'’s distribution is used for the elec-
trons. The main equation is

1 d(p2
—— V(p)=E,
z[dé] + V(o)
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where @ is the self-consistent plasma potential; V(¢g) is the Sagdeev poten-
tial; E is a parameter. Solution in a form of a soliton corresponds to the case
when E=0.

Figure 1 shows the potential profile for the soliton at Phobos. The calcu-
lations were conducted for the dimensionless velocity of the structure
M = 60, which, in dimensional units, corresponds to a velocity of 0.6 m/s.
Z,is the charge of a dust grain expressed in units of the elementary charge.
At Phobos, the equilibrium charge was assumed to be Z,= 2864, which
corresponds to the particle size a = 1.445 um, while at Deimos, Z, = 3440,
which corresponds to the particle size a=1.768 um. Figure 2 presents
the solutions in the form of periodic nonlinear waves at Deimos for M = 60
and Z, = 3440. The calculations were carried out for two values of the pa-
rameter E: curve 1 corresponds to the value E=V,_. /2, and curve 2 to
the value E=V_. /10, where V_. is the minimum value of the Sagdeev po-
tential. The ampptudes of the potential in the nonlinear waves, in dimen-
sional units, reach about 0.5 V (at Phobos) for the calculated parameters.
Thus, the electric field in the wave is comparable to the background electric
field [3] and it can be measured using Langmuir probes.

T 02+
0,16 —
0,12 —

0,08 —

0,04 —

Figure 1. Solitary wave profile in dimensionless units for the conditions above Pho-
bos at M =60, Z, = 2864 (corresponds to a particle size a = 1.445 um)
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©-0,04 —

0,02 —
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Figure 2. Nonlinear waves at Deimos at M = 60, Z, = 3440. Curve 1 corresponds to
thevalue E=V . /2,and curve 2 tothevalue E= V /10, where V. is the minimum
value of the Sagaeev potential
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CONCLUSIONS:

Near the surface of Mars’s satellites, a dusty plasma system exists, in which,
similar to the dusty plasma system near the surfaces of the Moon and Mer-
cury, the development of dust acoustic perturbations is possible. The am-
plitudes of the solitons and the periodic nonlinear dust acoustic waves near
the surfaces of Phobos and Deimos can reach measurable values. Addition-
ally, one has to account for the possibility of excitation of these nonlinear
wave structures during the analysis of the current-voltage characteristics of
the Langmuir probes, which the spacecraft used to study Mars's satellites
has to be equipped with.
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INTRODUCTION:

A characteristic feature of the magnetosphere of Saturn is the presence of
two types of electrons, hot and cold ones, which obey kappa distributions.
Electrons, magnetospheric ions, and dust particles, which have been dis-
covered within the Cassini mission, form a dusty plasma system in the mag-
netosphere of Saturn. Nonlinear periodic dust acoustic waves of arbitrary
amplitude, which can propagate in the dusty magnetosphere of Saturn, are
considered. The obtained results are important for the interpretation of fu-
ture space observations.

NONLINEAR DUST ACOUSTIC WAVES:

Dust and dusty plasma are important objects of study near the surface of
the Moon, Mercury, the satellites of Mars and other atmosphereless celes-
tial bodies, in the atmospheres and magnetospheres of planets], plane-
tary rings, in the tails of comets, and interplanetary space. The plasma of
the magnetosphere of Saturn was first studied as part of the Voyager 1
and Voyager 2 missions in the 1980s. Evidence of the existence of waves
in the plasma of the atmosphere of Saturn was then obtained. During
the Cassini mission, dusty plasma was discovered in the Saturn system in
the vicinity of its moon Enceladus. The possible origin of the dusty plasma
was also indicated in the studies within this mission: the Cassini spacecraft
discovered fountains of dust particles and small water ice particles (which
can also be interpreted as dust particles) many hundreds of kilometers
high, gushing out of four cracks in the area of Enceladus’s south pole. It was
also discovered that two types of electrons, hot and cold ones, are simul-
taneously present in the magnetosphere of Saturn, and the electron distri-
butions are described by kappa distributions]. Nonlinear waves, primarily
dust acoustic waves, can exist in the dusty plasma with parameters corre-
sponding to the conditions in the magnetosphere of Saturn. We consider
nonlinear periodic dust acoustic waves taking into account the presence of
two types of electrons.

-0,2 —

(p-0‘4 —
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Figure 1. Examples of nonlinear periodic dust acoustic waves in the magnetosphere
of Saturn. Plasma potentials versus coordinate in dimensionless units are shown
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We write the basic equations for nonlinear periodic dust acoustic waves
in the magnetosphere of Saturn. We consider one-dimensional disturbanc-
es described by a system of equations, consisting of the Poisson equation
for the potential and equations defining the number densities of plasma
components. We solve the resulting system using the Sagdeev potential
method. The examples of solutions in a form of nonlinear periodic waves
are shown in the Figure 1.

CONCLUSIONS:

This work shows the possibility of the propagation of nonlinear periodic
dust acoustic waves in the dusty plasma of the magnetosphere of Saturn,
which includes hot and cold electrons, magnetospheric ions, and charged
dust particles. The amplitudes of nonlinear dust acoustic waves reach fairly
large values and are in the region of negative potentials. In order to en-
sure the possibility of observing nonlinear periodic dust acoustic waves in
the magnetosphere of Saturn in future space missions, it is necessary to
equip thespacecraft with devices that allow high-precision measurements
of electric fields.
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INTRODUCTION:

Let’s find choreographic trajectories r,(x;, y;) of small bodies and estimates
periods of them motion in respect of the baricentric system of coordinates,
that uniformly rotates with angular velocity Q (Sun (m,) and Mars (m,) are
major bodies). Motion of a particle with negligible mass (ms) is |nvest|gat—
ed in the frame of the restricted plane circle three body problem [1].r,, is
the distance between the major bodies, G is the gravitational constant.
Method Runge —Kutta of numerical simulation is used [1-8].

BASED EQUATIONS:
According to work [1], the differential equation of a particle m, motion is
presented in the form (1):

d?t [dt? +Gm, (r; —r, )/(|r3 —r1|)3 +
+Gm, (1 —rz)/(|r3 —r2|)3 —2[dr; /dt, Q] - Q’r; =0.

Here, r, is the radius-vector determined the position of the point m, in re-
spect of the barycenter; r, nr, are the radii-vectors of the major bodies with
mass m, and m,;

r=—(m,/(m+my)hy, 1 =(m,/(m+m,)ny; (2)

)

Q=1JG(m, +m,)/r.

For solving of the equations (1) the following units of measurements
are used. r,, is the unit of length; m, is the unit of mass; the unit of time
was chosen so that G=1. The initial condltlons are following: x, #0,
dx,/dt=0, y, =0, dy,/dt=0, x, #0, dx,/dt= =0, dy,/dt=0, x, ;tO
3¢ (dx, /dt <+3. é (unit of Iength)/(umt oft|me) -35< (dy /dt), 2435
(unit of Iength%/ (unit of time), -1 <Y <H1 (unit of length). The results of
numerical simulations devoted researchlng of m; motion in intervals of
time corresponded dozens and hundreds revolutions of major bodies are
presented in figures (Figures 1-8).
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Figure 1. “Rendezvous” m, with Mars Figure 2. Motion m, in the region of

and the revolution around the Sun Mars and the Earth
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Figure 3. The movement of m, along Figure 4. The movement of m, inside
Mars orbit orbit of Mars

Figure 5. The movement m, from Figure 6. The movement m, from
Mars to the to the asteroid belt Mars asteroid belt and back

/
AN

Figure7. The movement m, from Figure8. The movement m, from
Mars to Uranus and back Mars to Neptune and back

PERIOD OF M, MOTION ALONG HORSESHOE SHAPED TRAJECTORY
DEPENDED FROM THE RATIO M, /M.

InTable 1 period T of m, movement along horseshoe-shaped trajectory (Fig-
ure 1) in restricted circle plane three body problems depended on the ratio
of m,;/m, and the number of revolutions n of major body is presented.

265
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Table 1. Period T of movement of m, along horseshoe-shaped trajectory (Figure 1)
in the restricted circle plane three body problem depended on the ratio of m,/m,
and the number of revolutions n of major bodies (n = T/(2m)).

m./m, |1g(m,/m.) T, units of time n=T/(2mn), number Ig(n)
of m, revolutions

800 |2.90309 281.1265 44242672 1.650722
900 |2.954242 281.3416 44.776906 1.651054
10° 3 293.8707 46.770974 1.669976
4.10® |3.60206 725.5877 115.480869 2.062510
410° |5.60206 10033.39175 1596.863893 3.2032268
4107 |7.60206 110250 17546.83247 4244199
4.10° |9.60206 9.33963404-10° 1.489632-105 5.173079

To estimate the value of n (m,/m,), the models (3) and (4) are proposed.
2
lg(n)=a, +a1Ig(ml/mz)—i—az{lg(mﬁmz)} ' 3)

n—10% (m1/m2)a1+azlg(m1/m2). 4)
where
a, =-0.2902078693, a, = 0.700754946, a, = -0.0137246231.
(The least squares method was used. 10%< m1/m2 <10™).

CONCLUSIONS:

Choreographic trajectories in the considered model are stated. They may be
usefulfor spacecraftlaunches.Themovementof m,alonghorseshoe-shaped
trajectory is stable if the ratio of m./m, > 1000. Horseshoes-shaped tra-
jectories are reserved for zero initial conditions for m,/m,=10000 if
-1.006793 < x;, < -0.9936. (For m,/m, = 1000 horseshoe- si\aped trajecto-
ries are reserved for zero initial conditfons if ~1.0095 < X5, < -0.987.)
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INTRODUCTION:

The issue of establishing genetic relationships among small Solar System
bodies is of considerable significance both for advancing evolutionary the-
ories and for refining our understanding of the distribution of meteoroid
material in near-Earth space. For the majority of meteoroid associations,
genetic connections with small bodies have yet to be conclusively deter-
mined. In this study, we investigate the o-Capricornids meteoroid shower,
its probable association with near-Earth asteroids identified via the synthet-
icapproach [1, 2], and conduct an analysis of the long-term dynamical evo-
lution of the orbits of those asteroids associated with the o-Capricornids
shower. The o-Capricornids is categorized as a minor meteor shower with
alow zenithal hourly rate. According to the IAU Meteor Data Center, it is list-
ed under identification number 179 and is associated with the Apollo-type
asteroid 2003 MT9 (https://www.ta3.sk/IAUC22DB/MDC2022/). However,
reference [4] suggests an additional relationship with three other Apollo
group asteroids: 2008 BO16, 2011 EC41, and 2013 CT36. Our objective was
to verify the association between the o-Capricornids meteoroid shower
and near-Earth asteroids employing our proprietary synthetic method, and
to perform long-term orbital evolution studies for the asteroids identified
as genetically connected to the o-Capricornids.

METHODS:

The proprietary synthetic method, described in detail in [2], is employed
to identify associations between the meteoroid stream and near-Earth
asteroids.

RESULTS:

Using the proprietary synthetic method, associations have been estab-
lished between the meteoroid shower and the following Apollo-group as-
teroids: 2003 MT9, 2008 BO16, 2011 EC41, 2013 CT36, 2008 EM9, 2003 OV,
2005 ET70, 2011 FZ22, and 2013 NE19. According to their Tisserand param-
eters with respect to Jupiter, some of these asteroids move in comet-like
orbits, while others follow transitional-type orbits, which does not preclude
the possibility that the identified asteroids may be extinct cometary nuclei
or their remnants. The conducted analysis of the orbital evolution of these
asteroids demonstrates significant perturbations due to planetary influ-
ences, particularly from Jupiter. The study also discusses the alteration of
asteroid orbits as a result of orbital resonances with planets.
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INTRODUCTION:

The atmosphere of hot Jupiters is heated by intense radiation from the par-
ent star and undergoes an outflow beyond the boundaries of the Roche
lobe. Around some exoplanets, extended tails during the outflow of plan-
etary matter can be formed, which have observational evidences. Model-
ing showed that the magnetic field can significantly affect the structure of
the atmosphere, and at some values reduce the outflow of planetary mat-
ter and the formation of tails. The study was supported by the Russian Sci-
ence Foundation grant No. 25-72-10080.

METHODS AND RESULTS:

Transit spectroscopy of hot exoplanets is used to obtain the main charac-
teristics of exoplanetary atmospheres and plasmaspheres, such as com-
position, temperature, density, and to study the effects that occur during
the collision of plasma flows of stellar and planetary winds. It is known that
the atmosphere of many hot planets consists mainly of hydrogen. However,
the most popular in transit spectroscopy Ly-a line undergoes absorption
by the interstellar medium and is also distorted due to the effect of geocor-
onal emission. The line of metastable helium A = 10830 A is not subject to
significant distortions, and therefore can be used to obtain higher-quality
data on exoplanetary systems. We use a numerical 3D MHD model to sim-
ulate the transit absorptions of the planets Wasp-107 b and Wasp-69 b in
the 10830 A metastable helium line to determine the influence of planetary
system parameters and magnetic field on observational manifestations.
CONCLUSION:

Modeling has shown that the magnetic field can significantly influence
the structure of the atmosphere, and at certain values reduce the outflow
of planetary matter and the formation of tails.
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INTRODUCTION:

Exoplanet research is rapidly developing. To date, about 6,000 exoplan-
ets have been discovered, and their number is constantly increasing. New
space telescopes are launched, ground-based instruments are improved,
and the volume of observational data continues to grow. However, an ex-
panded knowledge base is needed to interpret the data in order to find
space weather parameters and chemical composition. One such task is to
measure the course of physicochemical reactions that are important for
helium-containing plasma environments. Observations have shown that
many hot exoplanets contain helium in their atmospheres, and therefore,
for a high-quality interpretation of observational data, it is necessary to ac-
curately know the constants describing the processes in helium-containing
environments.

METHODS AND RESULTS:

Laboratory modeling of plasma processes has significantly expanded
the understanding of a number of fundamental phenomena in near and
deep space (waves in the ionosphere and magnetosphere, interaction of
the Earth’s magnetosphere with the solar wind, magnetic field reconnec-
tion, particle acceleration, collisionless shock waves, astrophysical jets). It's
possible to reproduce plasma parameters comparable to those observed in
real space objects, and to study the dynamics of interactions in controlled
and repeatable conditions.

Laboratory modeling of exoplanets is a completely new direction, and
there are only a few very limited examples of its implementation. One
of the aspects of planetary atmospheres that is difficult to reproduce in
the laboratory is the optical path length. Most of the observed deep space
objects, including exoplanet atmospheres, are extended, with characteris-
tic distances calculated in hundreds and thousands of kilometers. To repro-
duce absorptions in such objects in laboratory setups, taking into account
the operation at higher gas pressure, an optical path of ~1 km is required,
for which a multi-pass scheme was used.

CONCLUSION:

The report highlights the specifics of the setup and the first results of a lab-
oratory experiment aimed at measuring the rates of physical and chemical
reactions in the upper atmospheres of hot exoplanets, as well as testing
the application of the theory of atomic alignment to search for magnetic
fields of hot exoplanets.
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ABSTRACT:

Hot gas planets rotating in close orbits form a subclass among a very di-
verse population of exoplanets. They have a unique feature of extensive
outflow of the upper atmosphere. Multicomponent and partially ionized
matter, heated by intense ionizing radiation of the parent star, flows through
the Roche lobe at supersonic speed and collides with the stellar wind plas-
ma. Such dynamics are fundamentally different from the processes in
the rarefied exospheres of the planets of the Solar System. Observational
evidence for such an outflow of the atmosphere was found for a number of
hot Jupiters and warm Neptunes by measuring their transit absorption in
the VUV lines of such elements as H, C, O, Mg, Si, Fe. Recently, rich informa-
tion was provided by the analysis of the transit absorption of exoplanets in
the 1083 nm line in the IR range of the metastable helium triplet. Moreover,
the first detection of transit absorption by an oxygen atom at a wavelength
of 777.4 nm in the IR range in Kelt-9b promises new possibilities.

Comparison of spectrally resolved transit measurements of individual ex-
oplanets and 3D modeling of their dynamic environment provides com-
pelling evidence for the interaction between planetary and stellar winds,
allowing important inferences about exoplanetary atmospheres and stel-
lar wind plasma parameters. The outflow of hot exoplanet atmospheres
is a complex phenomenon influenced by a number of physical processes,
and quantitative interpretation of observational data requires dedicated
numerical modeling, and the corresponding models have undergone sig-
nificant development since 2003 [1]. In this talk, we present some results
from modeling with a 3D aeronomy multifluid MHD model that includes
radiative transfer and excited-level kinetic modeling. We studied several
hot Jupiters and warm Neptunes for which transit observations were car-
ried out with different spectral resolutions — HD209458b, HD189733b,
Wasp107b, Wasp80b, GJ436b, GJ3470b, TOI421b&c, PiMenC. For two of
them (GJ436b [2], GJ3470b [3]), modeling showed that the observed strong
absorption in the hydrogen Lya line can be explained only if the corre-
sponding stellar winds interacting with the outflowing atmosphere have
parameters comparable to the solar wind. Modeling of HD189733b [4]
confirmed that the existing variability of the transit spectra measurements
can be explained by changing space weather conditions. The transit ab-
sorptions in the HI, Ol, Cll and Hel lines measured for HD209458b allowed
us to estimate the upper limit of the possible magnetic field of this planet
[5]. We also modeled two binary planetary systems, TOI421 and HD63433,
for which we predict the possibility of interaction of the outflowing atmo-
spheres through stellar wind disturbances [6].

For the ultra-hot Jupiter Kelt9b, we have shown for the first time, based on
modeling the kinetics of levels, that the observed absorption in the Ha line
of hydrogen in the visible range is directly related to a new channel of at-
mospheric heating — photoionization of excited levels. Such studies of var-
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ious stellar-planetary systems create a basis for remote sensing of changing
conditions of space weather of different stars. Progress in the quality and
quantity of observations, new instruments, including the planned launch
of the Spektr-UV telescope, new approaches to sensing exoplanets, includ-
ing new spectral windows, multispectral and multi-instrument observa-
tions require further development of modeling tools capable of complex
modeling and interpretation of all available observations.
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INTRODUCTION:

The article by Zhilkin and Bisikalo [1] describes the MHD modelling of mag-
netospheres of hot Jupiters located near the Alfvén point of the stellar wind
of their host stars, where the Alfvén Mach number is equal to 1. In particular,
the authors model the magnetosphere of the exoplanet HD 209458 b, also
known by the unofficial name Osiris. Since this exoplanet lies in the bound-
ary region between regimes of stellar wind flow with Alfvén Mach numbers
greater and less than one, both super-Alfvénic and sub-Alfvénic cases are
considered correspondingly.

Previously, we conducted a simulation of the magnetosphere of HD 209458
b using the analytical paraboloid magnetospheric model [2], so it is reason-
able to compare the results obtained with the paraboloid model to those
presented by Zhilkin and Bisikalo MHD simulations [1].

Despite methodological differences, the results show overall agreement in
the large-scale structure of the magnetosphere of HD 209458 b. The parab-
oloid model provides a qualitative presentation of the geometry and orien-
tation of magnetospheric magnetic field structure, serving as a convenient
tool for preliminary analysis, while the MHD approach allows for a deeper
investigation of physical processes related to plasma flow redistribution
and the emergence of local instabilities.
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INTRODUCTION:

The search for potentially habitable exoplanets is a complex observational
and theoretical problem. There are many signs of potential habitability of
an exoplanet [1] (for example, the location of the planet in the habitable
zone [2, 3] is considered a necessary but not sufficient sign). An import-
ant additional sign of habitability is the special chemical composition of
the planet’s atmosphere, which may be a consequence of biological and
geological activity on it. Atoms and molecules that indicate such an atmo-
sphere or individual biological processes on the planet are considered po-
tential biomarkers. The search for spectral lines of biomarker molecules in
the atmospheres of exoplanets located in the habitable zone is an effective
strategy for determining their potential habitability. This task will be includ-
ed in the scientific program of the Spektr-UF space telescope (ST) [4] being
created in Russia.

One of the most important criteria for biomarker molecules on exoplanets
is the possibility of their reliable detection in a time not exceeding the time
of the telescope’s scientific program. This work presents an overview of po-
tentially observable biomarkers in the atmospheres of exoplanets. Particu-
lar attention is paid to the molecules — indicators of N,-O, dominant atmo-
sphere, which, according to modern concepts, can be formed on a planet of
the terrestrial type as a result of biological and geological activity [5, 6]. It is
shown that the nitric oxide molecule is a promising biomarker for search
using ultraviolet space telescopes, including Spektr-UF. Using the long-slit
spectrograph (LSS, R =1000) ST Spektr-UF, detection of nitric oxide is pos-
sible on typical super-Earths and sub-Neptunes in the habitable zone of
G- and K-type stars more active than the Sun [7]. The detection limits of this
molecule are up to 30 pc. We provide a list of potential targets for ST Spek-
tr-UF — exoplanets, the detection of nitric oxide on which will allow us to
make a conclusion about their potential habitability.
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INTRODUCTION:

The nitric oxide molecule is an indicator of N -O, atmosphere of a terrestrial
planet [1] (which can be formed due to bioﬁoglcal activity [2]) and, there-
fore, a potential atmospheric biomarker on exoplanets. Spectral lines of
nitric oxide can be detected on nearby (<30 pc) exoplanets in the habit-
able zone of active stars using the planned Spektr-UF space telescope [3].
It is known from observations of the Earth’s thermosphere [4] that nitric
oxide is effectively formed by the precipitation of electrons with energies
of 1-10 keV. Moreover, nitric oxide concentration depends on the energy
flux of precipitating electrons [5], Q. Thus, if we determine the nitric oxide
content on a planet with different intrinsic magnetic fields, B itis possible
to estimate how B, affects the weakening of Q, independently.

To make such an estimate, we compared the nitric oxide content for two
cases with different B , values: a) on Earth (B =B, ) and b) on a planet
without its own magnetic field (B ,=0). Calcuffation at an intermediate val-
ue of B  is possible only with correct modeling of the entire complex of
physical and chemical processes leading to the precipitation of electrons
of magnetospheric origin [6]. This complex problem can be solved quite
simply only in the case of a zero magnetic field value, Bp, =0.

The nitric oxide content for a planet with B = B__ ., was taken from satellite
observations of the Earth’s atmosphere. The numerical model of nitric oxide
formation [5] tested on Earth was used for a planet with B = 0. To deter-
mine the parameters of precipitating e for case b), we used the MHD model
of the interaction of the stellar wind with the atmosphere of a terrestrial
planet with Bp, = 0, which was tested on Venus [7].

Based on the calculation results, it was determined that the total number of
nitric oxide molecules on a planet with B = 0 is nearly 10 times greater than
on Earth (the conditions of a quiet Sun are considered). The corresponding
conclusion can also be made for the energy flux QO, which, due to the pres-
ence of B  on the planet, is weakened by an order of magnitude compared
to a planet without a magnetic field. The resulting estimate shows the role
of the Earth’s magnetic field as a protective mechanism against electron
precipitation.
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ABSTRACT:

In eve of IR Roman 2.4 m space telescope of wait to launch with having
onboard the imaging coronagraph instrument (CGI) with active extreme
adaptive optics and IFS — integral field spectrometer, we revisit what to
recommend as a high contrast instrument within WSO-UV aiming direct
observe exoplanets.

Critical analysis was performed for the stellar coronagraph that principally
uses an apodization in pupil plane with an LC-SLM matrix, that is simulta-
neously used to compensate wavefront aberrations as coming from meters
sized optics primary and secondary mirrors and apertures of the WSO-UV
telescope.

For an unaberrated optics, the simulated coronagraphic contrast exceeds
a 109 in magnitude at a 5 lambda/D stellocentric separation within an im-
age area inside the 90 degree sector.

In the proposed configuration, the active wavefront sensing in the focal
plane, where the since camera is mounted can use the similar wavefront
sensing techniques as were developed in Roman space telescope: e. g. pair-
wise-probing, self-coherent camera.
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INTRODUCTION:

Hot Jupiters can be detected using small ground-based telescopes with
the transit photometry method. If the stellar parameters are known with
large uncertainties, transits with a depth of 0.01-0.05 mag may be caused
by a planet, a brown dwarf, or another star. To distinguish between these
cases, it is usually sufficient to determine the mass of the companion us-
ing the radial velocity method. If radial velocity data are not available, a
preliminary validation can be performed using multicolor photometry of
the system. This work is devoted to the validation of an exoplanet candi-
date around the star SOI-3, in the light curve of which dips with period
P =45.99 h, duration T=2.17 h, and depth Am = 0.056 mag were detected
[1]. Additional results for other candidates are also discussed.

METHOD:

Photometric data obtained in broadband filters i-, r-, v-, and b- with the 1-m
AZT-11 telescope (CrAO RAS) are analyzed, along with additional unfiltered
(white-light) data from the 50-cm robotic telescope of SAO RAS (the in-
strument that originally detected this candidate). Using different transit
models, the transit depth, other parameters, and the radius of the eclipsing
body are determined in various filters, as well as for odd and even transits
separately. These values are then compared to identify effects that are char-
acteristic of binary stars [2]. If the eclipse is caused by a planet, the estimat-
ed radius should remain consistent (within the given accuracy) across all
transits and filters.

RESULTS:

Modeling for different cases yields an estimated radius of the eclipsing body
in the range of 1.71-2.64 Jupiter radii (in some cases up to 2.8). A depen-
dence of the radius on wavelength and on odd/even transit number was
also found. Based on these results, we conclude that SOI-3 is a binary star,
and thus the presence of an exoplanet around this star is not confirmed.
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INTRODUCTION:

The search for exoplanet candidates and their subsequent validation is one
of the main areas of exoplanet research. This report is devoted to the devel-
opment of this topic in Russia.

VALIDATION OF EXOPLANET CANDIDATES:

Using the transit method, it is possible to determine the radius of the body
that causes the darkening of the star. If the size of this body is typical for
planetary bodies, then it is considered that an exoplanet candidate has
been discovered. However, the estimated radius of the eclipsing body de-
pends on the estimated radius of the host star. Therefore, to verify whether
the eclipse is caused by a planet, it is essential to know the stellar radius as
accurately as possible.

This report is devoted to the validation of exoplanet candidates discovered
during survey observations at SAO RAS [1]. Spectroscopic observations of
these stars were carried out using the SCORPIO-2 focal reducer at 6-m tele-
scope SAO RAS [2]. At this stage, we determine the class of the parent star,
from which we can conclude its radius, and from the ratio of sizes obtained
by the transit photometry method and the radius of the star, we can find
the size of the companion.

As a result of the modeling using photometric data from 50-cm robotic
telescope of SAO RAS, the radii of the studied exoplanet candidates have
been refined. In addition, a software package has been developed that will
allow validation for new candidates.
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ABSTRACT:

The presence of a planet in a transiting configuration allows its physical
mass m to be measured, rather than just its minimum mass m sin i, where j
is the inclination of the planet’s orbit to the line of sight, which is unknown
for non-transiting planets. To date, the number of transit candidates la-
beled as TOI (TESS object of interest) discovered by the TESS mission has ex-
ceeded 7,600, of which 686 have been confirmed as planets (TESS planets
in the NASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu/
cgi-bin/TblView/nph-tblView?app=ExoTbls&config=PS&constraint=de-
fault_flag=1&constraint=disc_facility+like+%27%25TESS%25%271), and
514 of them have had their mass measured. The mass distribution of giant
transiting planets 0.3 < m < 13 m_Jupiter found by TESS has been studied
and compared with similar distributions of planets discovered by ground-
based observation programs and the Kepler space telescope.

Therefore, we extend our previous study with new data revealing new re-
fined selection effects and confirm the discovered before statistical distri-
bution of masses and orbital periods for the demographics and cosmogony
of exoplanets.
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ABSTRACT:

The problem of the kinematics of the approach of open star clusters and
stars with exoplanets is considered. It was found that the cluster NGCv1977,
located in the region of Orion’s Sword, in past epochs approached in space
the star TOI-2796, which has a planetary system. The parameters of the ap-
proach — time and distance between the objects — were obtained. For
this, numerical calculations of the orbit around the Galactic Center were
carried out. It is shown that these objects approached at a distance of
~7.8 pc about ~4.4 million years ago. This approach could have had a grav-
itational effect on the Oort cloud analogue TOI-2796, leading to a change
in the orbital elements of small bodies located in its outer parts. It is im-
portant to note that the observed effect could be the loss of objects from
the TOI-2796 planetary system into interstellar space.
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INTRODUCTION:

The characteristics of exoplanets, such as radius, mass, density, etc., directly
depend on the formation of a planetary system. An important characteris-
tic of the system is the spectral class of the parent star. We check the depen-
dence of the characteristics of exoplanets on the spectral class of the par-
ent star, assuming that when forming planetary systems, an important role
for the future of the system is played by the amount of material in the pro-
toplanetary disk and the influence of the star on the formation of planets,
based on [1]. The data are taken from the NASA exoplanet catalog.

It is shown that with an increase in the temperature of the star (a change in
the spectral class), the range of radii and masses increases, and the range
of densities of exoplanets in systems decreases. At high temperatures of
parent stars, the median radius and median mass of exoplanets increase,
which indirectly indicates that with an increase in the amount of materi-
al and its mass for the formation of planets and stars, the temperature of
the star also increases.

The so-called Fulton small radius gap was studied — in the distribution
of exoplanets by radius, a decrease in the number of planets in the region
of 1.5-2,0 Earth radii is observed. We give a possible explanation for this
phenomenon. According to [2], the position of the dip should depend on
the parent star, this statement is tested. The proportion of occurrence of
super-Earths and mini-Neptunes among all planets is compared, as well as
the proportion of low-mass planets for different spectral classes of parent
stars.

The occurrence rate of exoplanets with different spectral classes of parent
stars was investigated. The occurrence rate for different spectral classes of
parent stars is compared. The occurrence rate is calculated depending on
the radii of the planets and their orbital periods, based on [3].
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ABSTRACT:

It is believed that stars with exoplanets have higher metallicity than stars
without planets [1]. This may be due to the greater amount of solid mate-
rial available for planetesimal formation in protoplanetary disks [1]. In this
study, the metallicity distribution of parent stars was constructed for sys-
tems with one to seven exoplanets. No correlation was observed between
the number of systems with a larger number of planets and higher metal-
licity of the parent star. The highest number of systems with one or multiple
planets was confirmed for stars with metallicity close to solar. Moreover,
the metallicity distribution of the star for each considered number of exo-
planets in the system has the same shape and peak position.

In the study by Adibekyan, it was found that giant planets are more fre-
quently detected around stars with higher metallicity [2]. This is attributed
to the fact that a high metal content in the protoplanetary disk promotes
the formation of massive cores, which can then accrete gas and form giant
planets [2]. In this work, the dependence of planet density on the metallic-
ity of the parent star was examined for systems containing one to five ex-
oplanets. Higher density is characteristic of rocky planets, while gas giants
typically have lower density. It was expected that stars with higher metal-
licity would exhibit an increase in the number of low-density planets. This
study shows that the highest number of planets of all types is confirmed
for stars with metallicity close to or slightly higher than solar. The growth in
the number of gas planets around more metal-rich stars plateaus at 0.3 dex
for multiplanet systems and 0.4 dex for single-planet systems.

For systems with one and multiple exoplanets (up to five), a comparison
was made of the distributions of characteristics determining planet densi-
ty: mass and radius. Distributions of orbital radius and orbital period were
also constructed. If differences in these distributions were found between
single-planet and multiplanet systems, it could suggest the existence of
a large number of single-planet systems that are truly single due to their
formation conditions rather than detection limitations. The distributions of
orbital radius and orbital period for systems with one and multiple plan-
ets do not differ in shape. In the planet radius distribution, systems share a
common peak at 1.6-3.2 Earth radii, while a second peak at 11.2-12.8 Earth
radii is observed only in systems with one confirmed planet and may cor-
respond to genuinely single-planet systems. The mass distribution differs
between single-planet and multiplanet systems: multiplanet systems more
frequently host lower-mass planets, and the number of planets drops
sharply with increasing mass. In single-planet systems, the number of plan-
ets decreases more gradually, which may indicate that during system for-
mation, less material in the protoplanetary disk was allocated to each plan-
et in multiplanet systems compared to planets in single-planet systems.
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ABSTRACT:

The growing availability of exoplanet observations — especially with up-
coming exoplanet missions such as ESA’'s PLAnetary Transits and Oscilla-
tions of stars (PLATO) [1], Atmospheric Remote-sensing Infrared Exoplanet
Large-survey (ARIEL) [2], and NASA’s Habitable Worlds Observatory (HWO)
[3], alongside a new wave of the Venus missions, including NASA’s Deep
Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging
(DAVINCI) [4], NASA's Venus Emissivity, Radio Science, INSAR, Topography
and Spectroscopy (VERITAS) [5], ESA’s EnVision [6], Roscosmos’Venera-D [7],
ISRO’s Venus Orbiter Mission (VOM) [8], complemented by ground-based
facilities such as the high resolution spectrographs HARPS-N [9] (visible)
and GIANO-B (IR) installed at the Telescopio Nazionale Galileo (La Palma,
Canary Islands), the James Webb Space Telescope (JWST), and the Extreme-
ly Large Telescope (ELT) in Chile - requires robust frameworks to charac-
terize the surface and atmospheric properties of terrestrial planets beyond
our Solar System. Venus, with its thick atmosphere and possibly ongoing
volcanic—tectonic processes, provides a powerful backyard analog for
these distant worlds.

In this context, the Analogs for VENus' GEologically Recent Surfaces
(AVENGERS) initiative promotes interdisciplinary research bridging Venus,
Earth, and exoplanetary science [9]. Here, we propose a novel spectral
strategy to infer geological activity on rocky exoplanets, based on lessons
learned from Venus' surface emissivity studies.

The 1-um absorption band, associated with fresh mafic minerals (e.g., ol-
ivine, pyroxenes), is known to fade quickly on Venus due to rapid oxida-
tion caused by its hot, dense atmosphere [11,12]. Detecting this absorp-
tion band on exoplanets with similarly extreme conditions could indicate
the presence of unweathered basaltic materials, suggesting recent or even
ongoing volcanic resurfacing. Although a single eruptive center may not
be observable, a planet-scale volcanic regime (lo-like) could generate
a globally integrated spectral signature at 1 um detectable by future space
observatories.

To support this approach, we are currently analyzing the 0.8-2.5 um reflec-
tance spectra of fresh lava flows from Mount Etna (Italy) [13] and Cumbre
Vieja (La Palma, Spain) [14], both serving as terrestrial analogs for volcanic
terrains on Venus and (rocky) exoplanets. These datasets will help calibrate
the expected spectral behavior of unweathered basaltic surfaces under
Venus and Earth-relevant conditions, providing key constraints for future
space observations. This perspective is consistent with recent JWST studies
on rocky exoplanets in the habitable zone, which place strict limits on po-
tential secondary atmospheres [15].

In the future, we also plan to include additional mafic and felsic-dominat-
ed volcanic environments — such as the active volcanoes of Kamchatka
(Russia) — to expand the spectral library to more evolved, compositionally
differentiated terrains. Spectral features of felsic volcanic materials (e.g., fel-
sic-rich glass, feldspars) may also be accessible. Their presence would sug-
gest the onset of crustal differentiation or even plate tectonic-like regimes,
offering valuable insight into the internal evolution of rocky exoplanets.

AVENGERS aims to establish a scientific bridge between current and up-
coming Venus missions (DAVINCI, VERITAS, EnVision, Venera-D, VOM), and
the exoplanet community (PLATO, ARIEL, HARPS-N and GIANO-B at TNG,
JWST, ELT, HWO), in coordination with NASA's Venus Exploration Analysis
Group (VEXAG) and NASA'’s Exoplanet Exploration Program Analysis Group
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(ExoPAG). In doing so, it also connects the planetary science community
with Earth-based geologists through the joint analysis of terrestrial ana-
logs. We advocate for a comparative planetary approach that integrates
surface processes, volcanism, and atmospheric evolution to better charac-
terize (rocky) exoplanets using Venus and Earth as key references.
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ABSTRACT:

We investigate the interaction of Earth-mass planets with a disk of plane-
tesimals. Itis shown that an Earth-like planet, initially located near the inner
boundary of the planetesimal disk, migrates inside the disk. The magnitude
of penetration of the planet into the disk is determined by the angular mo-
mentum distribution of planetesimals approaching the planet. The direc-
tion of the planet’s migration always changes, and the planet returns to
the inner boundary of the disk. During such reversible migration, the plan-
et perturbs the orbits of planetesimals and increases their relative veloci-
ties in the region of the disk where it was during its migration. The relative
velocities of planetesimals increase to values sufficient for their fragmen-
tation during collisions. We show that after the passage of an Earth-mass
planet through the outer planetesimal disk, the average relative velocities
in the main part of the disk increase to values sufficient for the fragmenta-
tion of monolithic basaltic planetesimals up to 40 km in size. Thus, the in-
teraction of even a small planet (of the order of Earth’s mass) with a plan-
etesimal disk can lead to the formation of dust particles observed in outer
debris disks.
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ABSTRACT:

Brown dwarfs are substellar objects that occupy an intermediate position
between stars and planets. Their masses range from approximately ~13 to
~80M,, where M, =1.9- 10%” kg is the mass of Jupiter. The upper limit (80M))
corresponds to the mass at which thermonuclear hydrogen burning be-
gins in the object’s core, while the lower limit (13M) is the minimum mass
required for deuterium burning inside the celestial body. The goal of this
work is to give an answer to the question: Why does one of two nearly
identical isolated ultracold brown dwarfs exhibit auroras and a tempera-
ture inversion with altitude in its atmosphere, while the other does not?
We suggest that the possible reason lies in the fact that one brown dwarf
(W1935) possesses a magnetic field and a surrounding plasma magneto-
disk. When the magnetic dwarf rotates rapidly, its interaction with the mag-
netodisk may produce the observed phenomena. If the second brown
dwarf (W2220) lacks its own magnetic field and/or a magnetodisk, it does
not meet the necessary conditions for generating auroras and tempera-
ture inversion with altitude in its atmosphere (Figure 2). We demonstrate
how these phenomena depend on the brown dwarf’s characteristics and
the parameters of the circum-substellar plasma disk. Additionally, this work
focuses on comparing brown dwarfs with stellar red dwarfs and giant plan-
ets (Figure 1).
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Figure 1. The graph highlights brown dwarfs for which the spectral class is known.
In the background there are all brown dwarfs (in brown), for which two characteris-
tics are known: temperature and density. The black curves are polynomial approxi-
mations of the most common brown dwarfs with these parameters on a logarithmic
scale. Two ultra-cool brown dwarfs W1935 and W2220 discussed in this paper are
shown by asterisks
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Figure 2. Current system of magnetodisk, including field-aligned currents J, mag-
netodisk currents and ionospheric Pedersen currents jp. Current directions are
shown by asterisks. Arcs are the auroral ovals at the brown dwarf
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INTRODUCTION:

The compact three-planet system Kepler-51 was announced in 2013 [1].
Kepler-51is a < 1 Gyr-old Sun-like star hosting three transiting planets with
radii ~(6-9)R_, (radii of the Earth) and orbital period ratios close to 1:2:3
(45, 85, and 1%0 days for Kepler-51b, ¢, and d, respectively) detected with
Kepler photometry. Transit timing variations measured with past Kepler
and Hubble Space Telescope observations have been successfully mod-
eled by considering gravitational interactions between the three transmng
planets, yielding low masses and low mean densities (<0.1 g-cm™) for all
three planets.

Antoniadou and Voyatzis [2] demonstrate three possible scenarios safe-
guarding compact planetary system Kepler-51, each followed by con-
straints. Firstly, there are the 2:1 and 3:2 two-body mean-motion reso-
nances (MMRs), in which eccentricity e, <0.02, such that these two-body
MMRs last for extended time spans. Secondly, there is the 1:2:3 three-body
Laplace-like resonance, in which e <0.016 and e, < 0.006 are necessary
for such a chain to be viable. Thlrdly, there is the comblnatlon 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.

D. Jontof-Hutter et al. [3] refined parameters of the Kepler-51 planetary sys-
tem using data from the TESS space telescope. Kuznetsov and Perminov
[4] examined the dynamic evolution of the compact three-planet system
Kepler-51 using refined parameters [3]. It is shown that the compact plane-
tary system Kepler-51 is not resonant. Under initial conditions correspond-
ing to the masses and elements of the planets’ orbits, determined from ob-
servations considering their errors, the evolution of the system is stable and
regular over the studied interval of 100 Myr.

K. Masuda et al. [5] reported the discovery of a fourth planetin the Kepler-51
system. They obtained solution, the one in which Kepler-51e is around
the 2:1 MMR with Kepler-51d implies low orbital eccentricities (<0.05) and
comparable masses (~5M ) for all four planets, as is seen in other compact
multi-planet systems.

In this paper, we will consider the dynamic evolution of the compact
four-planetary system Kepler-51 and study stability and resonant property.

METHODS:

Since compact systems, an important factor influencing orbital evolution
is tidal interaction. We simulated the evolution of the Kepler-51 system
over a time interval of 100 Myr using the Posidonius (https://www.blan-
cocuaresma.com/s/posidonius) software [6], which considers tidal interac-
tion. We varied the mass of the star (0.96+0.05)M -, [5]) and the masses of
the planets (see [5], Table 6) within the limits of getermmatlon errors for
nominal values of orbital elements. The orbital elements were varied for
the nominal masses of the star and planets. The values of the period and
eccentricity were varied within the limits of determination errors, the in-
clinations of the orbits and the longitudes of the ascending nodes were
assumed to be equal to zero, and the arguments of the periapsis were as-
sumed to be equal to the nominal values.
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RESULTS AND DISCUSSIONS:

In the first stage, we analyzed how the addition of the fourth outer plan-
et affects the dynamic evolution of the three inner planets. The results of
the modeling show that both the inner three-planet part of the system and
the full four-planet system maintain a stable evolution of the positional ele-
ments of the orbit. The evolution of the longitudes of the ascending nodes
and the arguments of the pericenters is regular.
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Figure 1. Evolution of the period ratios of adjacent planets over time t: P,, P,, P,,
P, are orbital periods of Kepler-51b, ¢, d, e, respectively (blue points are the perlod
ratlos dashed red lines correspond to MMRs)
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The study of the resonance properties of the system shows that pairs of ad-
jacent planets are not in low-order mean motion resonances. It is possible
to indicate high-order resonances corresponding to the ratio of the periods
of adjacent planets. Numerical modeling shows that the semi-major axes
of the orbits and periods are located in the vicinity of the following reso-
nances over the entire considered interval of 10 Myr: 17:9 for Kepler-51c
and Kepler-51b (Figure 1a), 29:19 for Kepler-51d and Kepler-51c (Figure 1b),
67:33 for Kepler-51e and Kepler-51d (Figure 1c), but the corresponding res-
onance arguments circulate. It can be concluded that there are no MMRs in
the system.

CONCLUSIONS:

The orbital evolution of the Kepler-51 system was simulated using the Po-
sidonius software package, considering tidal interaction. The complete
study shows that the compact planetary system Kepler-51 is not resonant.
Under initial conditions corresponding to the masses and elements of
the planets’ orbits, determined from observations considering their errors,
the evolution of the Kepler-51 system is stable and regular over the studied
interval of 100 Myr.
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ABSTRACT:

The distribution of exoplanets discovered to date by observed (transit)
radii features the so-called Fulton gap — a region between radii of 1.6
and 1.8 R, where exoplanets are relatively rare [1]. This gap likely sepa-
rates the %Bwo most common populations of exoplanets: super-Earths and
mini-Neptunes, which generally possess extensive water mantles and pri-
mary atmospheres. The formation of this gap may be attributed to the loss
of hydrogen-helium envelopes by mini-Neptunes, leaving behind bare
cores that, depending on water content, could become either ocean worlds
or rocky super-Earths [2]. The leading mechanisms of atmospheric loss be-
lieved to shape the Fulton gap are photoevaporation [3] and core-pow-
ered mass-loss [4, 5]. The first mechanism involves heating of the outer
layers of the gas envelope by short-wavelength radiation from the parent
star (primarily X-rays and extreme ultraviolet — EUV), while the second is
driven by infrared radiation heating due to heat flux from the interior [4].
In [5], it was shown that photoevaporation contributes more significantly
to the formation of the Fulton gap, but core-powered mass-loss notice-
ably affects its profile. Currently, several mini-Neptunes have been iden-
tified near the boundary of the Fulton gap, likely undergoing the process
of losing their primary gas envelopes, making them a transitional form of
exoplanets. Examples include HD207496b (TOI-1099b) [2] and HD235088b
(TOI-1430b) [6]. For HD235088b, observational data confirming helium
loss from its atmosphere are available. For these mini-Neptunes, studies
[2, 6] have demonstrated the high efficiency of photoevaporation, both
currently and in the past, for various models of their internal structure. For
the mini-Neptune HD207496b, with a mass of approximately 6.1 Mg and
aradius of 2.25 Re [2] proposed two extreme models of internal structure:
a rocky core without a water mantle surrounded by a hydrogen-helium en-
velope, and an ocean world (a rocky core with an extensive water mantle
and a steam atmosphere). In our works [7, 8], we investigated the efficiency
of primary atmosphere loss for HD207496b due to core-powered mass-loss.
It was shown that for a moderate equilibrium temperature of about 743 K
[2], this mechanism is ineffective for the model with a waterless core [7].
However, if HD207496b is an ocean world with a water content of 30-45 %
(consistent with observational data), the process of atmospheric loss due to
core heat flux could have occurred in the past with high efficiency — a sig-
nificant portion of the gas envelope might have been lost in the first few
million to tens of millions of years of the exoplanet’s evolution [8]. Thus, in
addition to the planet’s mass and equilibrium temperature, the water frac-
tion in its composition significantly affects the rate of gas envelope loss, as
shown to be linked to the dependence of the core’s radius and heat capac-
ity on water content. This study explores the relationship between the effi-
ciency of primary atmosphere loss in mini-Neptunes due to core-powered
mass-loss mechanism and the mass fraction of water in the core. Alongside
results for mini-Neptune models varying in mass, equilibrium temperature,
and relative water content, calculations are presented for several exoplanets
with extensive observational data, including HD207496b and HD235088b.
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Estimates of primary atmosphere loss rates and possible initial masses of
hydrogen-helium envelopes are provided for different water mass fractions
compatible with observational data. In calculating the internal heat flux,
in addition to thermal energy accreted during formation and gravitational
energy, the energy from radioactive decay, including short-lived elements,
is accounted for. The possibility of higher equilibrium temperatures for exo-
planets shortly after formation, due to the evolutionary tracks of low-mass
stars, is also considered.
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INTRODUCTION:

Hat-P-18b is a hot gas giant orbiting close to its parent star at a distance
of ~0.056 a.u. The system is located in the constellation Hercules, 529
light years from the Sun. This exoplanet has a mass comparable to Saturn
M= 0.197M®), but a radius close to Jupiter’s (R= 0.995R@). The average
surface temperature of Hat-P-18b is 841%15 K, which classifies it as a “hot
Saturn”. The star Hat-P-18 belongs to the orange dwarfs of the spectral class
K with a temperature of about 4719 K. All this indicates a low atmospheric
density and the likely existence of an atmospheric tail, which has been ob-
served during a transit of some hot exoplanets. Using measurements made
with JWST and HST, as well as numerous ground-based telescopes, carbon
dioxide (COZ), water (HZO), sodium (Na), methane (CH4) were detected in
the absorption spectrum of this exoplanet. Extensive spectral analysis data
allow the physicochemical parameters of the system to be determined with
high accuracy.

This study is devoted to determining the composition of the exoplanet’s
atmosphere by interpreting transit absorptions in the 1083 nm metastable
helium line and identifying sensitivity to changes in space weather condi-
tions in the system.

MODELING AND RESULTS:

A numerical three-dimensional hydrodynamic model was used for inter-
pretation of transit absorptions of the planet Hat-P-18b in the 1083 nm he-
lium line in order to determine the parameters of space weather and the at-
mosphere of the exoplanet. Due to the good observability of metastable
helium from Earth, there are sufficient data for its study. The determination
of probable physicochemical parameters of the planetary system was car-
ried out by comparing the measured absorption line with the results of nu-
merical modeling performed with various free modeling parameters.

Analysis of transit absorptions of exoplanet Hat-P-18b demonstrates that
the absorption line center does not coincide with observations, being shift-
ed to the blue region of the spectrum in the case of medium and strong
stellar wind. Comparison of the calculated absorption profiles with obser-
vations reveals Solar content of heavy elements in the upper atmosphere
of Hat-P-18b.

CONCLUSION

Our simulations suggest that the observed Hel 1083 nm absorption in HAT-
P-18b is consistent with a low-density atmosphere undergoing moderate
stellar wind interaction. The absence of metal line absorptions aligns with
the expected low UV flux from the K-type host star.
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ABSTRACT:

Itis shown superfast exoplanets tend to revolve around «parent» stars with
periods commensurable with timescales P, and/or 2P /m, where the P val-
ue presents a perlod of gIobaI pulsations of the Sun: P, ~ 32 days [1-6].
The study of the origin of cosmic timescale P, can lead us fo the new knowl-
edge about superfast motion of planets and close binary stars, proving
the Schrédinger’s [7] “tendency for order’, triumphant in the World.

As to the Solar System, the remarkable, precise to 0.1 %, correlations of
the P timescale with the Sun’s and Earth’s motions are noted:

P./P,=~2P, /P ~3P,/P,~3, 1M

where P, = 27.027(4) days is the synodic period of solar rotation, and P, and
P, are ofbital and daily periods of Earth, respectively.

Correlatlons similar to (1), are found between periodic motions of all
com-ponents of the Sun-Mercury-Venus-Earth system. A hypothesis is
advanced that P, P, PDand P, are special timescales, which nature, being
at the borders of some “cosmic miracle’, is yet hidden under seven seals
from us.

REFERENCES

[11 Sevin E. Sur la structure du systeme solaire // Comptes Rendus de I'Académie
des Sciences. 1946.V. 222. P. 220-221.

[2] Brookes J.R., Isaak G.R., van der Raay H.B. Observations of free oscillations of
the Sun // Nature. 1976.V. 259. P. 92-95. https://doi.org/10.1038/259092a0.

[3]1 Severny A.B., Kotov V.A. Tsap T.T. Observations of solar pulsations // Nature.
1976.V. 259. P. 87-89. https://doi.org/10.1038/259087a0.

[4] Grec G., Fossat E., Pomerantz M. Solar oscillations: full disk observations from
the geographic South Pole // Nature. V.288(5791). P.541-544. https://doi.
org/10.1038/288541a0.

[5]1 Scherrer P.H., Wilcox J.M. Structure of the solar oscillation with period near
160 minutes // Solar Phys. 1983. V.82. P. 37-42. https://doi.org/10.1007/
BF00145543.

[6] Kotov V., Haneychuk V. Sixfold enhancement of solar pulsations: 1974-2018
// Acta Astrophysica Taurica. 2023.V. 4. No. 2. P. 1-5. DOI: 10.34898/aat.vol4.iss2.
pp1-5.

[71 Schrédinger E.What is life? The physical aspect of the living cell. Dublin: Doublin
Inst. Adv. Studies, 1955.



SESSION 6. GIANT PLANETS (GP)
ORAL SESSION



16MS3-GP-01
ORAL

THE SEMI-ANALYTICAL MOTION THEORY
OF MAJOR PLANETS OF THE SOLAR SYSTEM

A.S. Perminov, E.D. Kuznetsov
Ural Federal University, Yekaterinburg, Russia
alexander.perminov@urfu.ru, eduard.kuznetsov@urfu.ru

KEYWORDS:
semi-analytical motion theory, dynamical evolution, Solar System, Hori-De-
prit method

INTRODUCTION:

According to exoplanet.eu database, about 7400 planets have been dis-
covered to date in more than 5000 extrasolar planetary systems, and more
than 1000 of these systems are multi-planetary. In the work [1], the authors
constructed a semi-analytical motion theory for a four-planetary prob-
lem. This theory allows us to study the dynamical evolution of extrasolar
planetary systems with up to 4 planets. About two dozen five-planetary
systems, about ten six-planetary systems, 5 seven-planetary systems, and
1 eight-planetary extrasolar system Kepler-90 have already been discovered.
Thus, the problem of modeling the dynamical evolution of such planetary
systems arises to study their stability over long-time intervals. Testing of
the eight-planetary theory being created was performed during the mod-
eling of the dynamical evolution of the large planets of the Solar System.

METHODS:

The Hamiltonian of the eight-planetary problem is written in the hierarchi-
cal Jacobi coordinate system, which is most convenient for studying the or-
bital evolution of planetary systems. The expansion of the perturbing part
of the Hamiltonian in a Poisson series is constructed using the small pa-
rameter U (the ratio of the sum of planetary masses to the mass of the star)
and the elements of the second Poincaré system. For the Solar System,
p=0.001 can be chosen as the value of the small parameter. Using the el-
ements of the second Poincaré system allows us to significantly reduce
the angular part of the expansion, since this system contains only one an-
gular element — the mean longitude. The elements of the second Poincaré
system are also convenient for use in this problem in which the osculating
eccentricity and inclination retain small values for a long-time intervals.

The Hamiltonian of the problem in osculating elements is averaged by
the Hori-Deprit method (otherwise known as the Lie transformation meth-
od). All the sought quantities are expressed here through Poisson brackets,
which implies their invariance with respect to canonical transformations.
The Hamiltonian is averaged over the average longitudes (the period of
which is close to the period of orbital motion), which allows us to exclude
short-period perturbations of orbital elements and subsequently signifi-
cantly increase the step of numerical integration of the motion equations.

All analytical transformations are performed in the Piranha (https://github.
com/bluescarni/piranha) computer algebra system, which is an echeloned
Poisson processor. In this case, all orbital elements and mass parameters
are saved in series in symbolic form. The coefficients in the Poisson series
are fractional rational numbers with arbitrary precision, which allows us to
avoid rounding errors in calculations.

The osculating Hamlltonlan of the eight-planet problem is constructed with
an accuracy of u% The terms containing the first power of p are obtained
with an accuracy of up to the 6" th power from the eccentric and oblique
Poincaré elements (which are proportional to the eccentricities and incli-
nations of the orbits, respectively). The terms with u2 are obtained with an
accuracy of up to the 4th power from the orbital elements.

The series representing the averaged Hamiltonian of the problem and
the right-hand sides of the motion equatzions in the averaged elements are
constructed with an accuracy of up to p°. The eccentric and oblique Poin-
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caré elements are preserved in the series representing the averaged Hamil-
tonian up to the 6 h power, and in the series for the equations of motion —
up to the 5th power. The transition between the osculating and averaged
elements is made using the functions for the change of variables, the series
for which are constructed with an accuracy of up to the first power of pand
the 6th power from the orbital elements.

RESULTS AND DISCUSSION:

The dynamic evolution of the eight-planet system Sun-Mercury-Ve-
nus—Earth—Mars—Jupiter-Saturn-Uranus—Neptune is studied using
the motion equations constructed by the Hori-Depri method in av-
eraged elements. The integration of the second-order motion equa-
tions with respect to a small parameter is performed by the 12th-order
Gregg -Bulirsh-Stoer method on a time interval of 10 Gyr years with
a step of 10000 years. The 15" order Everhart method is also used to in-
tegrate the motion equations over a time interval of 100 Myr with a step
of 1000 years. This additional integration is performed to more accurately
determine the periods and limits of change in the orbital elements. In this
case, the Everhart integrator very accurately preserves the value of the to-
tal energy of the system, which makes the integration process quite slow.
The Gregg—Bulirsh—Stoer integrator, on the contrary, is less accurate, but
very fast.

For comparison with the constructed semi-analytical motion theory, a nu-
merical simulation of the orbital evolution of the major planets of the So-
lar System was carried out. The 15™ order Cowell - Stormer integrator and
the Wisdom —Holman symplectic integrator were used, namely its specific
implementation — WHFast, which is part of the Rebound software pack-
age. The integration was performed over a time interval of 100 Myr with
a step of 4 days.

The initial conditions for modeling the orbital evolution of the major plan-
ets of the Solar System are taken from the DE440 ephemeris relative to
the mean ecliptic and equinox J2000.0.

The results obtained within the framework of the semi-analytical motion
theory are compared with the results of direct numerical modeling. The pe-
riods of oscillations of orbital elements and the amplitudes of their changes
were compared. Table 1 presents the values of the periods of change of ec-
centricities T,and inclinations T, of the orbits of the major planets, obtained
within the framework of the semi-analytical theory (SA) and from the re-
sults of numerical modeling (NM). Several different periods in some cells
correspond to different frequencies of oscillations realized in the system.

Table 1. The periods of change of orbital eccentricities and inclinations

Planet T, yr (SA) T, yr (NM) T,yr(SA) | T,yr(NM)
Mercury | 1111000 ~1000000 234740 238000
Venus 97560; 393700 96000; 384000 73150 73700
Earth 97560; 393700 96000; 384000 73150 73700
Mars 101940 110900 73150 73700
Jupiter 54770 54080 49360 49250
Saturn 54770 54080 49360 49250
Uranus 1136400 ~1100000 434790 441700
Neptune |380200;613500 |~400000; ~600000 1886800 1880000

CONCLUSIONS:

The constructed semi-analytical eight-planetary motion theory has been
tested in modeling the orbital evolution of major planets of the Solar Sys-
tem. The relative accuracy of the periods of change in orbital elements
obtained by various methods ranges from fractions of a percent for giant
planets to several percents for terrestrial planets. In the future, it is planned
to use this motion theory to study the orbital evolution of extrasolar
multi-planetary systems.
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INTRODUCTION:

This work is part of an extensive multi-year program of research on the in-
stability of Jupiter’s atmosphere and the search for patterns in its structure.
The program provides for obtaining homogeneous material from spectral
observations of Jupiter and analyzing spatiotemporal variations in the in-
tensity of the molecular absorption bands of methane and ammonia in
the visible and near-infrared regions of the spectrum of 600-950 nm.

The behavior of methane absorption bands of varying intensity along
the central meridian of Jupiter depends on the vertical structure, optical
density, and position of the upper boundary of the cloud cover at different
latitudes of the planet.

The formation of absorption bands of methane and ammonia does not oc-
cur in the same way precisely due to the fact that ammonia condenses,
forming clouds at atmospheric level below the tropopause, and at high al-
titudes its content drops sharply.

In addition, it participates in the formation of deeper cloud layers from
ammonium hydrosulfide NH4SH, and can also enter the water-ammonia
cloud layer located even lower. Therefore, the observed variations in the in-
tensity of the NH3 absorption bands can be considered as a consequence
of changes not only in the optical and structural characteristics of clouds,
but also with real variations in the relative ammonia content in different
regions of the planet.

In this article, we continue our research in this direction [1-4], especial-
ly since the significant depletion of gaseous NH3 in the low latitudes of
the Northern Hemisphere in the NEB region is confirmed by the results of
a high-resolution microwave VLA study [5]. The lower ammonia content is
also confirmed by observations in the visible and near-infrared range [6].

This article differs from the work of our colleagues [4] in that we present
a comparison of the results of a study of variations in methane and am-
monia along the central meridian of Jupiter for certain longitudes L2 in
the second system, corresponding to:

- the moment of passage of the Great Red Spot (L2 = 46°),

- without it (L2 = 16°).

OBSERVATION CONDITIONS, PROCESSING METHODS AND MAIN
RESULTS:

Our spectral observations were performed near the opposition of Jupiter
(November 2023) at the observatory of the V.G. Fesenkov Astrophysical In-
stitute (Almaty, 1450 m above sea level) using an SGS diffraction spectro-
graph with an ST7-XE CCD camera mounted in 7.5-meter focus, a 0.6-meter
Cassegrain RC600 telescope. The CCD matrix consists of 765x510 pixels.
The dispersion of the spectrograph is 0.43 nm/pixel. In the spectrogram im-
age, the spatial scale is 4.18 pixels per 1 angular second.

The exposures at the time of observation were 60-90 s, which provided for
the accumulation of 50 000-55 000 pulses in the continuous spectrum for
the center of the disk and 2000-2500 in the center of the deepest absorp-
tion band of methane at 886 nm. With a background noise track outside
the main spectrum of 50-60 pulses along the entire spectrogram, this pro-
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vided a signal-to-noise ratio of 1000 in the continuous spectrum, and 40 in
the methane absorption band of 886 nm.

For processing, the best quality spectrograms obtained on the night of No-
vember 2-3, 2023 were used. An improved methodology and program for
processing observational material are described in the article [7]. This pro-
gram provides an operational and detailed representation of the character-
istics of the bands on the central meridian or in one of the selected latitude
zones. The program outputs graphical and tabular data on the equivalent
widths, central depths of the absorption bands, and the effective optical
thickness of the absorbing gas, calculated from the residual intensities. At
the same time, the residual Bostu intensity in each wavelength can be rep-
resented as:

Bostu = exp(-1¥),

where T* is the effective optical thickness of the absorbing gas at a giv-
en wavelength: either methane T, orammonia T *, or as the sum of both
(Tm* + ra*).

Regardless of the conditions of reflected radiation formation in the scatter-
ing and absorbing atmosphere of a planet, these parameters remain pro-
portional to the absorption coefficient at a given wavelength and the aver-
age number of absorbing gas molecules per line of sight, being a kind of
indicator of the optical path or depth of reflected radiation formation.

Therefore, in our opinion, for absorption bands that differ greatly in inten-
sity, as well as for a correct comparison of absorption variations in the cen-
ter of each band and in its wings (located along its edges), it is optimal to
represent the variations in the form of a comparison of effective optical ab-
sorption thicknesses 1 = Ln(Bostu). Such a comparison can be considered
as a peculiar method of optical sensing of a complex atmosphere.

For convenience and clarity of comparing the variations of these values
along a particular cloud zone or along the central meridian, the ratio of
their values to the value in the reference region is often used. As such,
the center of Jupiter’s disk or any other area is most often used, depending
on the research task.

The result of this representation of absorption variations along the central
meridian and the Great Red Spot for all 8 absorption bands of methane and
ammonia is presented below.

Figure 1 shows the appearance of Jupiter from November 2-3, 2023, at
the time of the passage of the Great Red Spot through the central meridian
and the studied zones.

Figure 1. External view of Jupiter on November 2-3, 2023: a — in the RGB system
(Gary Walker); b — in the absorption band of 889 nm (Akutsu Sebu); ¢ — study ar-
eas: 1 —in the area of the GRS (L2 = 46°) and 2 — in the STrZ zone, free from distur-
bance (L2 = 16°) (https://alpo-j.sakura.ne.jp/)

As in previous years, the most characteristic feature of the Great Red Spot is
its abnormally high brightness in the absorption band of 886 nm methane.

Figure 2 shows the brightness variations along the central meridian in
the continuous spectrum of 630 nm and in the absorption band of 886 nm
methane at the time of the passage of the Great Red Spot.
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Figure 2. Brightness variations along the cen-
tral meridian in the continuous spectrum of
630 nm (1) and in the absorption band of
886 nm methane (2) at the time of passage of
the Great Red Spot and without it (3). The re-
sult of processing 7 spectrograms
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% ’ and ammonia absorption in the Great
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moa4+t ] which this disturbance is located, were
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YR Figure 3 shows the STrZ spectrum (a) and
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Figure 3. The STrZ spectrum (a) and the ratio of the GRS/STrZ spectra (b). In the CH4
band of 889 nm, the GRS/STrZ ratio reaches 1.6

Figure 4 shows a comparison of the latitudinal variations of the effective
T, *(r) and Ta*(r) along the central meridian of Jupiter relative to their values
in the center of the disk at the time of the passage of the GRS (red line) and
without it (black line).

Itis noteworthy that variations in the central depths, equivalent widths and
T_* normalized to the center of the disk, for 6 methane absorption bands

emonstrate a pronounced deficiency of methane and ammonia in the re-
gion of the Great Red Spot (Figure 5).

Comparing the variations of T * of the studied ammonia absorption bands
(Figure 4 on the right), we can draw attention to the fact that in 2023,
the ammonia deficiency is most pronounced in the NH, band of 645 nm,
especially in the area of the BCP. As in previous years, the minimum falls on
the border between NEB and NTrZ. This effect is slightly less pronounced
in the NH; band of 790 nm. However, in the 790 nm band, the boundary
of ammonia deficiency in the northern hemisphere is more pronounced
between the light Equatorial Zone (EZ) and the dark Northern Equatorial
Belt (NEB).
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Figure 4. Comparison of the relative latitudinal variations of the effective t_*(r) and
T *(r) along the central meridian of Jupiter, normalized to their value in the center of
the disk. The red line corresponds to the passage of the GRS along the central me-
ridian, the black line is without the GRS. The curves are reflected on the same scale
and shifted along the ordinate axis for clarity
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Figure 5. Variations of the central depths (a), equivalent widths (b), and T _*(c),
normalized to the center of the disk, for 6 methane absorption bands. For cf3rity,
the curves are shifted along the ordinate axis and reflected at the same scale

CONCLUSION:

The observed optical and morphological features of Jupiter’s atmosphere
are variable in nature and are related to various factors in the formation of
reflected and outgoing radiation in the planet’s troposphere.

The main prerequisite for carrying out work in this direction are the results
obtained in the course of our previous studies of the atmosphere of Jupiter,
especially on the behavior of absorption bands. In particular, the previous-
ly discovered significant depression of ammonia absorption in the North-
ern Equatorial Belt of Jupiter (NEB) is confirmed. In addition, the results
obtained from observations in the visible and near-infrared regions of
the spectrum practically coincided qualitatively with what studies of Jupi-
ter show in the thermal infrared wavelength range and in the radio range
of millimeter and centimeter thermal radiation [5, 6].

This is what determines the future direction of our research on processes in
the atmosphere of Jupiter in order to detail the spatiotemporal changes in
the atmosphere of the planet by molecular absorption bands.

We hope that this kind of work can be useful both in the general complex
of studies of Jupiter’s atmosphere and in modeling its complex multi-tiered
layered clouds.
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INTRODUCTION:
Study of the latitudinal variations of ammonia and methane in Jupiter’s at-
mosphere is the subject of research for many groups (e.g. [1-3]).

In January 2025 spectra of Jupiter and Uranus were obtained for the first
time at the SAO RAS 6-m telescope. We present the results of our study of
ammonia variations based on new data obtained at the SAO RAS.

SPATIAL VARIATIONS OF A JOVIAN TROPOSPHERIC AMMONIA:
Jupiter was observed using the long-slit mode of the SCORPIO-2 focal re-
ducer [4] in January and March 2025. Wavelength range 550-780 nm.

We investigated the latitudinal dependence of equivalent width of 647 am-
monia band for Jupiter troposphere. Our result is at the agreement with
the one published at [1].

Additionally we investigated equivalent width changes for Uranus. Uranus
was observed in March 2025 using the SCORPIO 2 in the same configuration.
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ABSTRACT:

The presentation is devoted to consideration of possible experimental ways
to verify the concept of thermodynamic inversion (TI) of the origin of life
[1]. From a standpoint of the general thermodynamics of systems, an ap-
pearance of the initial signs of living state in organic (micro)systems means
their transition to the prevalence of free energy contribution over the en-
tropy contribution. Such a transition can only occur in conditions far from
equilibrium in the presence of different-rank oscillations of physical and
chemical parameters in the environment (temperature, pressure, chemical,
and electrical potentials, etc.). Their range must include high-frequency
(short-period) oscillations that bring maximum energy to the prebiotic sys-
tem. Such conditions exist in hydrothermal systems during the fluid migra-
tion to the surface.

Some conducted experiments confirm this approach. They reveal the de-
pendence between fluctuations in physicochemical parameters in the me-
dium and the level of polymerization of molecules. In particular, these
research have demonstrated that fluctuations in parameters significantly
increase the yield of oligomers and polymers of various macromolecules, in
comparison with stable conditions in the medium [2-4]. However, the au-
thor considers all the listed experiments as indirect support for the Tl con-
cept only, since they were set for other tasks. Direct experimental verifica-
tion of this approach has not yet been carried out. Based on the provisions
formulated above, the author suggests several directions for experiments
that could check and develop the Tl concept.

A key thesis of the developed approach, which requires experimental con-
firmation, is the following: pumping organic microsystems with high-fre-
quency (short-period) oscillations transmitting high energy is a prerequisite
for their transition to life through an intermediate state. Such experiments
should be aimed at studying the primary signs of the intermediate state
in various prebiotic models (microsystems) placed in an environment with
varying oscillations of physicochemical parameters (pressure, temperature,
chemical and electrical potentials, etc.). As a result of their implementa-
tion, it is necessary to test the thesis that under nonequilibrium oscillatory
conditions in prebiotic systems, a response to external influence appears,
which, under optimal pumping conditions, transfers the system to the in-
termediate state between non-life and life [5].

At the initial stage, the following direction of such experiments can be pro-
posed. The general approach is the self-assembly of lipid vesicles (consid-
ered as primary prebiological microsystems) under conditions modeling
a fluctuating flow of hydrothermal fluid rising to the surface. In this case,
the fluctuations of the parameters in the experimental chamber should
be regulated in such a way that the trend towards self-assembly of lipo-
somes periodically changes to a trend towards their disintegration, which
will facilitate the constant recombination of molecules in the microsys-
tems. Amino acids and low-molecular organic compounds established in
hydrothermal systems should be used as additional components. The most
important aspect of such studies should be the study of the response to ex-
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ternal influences (stress) that occurs in prebiological microsystems, which
can be considered as the primary signs of a living state.
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ABSTRACT:

The Network of Researchers on the Chemical Emergence of Life
(NoRCEL) was founded in 2013 to explore how life began on Earth, span-
ning prebiotic chemistry through the emergence of Archaea, Bacteria,
and Eukarya. Following its inaugural conference at The Open University,
NoRCEL rapidly grew into a global community of scientists, students, and
educators (norcel.net).

Building on this scientific foundation, NoRCEL steadily expanded its scope
into public engagement and global outreach. The Blue Earth Project
(BEP) added a science-in-society dimension, confronting planetary chal-
lenges through hybrid forums that connected scientific knowledge with so-
cietal needs. Regional hubs then emerged: the Latin America Hub (LatAm
Hub), advancing English-language collaboration among Latin American
students and scholars; and the Microbial World Network (MWN), deepen-
ing research and dialogue on microbial life as a planetary driver and as an
analogue for astrobiological exploration.

In 2022, NoRCEL launched the Astroscience Exploration Network (ASEN),
establishing an African Astroscience Hub. Here, outreach was deliberately
tailored to local contexts, leveraging Africa’s landscapes as “natural labora-
tories” while inspiring new generations to pursue STEM careers. The out-
reach successes of LatAm Hub and ASEN became the proving ground for
NoRCEL’s next transformation.

NoRCEL is now transitioning into The NoRCEL Institute, consolidating
a decade of initiatives into a strategic mission: the creation of the NoRCEL
Education & Research Academy (ERA). ERA will deliver a structured on-
line curriculum in astroscience, designed to extend equitable, high-qual-
ity science education to developing nations worldwide.

This presentation will trace NoRCEL's evolution from its roots in prebiotic
chemistry research to its current role as a provider of accredited astro-
science education. It will demonstrate how a progression from research
to outreach has now culminated in a comprehensive, curriculum-based
approach that empowers the Global South with both knowledge and
opportunity.
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ABSTRACT:

Astrobiology is a highly integrative science that includes knowledge of var-
ious natural science disciplines such as biology, chemistry, physics, geolo-
gy, astronomy and others, as well as some humanities, such as philosophy.
Currently, in connection with the active exploration of outer space, astrobi-
ology is increasingly engaged in applied issues related to the influence of
space factors on terrestrial organisms, their potential for adaptation, as well
as the biological component of the organization of life support for astro-
nauts in various extraterrestrial systems. Like any actively developing sci-
entific discipline, astrobiology accumulates new data and uses new meth-
odological approaches for their interpretation, enriched with new scientific
concepts. One of the trends in the development of astrobiology is its inte-
gration with ecology, the science of terrestrial ecosystems, their interaction
and levels of organization. Ecological approaches and research methods
are very useful for solving various problems of astrobiology. methods are
very useful for solving various problems of astrobiology. Currently, the inte-
gration between ecology and astrobiology is becoming so close that a new
direction is being formed within the latter — astroecology, in which eco-
logical knowledge and concepts are key in the study and description of
various cosmic phenomena.

The possibility of drawing some conditional boundaries for the new disci-
pline exists based on the field of ecology research — the study of interac-
tions of living organisms with each other and with their habitat at different
levels of organization.

It is the interactions between various biosystems in the context of the new
astronomical component that is the main area of interest of astroecology.
A new level of studying phenomena associated with outer space is added
to the existing close scientific integration of ecology and biology, and ac-
cordingly the prefix “astro” to the new discipline. Accordingly, the current
ecological concepts and methodological approaches to the study of nat-
ural phenomena constitute the theoretical basis of astroecology, which is
used in the new “cosmic” dimension.

Astroecology includes three main areas of research. The first direction is re-
lated to terrestrial issues and is based on the use of approaches and meth-
ods of terrestrial ecology with the use of remote sensing tools and other
approaches related to space technologies. The second direction is related
to the modeling and study of closed artificial ecosystems, the principles of
their functioning and the creation of life-support ecosystems for astronauts
in space flights or at research stations on other planets. The third direction
is related to the study of hypothetical extraterrestrial ecosystems on various
cosmic bodies, their formation, features, as well as the creation of concepts
for terraforming various cosmic bodies with the involvement of terrestrial
organisms in the processes of creating conditions favorable for the devel-
opment of terrestrial biosystems and human existence.
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ABSTRACT:

The regions of star and planet formation are characterized by extreme
physical conditions: ultra-low densities and temperatures of gas and dust,
as well as the presence of ionizing action. Despite this, the chemical com-
position of star-forming regions is very diverse. A variety of molecular spe-
cies have been discovered in the interstellar medium, ranging from simple
diatomic species to complex organic molecules. The number of complex
molecules (COMs) of various types discovered in the interstellar medium is
continuously growing, which causes a growing interest in astrochemistry
as one of the possible mechanisms contributing to the emergence of life
in the Universe.

Numerical modeling of the formation of complex organic molecules in
the interstellar medium using the MONACO model showed that although
COMs can formin cold interstellar gas, the main contribution to their forma-
tion is made by chemical processes on the surface of interstellar dust parti-
cles covered with ice mantles. At the same time, the so-called non-diffusion
chemical processes occurring in interstellar ices play a significant role. It is
interesting that the COMs contents in cold ices formed at the early stages of
protostar development are close to the COMs contents in the gas of the so-
called “hot cores’, the next stage of development of low-mass protostars.

The results of numerical modeling are supplemented by laboratory ex-
periments on the ISEAge ultra-high-vacuum setup designed for transmis-
sion IR spectroscopy of interstellar ice analogues. The setup created in
the laboratory allows growing thin ices of controlled chemical composition
and structure under conditions close to those in the interstellar medium
(P < 107" atm, T~ 10...300 K). The resulting transmission IR spectra of ices
in the 2.5-20 um range are used as references in the analysis of interstel-
lar ice observations obtained with modern ground-based and space tele-
scopes, including the James Webb Space Telescope (JWST). Comparison
of laboratory spectra with observational data on JWST allowed for the first
time to simultaneously estimate the methane content in the gas and ice
mantles of the protostar IRAS 23385+6053, to establish upper limits for
the content of the HCN molecule and the IR-inactive N2 molecule in inter-
stellar ices.
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ABSTRACT:

Various chemical compounds, including those relevant to astrobiology, ef-
ficiently form in the icy mantles of interstellar dust particles. The presence
and abundance of molecules in the condensed phase are determined using
infrared (IR) telescope data [1, 2]. With the launch of the James Webb Space
Telescope (JWST), it is now possible to detect less abundant molecules
(concentrations below 1% relative to water). One such candidate molecule
is nitrous oxide (N,O). This molecule has been detected in the gas phase in
three objects [3- Sfand is currently tentatively detected in interstellar ice of
five others [6-8]. Reliable detection of this molecule requires an extensive
database of IR spectra of interstellar ice analogs.

We conducted cryogenic ultrahigh-vacuum experiments using the ISEAge
(Ice Spectroscopy Experimental Aggregate) [9] setup to produce such ices.
In this work we obtained laboratory reference spectra of nitrous oxide at
10 K. Ten mixtures with common interstellar ice molecules (H,0, CO, CO,,
CH,OH, NH,, CH,, N,) were analyzed Nitrous oxide exhibits two distinct ab-
sorptlon bands at 16 K: 2221 cm™ (NN stretch) and 1282 cm™" (NO stretch).
The search for N,O in IR spectra was conducted using the NN stretching
band, asitis the most intense. It was found that the largest spectral shift oc-
curs in mixtures with carbon contalnlng molecules (CO,, CO, CH OH) with
the greatest shift (28 cm™') observed in the co, mixture.

We also analyzed JWST data for the object B335. The spectral fit in
the 2260-2200 cm™' range includes absorption bands of nitrous oxide in
a water-dominated environment (1:20 ratio) and in a mixture with carbon
dioxide and nitrogen (1:15:13 ratio). This spectral region also contains water
combination bands, gaseous CO emission lines, and an absorption band
from the cyanate anion (OCN’), complicating the detection of N,O. This
marks the first reliable detection of N,O in interstellar ice.
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ABSTRACT:

Methane is one of a few molecules of astrobiological importance that is se-
curely detected in interstellar ices by its infrared spectral features. As a pre-
cursor to complex carbonaceous molecules, it plays a key role in forming
complex carbonaceous molecules [1, 2] and carbon-chain chemistry [3].
Methane also has astrobiological significance, serving as a potential bio-
signature [4] and a valuable tracer in planetary studies [5].

Despite its widespread detection, methane is typically fitted in observa-
tional data using water-dominated ice environments [6, 7]. However, recent
work suggests that methane can also reside in CO,-rich ices [8], and alterna-
tive formation pathways, such as methanol photolysis, may contribute to its
abundance [9]. Laboratory studies show that methane spectral features are
highly sensitive to its molecular environment, making it essential to consid-
er diverse ice mixtures when interpreting observational data.

In this study, we examine the 7.7 um methane deformation band in the pro-
tostar IRAS 23385+6053 using JWST observations. We report the detection
of gaseous methane emission and find a new spectral interpretation based
on laboratory ice analogs: CH,:H,0 = 1:10 (8.4 K) and CH,:CO, = 1:5 (27.4 K).
Additionally, we identify a residual spectral feature tentatlveﬁy attributed to
nitrous oxide (N,O), supported by experimental ice spectra.
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INTRODUCTION:

A brief overview is given of the problem of potential habitability of Hy-
cean planets formed as a result of the loss of extended and massive pri-
mary hydrogen-helium envelopes by mini-Neptunes with relatively small
masses and low equilibrium temperatures (after the parent star has entered
the main sequence). The loss of primary atmospheres by such exoplanets
may be due to the core-powered mass-loss mechanism. The stability of re-
sidual atmospheres is considered taking into account the photoevapora-
tion process.

HYCEANS AS A NEW CLASS OF POTENTIALLY HABITABLE
EXOPLANETS:

Hyceans (hydrogen-water worlds) are a hypothetical class of exoplanets
with thin hydrogen-helium atmospheres and water oceans. They differ
from ordinary mini-Neptunes in the presence of liquid water and a clear
boundary between the atmosphere and the ocean (water surface) [1, 2].
Despite a number of problematic issues (stability of the climate system,
possible deficiency of a number of elements important for life in the ocean,
etc.), the presence of liquid water places the Hyceans among potentially
habitable exoplanets. Moreover, it has been suggested that the oceans of
these exoplanets may contain a large biomass, and the biodiversity and
rate of evolution of microbial life may exceed those on Earth in some cases
[3]. Since hydrogen is a greenhouse gas at sufficiently high pressure [4],
but unlike, for example, CO, and H,0, it does not condense even at very
low temperatures, an atmosphere of primordial composition can provide
conditions suitable for the existence of a liquid ocean even at very large dis-
tances of the exoplanet from the parent star. Even free-floating exoplanets
can be Hyceans. In this case, only the heat flow from the planet’s interior is
present, and there is no radiation from the parent star. Thus, the Hycean po-
tential habitability zone actually has no outer boundary. In [1], arguments
were made in favor of the fact that the so-called “dark Hyceans” (tidally
locked Hyceans with a permanently shadowed hemisphere) could have an
inner boundary of the potential habitability zone located closer to the par-
ent star than for Earth-like exoplanets. It was also noted that the gaseous
envelopes of this class of exoplanets are preferable for study by transmis-
sion spectroscopy due to the relatively high altitude of the homogeneous
atmosphere and the larger radius [1]. A number of potential biomarkers
were proposed for Hyceans [1]. Among the mini-Neptunes discovered to
date, a number of candidates for hycean planets have been identified [1],
of particular interest is K2-18b [5, 6], which, according to initial estimates,
should have an equilibrium temperature of 250-300 K. In addition, accord-
ing to [7, 8], the transmission spectroscopy method (using the results of
observations on JWST) made it possible to identify signs of the presence
of dimethyl sulfide in the atmosphere of this mini-Neptune, which the au-
thors of the aforementioned papers classified as a biomarker. Both the bio-
genic origin of dimethyl sulfide in the atmosphere of K2-18b and its pres-
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ence are questionable. In particular, a strong argument is given in favor of
a high (exceeding critical) temperature at the boundary of the gas enve-
lope and the water mantle. First, the moderate temperature at the ocean
surface is compatible only with the maximum possible water content in
K2-18b [8], which is unlikely. Second, the work [9] shows that the albedo of
K2-18b should be relatively low (no more than 0.2-0.3), and the equilibri-
um temperature should significantly exceed 250 K. Third, a more detailed
examination of the climate features of the Hyceans [10] indicates the pres-
ence of a strong greenhouse effect in the surface layer of the atmosphere,
which should contain a large amount of water vapor. For these reasons,
the Hycean candidates discovered to date may have too high temperature
at the boundary of the atmosphere and the water layer, incompatible with
a liquid ocean. The inner boundary of the potential habitability zone for
them may be located significantly further from the parent star, where theiil-
lumination level corresponds to distances of several a.u. for sun-like stars
[10]. However, this fact does not reduce interest in exoplanets of this class.
Light (with masses from 1 to 4M ) mini-Neptunes and super-Earths may
be common in fairly wide orbits, which is confirmed indirectly by statistical
data on discovered exoplanets, as well as by recent observations. In addi-
tion, even relatively hot mini-Neptunes, lacking oceans but having a cloud
layer of liquid water droplets in the shallow layers of the atmosphere, may
be of some interest from the point of view of astrobiology.

POSSIBLE WAYS OF FORMING THIN HYDROGEN-HELIUM
ATMOSPHERES:

Mini-Neptunes on wide orbits can be hyceans only if the relative mass
of their gas envelope does not exceed 10°-10" of the exoplanet mass
(a higher mass corresponds to lower illumination). The probability of form-
ing such thin envelopes is relatively small. As a rule, the atmosphere is sev-
eral percent of the mini-Neptune mass [11]. Almost complete or significant
loss of primary envelopes as a result of photoevaporation is possible only
at low orbital distances, i.e. outside the habitable zone for hyceans [12].
In this work, it is shown that the loss of massive gas envelopes and the for-
mation of thin atmospheres of primary composition are possible for light
mini-Neptunes (1.5-0.3M ), rich in water, on wide orbits due to core-pow-
ered mass-loss [13, 14]. This mechanism of formation of potential hyceans
is most effective for exoplanets around red dwarfs, which are distinguished
by relatively high luminosity at the initial stage of evolution. Relatively high
equilibrium temperature of exoplanets in the first millions — tens of mil-
lions of years after formation can ensure the loss of most of the gas en-
velope. Its further evolution is associated with photoevaporation, the rate
of which will decrease with a decrease in the luminosity of the parent star
and its activity. Ultimately, the equilibrium temperature of the exoplanet
decreases to values compatible with the existence of an ocean. The results
of calculations for models of mini-Neptunes of different masses, with dif-
ferent proportions of water in the composition and with different equi-
librium temperatures after formation for parent stars of different spectral
classes are presented. An assessment is given (based on the conditions at
the boundary of the atmosphere and the water mantle) of their belonging
to hyceans. The stability of residual gas envelopes is estimated taking into
account photoevaporation.
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INTRODUCTION:

Currently, outer space is a unique space for interdisciplinary research, allow-
ing us to obtain new information about various physical and biochemical
characteristics of natural objects [1, 2]. One of the key areas of astrobiology
has become the assessment of the influence of various cosmic factors on
microorganisms, in particular on prokaryotic communities [3-8]. Determin-
ing the limits of resistance to these conditions is necessary to understand
the processes of transformation of the microbial community in outer space,
which is important when planning long-term expeditions and missions
(for example, to the Moon or Mars), as well as when assessing the risks of
“forward” and “back” contamination of planets by various microorganisms
[9-13]. Soil can be chosen as a model object for studying the effects of cos-
mic factors on prokaryotic communities, since it is a complex biological
system, being the main pool of microorganisms on our planet that ensure
the cyclic use of chemical elements by organisms. Exploration of the mi-
croorganism’s biodiversity and physiological activity in soil exposed in LEO
(Low Earth Orbit) is the key to understanding the possibility of creating
closed ecological systems in spacecraft and future extraterrestrial colonies.

EXPERIMENT:

In this research, a comprehensive assessment of the impact of two years
of exposure in the outer shell of the International Space Station (ISS) on
the prokaryotic communities of gray forest soil was carried out. To achieve
this goal, a systematic methodological approach was applied that allows
for a comprehensive analysis of the resistance of bacterial populations to
the extreme conditions of outer space.

Soil samples (0-10 cm) from a broad-leaved forest in the vicinity of Pushchi-
no were dried, aseptically crushed to 1 mm and packed in sterile polypro-
pylene bags with pores of 0.2 microns. The packages were placed in special
containers to ensure the sterility of the inner surface and direct interaction
with the atmosphere.

The epifluorescence microscopy with intercalating dye acridine orange was
used to determine the number of bacteria in soil samples. In order to esti-
mate the number of culturable bacteria in soil samples, the plating method
on dense nutrient media was used. Culturing were performed at two dif-
ferent temperatures: 10 and 25 °C. The functional diversity of soil microbial
communities was assessed using the multisubstrate testing method based
on the study of substrate consumption spectra [14]. An in vitro study of
the stress resistance of bacterial isolates included the determination of tol-
erance spectra to temperature, pH, and osmotic stress was performed [14].

KEY RESULTS:

The total numbers of prokaryotic cells were in the range of (8.5-
8.6)-10° cells/g. It was no statistically significant differences between the to-
tal number of prokaryotes in the samples of gray forest soil from all experi-
mental variants, which may indicate a slight effect of the cumulative effect
of LEO conditions on the number of prokaryotic cells.

The number of culturable bacteria in the studied samples was statistically
significantly different in the exposed and control samples: a significant de-
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crease in the number of cultured bacteria by 10-100 times in the exposed
samples compared with the control variants was found, which may indi-
cate the suppression of cultured bacterial complexes under the influence
of stressful conditions of outer space.

Multisubstrate testing has shown that exposure in LEO conditions leads to
a decrease in the potential metabolic activity of soil microbial communities
while maintaining a relatively uniform representation of representatives of
various trophic groups within the communities. Analyzing the consump-
tion spectra of substrates at the class level of bioorganic compounds, it is
possible to note a change in the “consumption strategies” of bacterial com-
munities of the studied samples of gray forest soil towards the consump-
tion of the most energy-efficient substrates (amino acids).

It was found that all the analyzed bacterial isolates, regardless of the tem-
perature conditions of their initial secretions and the type of gray forest soil
samples, demonstrated the ability to grow on nutrient media at a tempera-
ture of 25 °C. It is worth noting that 50% or more of the strains in the com-
plexes isolated from gray forest soil in all experimental variants show active
growth over the entire range of temperatures studied (from 10 to 45 °C).

All strains isolated from the researching microbial communities showed
maximum activity at a neutral pH of 7. In the pH range from 5 to 11, there
was significant variability in the proportion of bacteria capable of growth,
ranging from 60 to 100 %. Psychrotolerant strains of the exposed sam-
ples show greater resistance compared to mesophilic ones. Also, 70% of
the strains isolated from exposed and frozen samples showed the ability to
grow at salt concentrations up to 10 % (0.1 M).
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INTRODUCTION:

More and more organic compounds (OC) are being discovered in out-
er space, including complex polycyclic compounds of abiotic origin [1].
The abiotic synthesis of complex OC from initial inorganic or/and organic
matter has been repeatedly approved due to many types of model exper-
iments, which represent different processes take place on space bodies or
in the cosmic medium. For that, different targets placed in model atmo-
spheres, vacuum, or “persistent containers” were exposed to different ener-
gy sources: spark discharges, ultraviolet (UV-) and X-ray irradiation, pulsed
laser irradiation, hypervelocity impacts, shock waves generated by explo-
sions, etc. The sources of elements for OC formation can be both mineral
sample, imitating the regolith or rock of considered space body, and sur-
rounded gas medium (if any) containing different combinations of gases
that represent the hypothetical or known atmosphere of the space body
(H,, N,, CO, CO,, NH;, O,, CH,, H,0, etc.).

One of the topical issues of abiotic synthesis is the possible catalytic role of
the plasma-dust medium in the synthesis of OC. Plasma here acts as a source
of charged particles, UV radiation, radicals, and particles in an excited state,
which significantly increase the number of possible chemical reactions. Sol-
id particles, located in plasma regions where heat fluxes are not so large for
their evaporation or melting, can act as a heterogeneous catalyst [2].

EXPERIMENTS:

We used a microwave discharge in powdered samples, which occurs when
they are exposed to powerful pulsed gyrotron radiation [3], to create
a plasma-dust environment and study the formation of organic substances.
The target was the lunar regolith simulant LMS-1D [4, 5], which repeats both
the mineral (pyroxene, basalt, anorthosite, olivine, and ilmenite) and gran-
ulometric compositions of the lunar maria regolith, or rather its smallest
fraction, lunar dust [6, 7]. The initial gas medium was argon at atmospher-
ic pressure, but ammonium carbonate was added to each of the prepared
samples, which rapidly decomposed into H,0, CO,, and NH, at the initial
stages of discharge, creating an environment ofgases and vapors that could
have been presented in the early Earth atmosphere. Metal iron powder
was added to a part of the samples to facilitate the breakdown conditions.
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The microwave radiation power of 400 kW corresponds to an average beam
cross-section power density of 14 kW/cm? and RMS electric field strength
of 2.3 kV/cm. Two irradiation modes were used to vary the quenching con-
ditions of possible reaction products: 1) a sequence of three short (2 ms)
pulses with a pause of 8 ms between them; 2) single long (8 ms) pulses.

RESULTS AND THEIR DISCUSSION:

Optical emission spectroscopy confirmed the appearance of ammonium
carbonate constituents in plasma and the destruction of the initial petro-
genic oxides.

Scanning electron microscopy revealed the spheroidization of particles
and the appearance of porous particles in the samples after exposure to
a discharge. This effect was most brightly represented in samples with
the addition of metal iron powder.

A comparative study of the composition and content of OC in the samples
before and after the exposure to the discharge was carried out by pyrolytic
gas chromatography mass spectrometry (Pyr-GC/MS). The setup consisted
of “Pyrolytic vaporizer P4” equipped with a cryofocusing system (lig. CO,),
and "Chromatec Crystal 5000.2” gas chromatograph/mass spectrometer
In order to protect all the exposed materials against contamination with or-
ganic substances from the laboratory environment, the preparation of both
the chamber and samples for the microwave discharges, as well as the an-
alytical preparation of the irradiated material, was carried out in the micro-
biological safety boxes (as laminar shelters) with all necessary precautions.

A noticeable release of OC occurred at temperatures of 450 °C and above
(with stepwise heating of the samples at 150, 300, 450, 600 and 900 °C),
which indicates the presence of high-molecular thermally unstable OC that
produce volatile products of their thermal destruction. Among the volatiles
isolated were: alkadienes (isoprene, pentadiene-1,3), aromatic hydrocar-
bons (benzene, toluene, biphenyl, styrene, naphthalene), as well as N-bear-
ing substances (mainly — benzonitrile).

CONCLUSION:

These experiments showed that microwave irradiation of mixtures based
on a lunar regolith simulant generates new compounds (mainly high-mo-
lecular ones), including those containing bound nitrogen from the model
atmosphere.
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ABSTRACT:

The possibilities of using non-carbon life forms in the Universe and, in par-
ticular, in the Solar System are considered. Special mechanisms for the ar-
rangement of living organisms in the depths of giant planets have been de-
veloped in fundamental extreme chemistry and the synthesis of a complex
method of non-carbon compounds and the diversity of their forms based
on ammonia. Life based on silicon principles, self-organization in dusty
plasma as one of the possible forms of life, and even clouds in the Earth’s at-
mosphere as independent self-reproducing and self-organizing structures
are considered.
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INTRODUCTION:

Perchlorates are found in Martian regolith and have a great importance
from astrobiological point of view. In one hand, they can serve as an energy
source for microorganisms and can promote liquid water formation, and
in other hand they are able to kill microorganisms through oxidative and
osmotic stress [1]. Despite that, it is found that perchlorate presence sig-
nificantly (in several times) enhances bactericidal effect of UV radiation [2].
Hypothetical microbial cells in Martian soil can be shielded from UV by thin
layers of minerals ([3], and references therein), so this factors combination
probably could be effective only in the shallow regolith. But Mars is sub-
jected to irradiation with intensive ionizing radiation, which penetrates few
meters depth [4]. It is unknown, is there any synergistic bactericidal effects
of ionizing radiation and perchlorates, like it is shown for UV. There are data
on higher rates of organics radiolysis at the perchlorates presence [5-7],
but effects on microbial viability are not studied yet.

EXPERIMENT:

We performed irradiation of Bacillus subtilis bacteria by accelerated elec-
trons under simulated Martian conditions — temperature about -65 °C and
pressure about 1 Torr. Bacterial cells were within pure water ice and per-
chlorate-containing (1 and 2.5 wt.%) water ice. Irradiation was performed
with 5, 10, and 15 kGy doses. Bacterial viability was assessed using solid
nutrient media culturing.

Bacteria have demonstrated high radiotolerance under model condi-
tions — cells count decreased no more than two orders of magnitude af-
ter irradiation with the highest dose. It was found, that sodium perchlorate
presence at concentrations up to 2.5 % does not alter bacteria survivability
under ionizing radiation (in contrast to previously shown effect of UV). This
result testifies in favor of habitability of perchlorate-containing econiches
on Mars.
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Abstract:

Remote sensing is the most well-developed and actively used research
method in astroecology. In relation to terrestrial ecosystems, versatility and
innovative technologies make remote sensing a powerful tool in the hands
of scientists in solving problems in the field of biogeography and ecology.
In the context of global environmental challenges such as biodiversity loss
and climate change, remote sensing is becoming an indispensable tool for
the sustainable management of natural resources and the development
of effective environmental protection strategies. The development of re-
mote sensing methods and technologies opens up the possibility to mea-
sure the height, topography and geometry of an object (tree) using Lidar,
determine the level of chlorophyll in foliage, and study the biochemistry
of a plant using spectrometric sensors. This allows scientists to calculate
the biomass of the forest. By comparing these data with ground-based
studies, conclusions can be drawn about the state and diversity of the for-
est. Also, the correlation of Lidar and spectral measurement data with infor-
mation about the soil obtained directly allows us to draw conclusions even
about microbial activity. With the help of information about the climate
and vegetation obtained using remote sensing technologies, it is possible
to predict where a particular type of animal is found and with what density.
Within the framework of astroecology, an actively developing field of astro-
biology, remote sensing methods make it possible to observe and assess
the state of various ecosystems and draw conclusions about the function-
ing of the Earth’s biosphere as a whole. In addition, remote sensing meth-
odology can be effective in exploring various extraterrestrial systems to
obtain important information about their potential habitability.
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Ugra State University, Khanty-Mansiysk, Russia, besogonova99red@mail.ru
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ABSTRACT:

The creation of closed artificial systems with balanced ecosystem relation-
ships is the most important aim in space exploration. They are divided into
two main types — biosystems on spacecraft and on stations organized on
the surface of planets. Closed ecosystems are self-sufficient autonomous
systems in which all the organisms and resources necessary for life are lo-
cated in a limited space. In conditions of long-term flights on a spacecraft or
working on a space station, such systems will provide for vital functions and
ensure stable activity of the crew. The higher the degree of closure of such
biosystems, the more efficient their functioning and contribution to sav-
ing resources. To create the systems, it is necessary to take into account all
the trophic connections between its biological agents and simulate ecosys-
tem interactions that should ensure the closure of biogeochemical cycles
in a very limited volume. To date, a number of experiments have been con-
ducted in created artificial systems on Earth. Such systems are Biosphere-2
(USA), BIOS-3 (Russia), Yurgong-1 (China) and a number of others. Various
biological organisms were used in experiments to create artificial eco-
systems, including plants (cereals, legumes, grasses and shrubs), animals
(insects, reptiles, amphibians, fish, crustaceans, small mammals), as well as
microorganisms (bacteria, fungi, protists) involved in the decomposition of
organic substances. Algae served as the main producers in the water com-
ponent of the systems. In different experiments, different degrees of their
closeness were achieved. In general, the results obtained proved to be ex-
tremely important for understanding the functioning of such systems and
served as the basis for more accurate modeling and further experiments to
create effective types of various closed systems. Such ecosystems provide
valuable information about how life can exist and adapt in conditions of
limited resources, which is important for future exploration and possible
colonization of other planets. At the same time, experiments with such sys-
tems can give a clue of understanding the principles of ecosystem sustain-
ability and the possibilities of their restoration on Earth.
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MAXIMA OF STRONG METEOR SHOWERS
IN BLOOD MARKERS

A.V. Tertyshnikov
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INTRODUCTION:

The ordering of variations in solar ultraviolet radiation and an increase in its
intensity during the maxima of strong meteor showers at the Russian Ant-
arctic station Novolazarevskaya [1] was used to search for effects in blood
tests from the St. Petersburg Clinical Hospital for 2000-2001. The follow-
ing are selected for the experiment: the rate of erythrocyte sedimentation
(ESR), the content of leukocytes and lymphocytes.

The features of the devices used for observations of solar ultraviolet radia-
tion are considered.

THE SCHEME OF THE EXPERIMENT:

Strong meteor showers with fixed peak dates from (https://en.wikipedia.
org/wiki/List_of_meteor_showers/) were used to diagnose the effect
of increases in the power of solar ultraviolet radiation on blood markers.
The criterion for selecting meteor showers was the value of the zenith hour
number of at least 5 meteors per hour above a potential observer. The list
of events includes streams: January 3, February 8 and 24, March 14, 07.06,
19.06, 30.07, 06.08, 13.08, 01.09, 9 September, October 21, November 17,
December 7 and 14.

The duration of the investigated series of blood tests in the St. Petersburg
Clinical Hospital was from 28.05.2000 to 20.03.2001, with the exception of
July. There were no analyses on public holidays and, partially, on weekends.
The average scores from daily blood tests were used as blood markers:
1) erythrocyte sedimentation rate (ESR), 2) lymphocyte count, and 3) leu-
kocyte count. During the day, at least five and up to 15 people took blood
tests. The uncertainty in the state of health of those who took the tests
determines the main attention to the study of their dispersion and order.
For this purpose, the “generalized portrait” method was used in the range
of £10 days from the dates of the maxima of strong meteor showers, and
the fast Fourier transform method, taking into account the small amplitude
of potential changes.

ANALYSIS OF THE RESULTS:

The ESR marker evaluates the presence of an inflammatory process and
other pathological changes in the body. Estimates of the standard devia-
tion and coefficient of variation of the average daily ESR estimates, the co-
efficients of skew and kurtosis of the average series of ESR are analyzed.

Increased amplitudes of variations in the estimates obtained are noticeable
in the range from -6 to +9 days from the date of the maximum of the strong
meteor shower. But on the date of the maximum, with an increased level
of solar ultraviolet radiation, variations are minimal, and the marker lev-
el normalizes. The average ESR estimate on the date of the strong me-
teor shower was 5.2 mm/hour, with a norm of 2-10 mm/hour for men
and 2-15 mm/hour for women. The ESR values on the dates -2 days and
+2 days are 60 % higher than on the date of the maximum of the strong
meteor shower.

On the date of the maxima of strong meteor showers, the kurtosis coef-
ficient of the average daily ESR marker is negative, which corresponds to
a uniform distribution law.

The cyclicity in the morphology of spectral-temporal amplitudograms cal-
culated using the fast Fourier transform is shown for a number of average
daily ESR markers.
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A change in the morphology of the spectral and temporal characteristics of
the analyzed markers was noted with respect to the dates of strong meteor
showers, dominant cyclical patterns with periods of 3-4 and 6-7 days, as
well as normalization of the average daily ESR estimate.

The level of the average daily marker “leukocytes”is lower than the average
values within £10 days from the date of the maximum meteor shower and
increased on -3 days and on +4 days. There are also dominant periodicities
of 3-4 and 7 days. Ordering the variation of the average daily markers by
leukocytes by estimating the kurtosis coefficient as much as one day af-
ter the date of the meteor shower maxima. The signal is strong, exceeding
the limits of the 95 % confidence interval of the analyzed three-week series
and corresponding to the levels of the normal distribution law, which con-
firms the effect of ordering variations of the analyzed marker, activation of
the immune system.

According to the average daily marker “lymphocytes”, the changes are in
many ways similar to the estimates for leukocytes. Lymphocytes (blood
cells that are involved in the formation of immune defenses) are a type of
white blood cell.

DISCUSSION:

The time correspondence between the weak impact of the meteor show-
er on the upper atmosphere and variations in blood markers necessitates
the search for possible mechanisms of interaction. These may include
changes in atmospheric conductivity due to meteor dust, an increase in
the influx of solar ultraviolet radiation into the maximum of the meteor
shower, the influence of solar ultraviolet radiation on pathogenic process-
es, and variations in the density of the meteor shower in the solar ultravio-
let stream.

Models of the distribution of meteoric matter do not take into account
changes in the density of the meteor shower in the upper layers of
the Earth’s atmosphere. In Russia, priority is given to space debris models,
in which special attention should be paid to dust generated by the com-
bustion of Starlink satellites. Possible mechanisms of meteor dust release
that affect fluctuations in the solar ultraviolet radiation flux are discussed.

CONCLUSIONS:

As a result of statistical processing of blood tests from the St. Petersburg
Clinical Military Hospital, normalization of the erythrocyte sedimentation
rate was established on dates of strong meteor showers, which corresponds
to anincrease in incoming solar ultraviolet radiation. In the dynamics of ESR
estimates characterizing the activity of inflammatory processes, dominant
cyclical news with periods of 3-4 and 6-7 days was noted. They may be
caused by the social effects of the working week and variations in ultravio-
let radiation on particles of settling meteor dust.

The content of leukocytes and lymphocytes revealed similar effects with
minima on the dates of meteor shower maxima, dominant periodicity, and
strong signals of activation of immune system processes after the maxima
of strong meteor showers.

The deposition of cosmic and meteoric dust into the ozonosphere is of in-
terest to astrobiology.

REFERENCES:

[1] Tertyshnikov A.V.Variations in F10.7 by New Dates of Maximum Meteor Streams
// Solar System Research. 2025. V.59. Article 56. https://doi.org/10.1134/
S003809462460166X.
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address:

Space Researh Institute (IKI)
Profsoyuznaya street 84/32
post code 117997

metro station: Kaluzhskaya

Moscow, Russia




[T

cranuyma metpo “KAJIYKCKAR"
@ metro station “KALUZHSKAYA"”

MUKW PAH

nnowagb akagemvika Kengpbiwa

MeTpo «Kany»cKas», NepBblil BaroH 13 LIEHTPa, MO TOHHENIO — NPAMO,
Mo BTOPOMY NonepeyHoMy TOHHENIO — HanpaBo, BbIXOA Ha NNOLWazb,
[fanee rno CTpefkam Ha cxeme

IKI RAS

You should get off at “Kalyzhskaya” metro station using the southern exit.

After leaving a station lobby through glass doors you should go straight

to the end of the tunnel, then take right and use the stairs to get to the surface.
From this point you may follow either arrow on this map
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REGISTRATION AND INFORMATION DESK

location: IKI, entrance A-4
time:

20 october, 9:00-18:00
21-24 october, 10:00-18.00

ORAL SESSIONS

location:

¢ |KI conference hall, second floor
Sessions: Opening, Mars, Moon and Mercury, Venus, Small Bodies,
Extrasolar Planets, Giant Planets, Astrobiology
20-24 october

POSTER SESSIONS FOR ALL SESSIONS

¢ |KI Winter Garden, second floor
20 october, 18.05-18.35

COFFEE BREAKS, WELCOME PARTY, RECEPTION

location:
e |KI Winter Garden, second floor — Coffee Breaks

e Kl Winter Garden, second floor — Welcome Party
¢ |KI Exhibition Hall, ground floor — Reception

INTERNET ACCESS AND WIFI

there is Internet access in and near the conference hall
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BOLSHOI

LE NOZZE DI FIGARO
CBAAbBA ®UTAPO

IVAN THE TERRIBLE
WBAH FPO3HbIN

12.00, 18.00

ballet, Historic Stage

12.00, 18.00

opera in four acts, New Stage

ANYUTA
AHIOTA

LA TRAVIATA
TPABUATA

19.00

ballet, New Stage

19.00

opera, Historic Stage

LA TRAVIATA
TPABUATA

20.00

consert, Historic Stage

RAYMONDA
PAUMOHAA

TOSCA, GIACOMO PUCCINI
TOCKA

12.00, 18.00

ballet, Historic Stage

12.00, 18.00
op

n three acts, New Stage

OPERETTA

ANNA KARENINA
AHHA KAPEHUHA

14.00, 19.00

music performance

GRAF ORLOV
rPA® OP/10B

19.00

musical performance

GRAF ORLOV
FPA® OP/10B

19.00

musical performance

GRAF ORLOV
FPA® OP/10B

14.00, 19.00

musical performance

SOCIAL PROGRAM

HELIKON

PAYATSY
NAALbI

PAYATSY
NAALbI

BORIS GODUNOV
BOPUCTOAYHOB

BORIS GODUNOV
BOPUCTOAYHOB

BORIS GODUNOV
BOPUCTOAYHOB

BORIS GODUNOV
BOPUCTOAYHOB

STANISLAVSKY

BALLET EVENING
BEYEP BAJIETOB

TZAR SALTAN FAIRY-TALE
CKA3KA O LUAPE CANTAHE

RIGOLETTO
PUTFONETTO

RIGOLETTO
PUTONIETTO

SWAN LAKE
NEBEANHOE O3EPO

SWAN LAKE
NEBEAWHOE O3EPO

SWAN LAKE
NEBEAWHOE O3EPO

NOVAYA OPERA

TRAVIATA
TPABUATA

TRAVIATA
TPABUATA

LOENGRIN
NO3HIPUH

LOENGRIN
JNO3HTPUH

OPERA GALA
AEHb ONEPbI

BOLERO
BOJIEPO

Svetlanov Hall

concert, Svetlanov Hall

19.00

concert, Svetlanov hall

.00
ballet, Theater hall

14.00

concert, Svetlanov Hall

13.00, 17.00

musical, Theater hall

KREMLIN PALACE

ANNIVERSARY CONCERT OF
THE SOPRANO OF TURETSKY
ART GROUP -

"THE WORLD OF WOMEN"

IOBUNEUHBIN KOHLEPT
APT-repynnbl

«COMPAHO TYPELLKOIo» —
«MWP HEHLWWNH»

THE STATE ACADEMIC KUBAN
COSSACK CHOIR "RUSSIA
FROM EDGE TO EDGE"
«PYCb OT KPAA O KPAA»
TOCYAQAPCTBEHHbIN
AKALEMWYECKUN
KYBAHCKUUN KA3A4YUU XOP

https://bolshoi.ru
https://mosoperetta.ru

[ https://www.helikon.ru

https://www.stanmus.ru

[ https://novayaopera.ru

https://www.mmdm.ru

[ https://kremlinpalace.org

BO/bLLOW TEATP, BOLSHOI THEATRE

TEATP OMEPETTbI, OPERETTA THEATRE

FEIMKOH-OMEPA, HELIKON THEATRE

MY3bIKA/TbHbIM TEATP UM. K.C. CTAHUCIABCKOTO 1 B/l. HEMUPOBUYA-IAHYEHKO, STANISLAVSKY AND NEMIROVICH-DANCHENKO MUSICAL THEATER
HOBAS OMEPA, NOVAYA OPERA

MOCKOBCKM MEXKAYHAPOAHBIA AOM MY3blKM, MOSCOW INTERNATIONAL HOUSE OF MUSIC

FOCYAAPCTBEHHbIN KPEMNEBCKMI ABOPELL, KREMLIN PALACE




LUNCH POINTS NEAREST TO IKI

1. UHCTUTYT KOCMUYECKNX UCCNEJOBAHWUIN PAH,
yn. NpodcotosHas, 84/32,
cTtonosas, 1 aTax, cekumua A3
SPACE RESEARCH INSTITUTE,
Profsoyuznaya street, 84/32,
Food center, Ground Floor, Section A3

2. TL, «KANYKCKUIM»,
yn. MpodcotosHas, 61A,
30Ha PecTopaHoB, 2 aTax
“KALUZHSKIY” Market Center,
Profsoyuznaya Street, 61A,
2 Floor

3. KA®PE «<AHOEPCOHD»,
yn. O6pyyesa, 30/1
CAFE “ANDERSON”,
Obrucheva street, 30/1

4. UHCTUTYT MPUKNAOHON MATEMATUKU PAH,
yn. NMpodcotosHan 84/32,
ctonoBas, 1 aTax
INSTITUTE OF APPLIED MATHEMATICS,
Profsoyuznaya street 84/32,
Food center, Ground Floor
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