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THE THIRTEENTH MOSCOW
SOLAR SYSTEM SYMPOSIUM
13M-S3

SPACE RESEARCH INSTITUTE
MOSCOW, RUSSIA
october 10-14, 2022

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 Thirteenth Moscow international Solar System Symposium (13M-S3)
will be held from October 10 till 14, 2022.

THE FOLLOWING SESSIONS WILL BE HELD DURING
THE SYMPOSIUM:

OPENING SESSION

Session. MARS

Session. VENUS

Session. MOON AND MERCURY

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

Session. EXTRASOLAR PLANETS

Session. ASTROBIOLOGY

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

Vernadsky Institute of Geochemistry and Analytical
Chemistry RAS, Russia

Brown University, USA

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

Sternberg Astronomical institute, Moscow State University,
Russia

Symposium website: https://ms2022.cosmos.ru
Contact email address: ms2022@cosmaos.ru
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chair:
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overview 13M-S° program

THE THIRTEENTH MOSCOW SOLAR SYSTEM
SYMPOSIUM

Space Research Institute, 10-14 October 2022

october 10  october 11 october 12 october 13 october 14
conference hall conference hall conference hall conference hall conference hall room 200
10:00 second floor second floor second floor second floor second floor second floor

OPENING SB SESSION VN SESSION EP SESSION
REMARKS

LUNCH UNC LUNCH

EP POSTER
SESSION

GP POSTER
SESSION

AB SESSION

COFFEE COFFEE

VN POSTER
SESSION

SB POSTER
SESSION

MS POSTER MN POSTER
SESSION SESSION

AB POSTER
SESSION

21:00—

I MS SESSION: MARS SESSION

MN SESSION: MOON AND MERCURY SESSION
GP SESSION: GIANT PLANETS SESSION
I AB SESSION: ASTROBIOLOGY SESSION
[ SB SESSION: SMALL BODIES SESSION (INCLUDING COSMIC DUST)
I VN SESSION: VENUS SESSION
I EP SESSION: EXTRASOLAR PLANETS SESSION



10.00-11.00

11.00-18.45

11.00-11:20

11.20-11.40

11.40-12.00
12.00-12:20

12.20-12.40

12.40-13.00

13.00-14.00
14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

MONDAY, 10 OCTOBER 2022

OPENING REMARKS

Convener: Lev ZELENYI
conference hall, second floor

Lev ZELENYI (IKI)

James HEAD (Brown University)
Alexander BASILEVSKY (GEOKHI)
Mikhail SACHKOV (INASAN)

MARS SESSION

Convener: Oleg KORABLEV
conference hall, second floor

Denis BELYAEV
etal

Ekaterina STARICHENKO
etal

Anna FEDOROVA
etal

Pavel VLASOV
etal

Mikhail LUGININ
etal

Valery SHEMATOVICH
etal

Artyom SHESTAKOV
and S. SHUVALOV

Jordanka SEMKOVA
etal

Victor BENGHIN
etal

Alexey MALAKHOV
etal

Thermal structure of the middle
and upper atmosphere of Mars as
seen by ACS MIR spectroscopy

Gravity wave statistics in

the Martian atmosphere from
the ACS/TGO solar occultation
experiment

COFFEE-BREAK

A two-Martian year survey of
the water vapor saturation state
on Mars based on ACS NIR/TGO
occultations

Overview of Martian Year

34 atmospheric thermal structure
and dust distribution from

ACS TIRVIM nadir observations
onboard ExoMars TGO

Observations of 2.7 micrometer
CO; ice band on Mars from ACS
solar occultations onboard
TGO/ExoMars

LUNCH

Kinetic modeling of hot fraction
in the extended hydrogen corona
of Mars

Planetary ions acceleration inside
Martian hot flow anomaly

Radiation environment in
ExoMars TGO Mars orbit during
solar energetic particle events in
July 2021-March 2022

Comparison of the flux and dose
rate measured by the Liulin-MO
device aboard ExoMars TGO with
calculated estimations

Global map of water abundance
in the upper regolith layer of
the equatorial region on Mars

13MS3-MS-01

13MS3-MS-02

13MS3-MS-03

13MS3-MS-04

13MS3-MS-05

13MS3-MS-06

13MS3-MS-07

13MS3-MS-08

13MS3-MS-09

13MS3-MS-10



7

15.40-16.00

16.00-16.20

16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.40-18.00

18.00-18.45

19.00-20.00

James HEAD
etal

Benjamin BOATWRIGHT
and James HEAD

Elena PODOBNAYA
etal

Ekaterina FABER
etal

Jun CHU
etal

Egor KULIK and
Tamara GUDKOVA

When did Mars become bipolar?
Outstanding issues in a conceptual
model of a Noachian-Amazonian
climate transition from an altitude-
dominant temperature environment
(ADD) to a latitude-dominant
temperature environment (LDD)

COFFEE-BREAK

Constraining Early Mars Glacial
Conditions from Paleodischarge
Estimates of Intracrater Inverted
Channels

Fragmentation model for impact
clusters on Mars

Mineralogical variations of
deposits in the Utopia Planitia
region of Mars measured by
CRISM and OMEGA spectrometers

Lateral extension of layered
deposits in S-W portion of Holden
crater, Mars

On model values of Chandler
wobble period for Mars

POSTER SESSION, SESSION MARS

Oleg VAISBERG

Sergei KULIKOV
etal

Inna STEPANOVA
etal

Ekaterina MELIKHOVA
etal

Daria EVDOKIMOVA
etal

Vladimir OGIBALOV

Vladimir OGIBALOV

Alexey BATOV
etal

Nikolai KASATIKOV
etal

9 posters * 5 min
Mars magnetopause

Study of wave phenomena in
the plasma environment of Mars:
simultaneous observations at
ground and on orbits

Combined approach in finding
analytical continuations of

the Mars magnetic field from
satellite data

The activity of the young Sun and
isotopic composition evolution
of the atmospheres of Mars and
Venus

Upper limits of Mars atmospheric
trace gases from the thermal
spectra by ACS-TIRVIM/ExoMars

Radiative transfer in the Martian
atmosphere taking account line-
mixing in the 15 pm CO, band

Modelling of the non-equilibrium
emissions of the Martian
atmosphere in the near-IR CO,
bands taking account aerosol
extinction

On model crust thickness
variations of Mars and Venus with
love numbers

Using neural networks to search
for information about Mars
remotely

WELCOME PARTY

13MS3-MS-11

13MS3-MS-12

13MS3-MS-13

13MS3-MS-14

13MS3-MS-15

13MS3-MS-16

13MS3-MS-PS-01
13MS3-MS-PS-02

13MS3-MS-PS-03

13MS3-MS-PS-04

13MS3-MS-PS-05

13MS3-MS-PS-06

13MS3-MS-PS-07

13MS3-MS-PS-08

13MS3-MS-PS-09



10.00-20:00

10.00-10.20
10.20-10.40

10.40-11.00

11.00-11.20

THE STUDIES OF THE MOON AS CELESTIAL BODY

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00
14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

15.40-16.00

TUESDAY, 11 OCTOBER 2022

MOON AND MERCURY

SESSION

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

MERCURY
Johannes BENKHOFF

James HEAD
etal

Alexander LAVRUKHIN
etal

Alexander KOZYREV
etal

Lionel WILSON
etal

Sergey KRASILNIKOV
etal

Ksenia KOCHUBEY and
Mikhail IVANOV

Alexander BASILEVSKY
etal

Evgeny SLYUTA
etal

Mikhail IVANOV
etal

Chunyu DING
etal

Sergey VOROPAEV and
Artem KRIVENKO

Alexader GUSEV
etal

S.MEGALA and
Tirtha Pratim DAS

BepiColombo Status

Mercury magmatic, tectonic
and geodynamic history

a comparative planetology
analysis

Mercury’s magnetosphere
variations

A comparative analysis of
neutron flux data measured
by MGNS/BepiColombo
experiment for Venus and
Mercury flybys

Modeling the eruption and
the cooling times of the lavas
sampled by the Chang'e 5 mission

COFFEE-BREAK

Northern oblique impact
formation of the South
Pole-Aitken basin

Degradation of fresh-looking
craters in Mare Fecunditatis, Moon

Surface morphology inside

the PSR area of polar crater
Shoemaker in comparison with
that of the sunlit areas

LUNCH

Site selection problems of
the Moon research station

Absolute model age estimates
of the Fecunditatis basin and
Mare Fecunditatis in the region
of Luna-16 landing site

Yutu-2 Radar sounding over the
Chinese Chang'E-4 landing site
on the far-side of the Moon

’

Some features of the early Moon
degassing

Geological exploration of the
Moon Ill: water ice in near polar
regions of the Moon

Salient results from
Chandrayaan-2 mission

13MS3-MN-01
13MS3-MN-02

13MS3-MN-03

13MS3-MN-04

13MS3-MN-05

13MS3-MN-06

13MS3-MN-07

13MS3-MN-08

13MS3-MN-09

13MS3-MN-10

13MS3-MN-11

13MS3-MN-12

13MS3-MN-13

13MS3-MN-14



16.00-16.20 COFFEE-BREAK

THE EXPERIMENTS ON THE MOON

16.20-16.40  Andrey SHUGAROV The concept of Moon-based UV~ 13MS3-MN-15
etal survey to study transients and
variables
16.40-17.00  Huijuan WANG Science of the lunar-based UV-  13MS3-MN-16
etal OPTICAL-IR telescope for ILRS
17.00-17.20  llia KUZNETSOV Investigation of the lunar 13MS3-MN-17
etal dusty plasma and electric

field dynamics with lunar dust
monitoring instrument

17.20-17.40  Andrey KIM Testing SLM technology with 13MS3-MN-18
etal simulants of lunar regolith:
applications to Lunar Printer
experiment
17.20-18.00 Maxim MOKROUSOV Space gamma-ray spectroscopy ~ 13MS3-MN-19
etal experiment with tags of Galactic
cosmic rays
18.00-20:00 POSTER SESSION, SESSION MOON AND MERCURY
31 posters * 4 min
Maxim LITVAK Experiment MGNS onboard ESA  13MS3-MN-PS-01
etal BepiColombo mission
Yongliao ZOU Studying lunar evolution based ~ 13MS3-MN-PS-02
etal on comprehensive physical field

exploration for International
Lunar Research Station program

Shaopeng HUANG Heat flow measurement 13MS3-MN-PS-03
etal a priority for upcoming lunar

missions
Bingxian LUO Moon-based space weather 13MS3-MN-PS-04
etal station for Sun-Earth-Moon

environment interaction
monitoring and research

Jiajie FENG and Key Scientific Questions of Lunar  13MS3-MN-PS-05
Hong LIU Life Sciences
Zhiguo MENG Probing surface deposits in 13MS3-MN-PS-06
etal heavily ejecta-contaminated Mare

Frigoris using CE-2 MRM data
Xuelei CHEN Low Frequency Radio Inter- 13MS3-MN-PS-07

ferometry from the Lunar Orbit

Mikhail PODZOLKO and  Suggestion of an experiment 13MS3-MN-PS-08
Vladimir KALEGAEV for measuring the fluxes of

energetic galactic and solar

protons and nuclei onboard

future lunar station

Andrey TURUNDAEVSKIY  The Neutronium experimental 13MS3-MN-PS-09

etal complex for the Russian Lunar

Scientific Observatory
Maya DJACHKOVA The water abundance at Artemis ~ 13MS3-MN-PS-10
etal landing sites
Natalia KOZLOVA Availability of LROC NAC stereo  13MS3-MN-PS-11
etal images for construction of

detailed DEMS at the south
subpolar region of interest for
Russian lunar missions



Svetlana PONOMAREVA  Dirilling of Ice-rich Regolith: 13MS3-MN-PS-12

etal Vibration and Blocking Issues

Olga SHEVALDYSHEVA  Stationary and mobile lunar 13MS3-MN-PS-13
etal gravimeters

Olga TURCHINSKAYA Development of routes for the 13MS3-MN-PS-14
and Evgeny SLYUTA heavy rover «Lunar Robot-

Geologist» on the territory of
the volcanic province of Mons

Rumker
Anatoly MANUKIN The SEISMO-LR is a three- 13MS3-MN-PS-15
etal coordinate seismometer for

measurements on the Moon
Vladimir CHEPTSOV Applicability of LASMA-LR mass-  13MS3-MN-PS-16
etal spectrometer for the water ice

detection within lunar regolith
Kirill ZAKHARCHENKO Durable diamond detector of 13MS3-MN-PS-17

etal cosmic radiation
Egor SOROKIN et al Natural lunar test site on Earth 13MS3-MN-PS-18
Alexandra UVAROVA Consideration of ashes from 13MS3-MN-PS-19

the Kamchatka peninsula as
lunar soil- analogues on the
basis of physical and mechanical
properties
Ivan AGAPKIN The Kamchatka volcanic ashes 13MS3-MN-PS-20
as a lunar soil analogue (physical
properties)
Alexandr KRASILNIKOV  Estimates of the Local/Foreign 13MS3-MN-PS-21
and Mikhail IVANOV Material Mixing on the Moon:
the Crater Langrenus Case

Alexandr KRASILNIKOV  Geological Structure of the Main ~ 13MS3-MN-PS-22
etal Landing Ellipses of Luna-25

Vladimir AFANASYEV The new analytical approach 13MS3-MN-PS-23
and G. PECHERNIKOVA for calculation of craters ejecta

thickness
Ekaterina KRONROD Thermal evolution of the Moon 13MS3-MN-PS-24
etal with geophysical constraints
Mikhail IVANOV and Automatic method to estimate 13MS3-MN-PS-25
Evgeniya GUSEVA the steepness of walls of small

impact craters on the Moon
Ekaterina FEOKTISTOVA  Morphological features of 13MS3-MN-PS-26
etal craters in the polar regions of

the Moon
Ekaterina FEOKTISTOVA  Hermite A crater as a cold trap 13MS3-MN-PS-27
etal near the north pole of the Moon
Nadezhda CHUJKOVA Dynamics of the Moon-Earth 13MS3-MN-PS-28
etal system and its impact on climate
Boris EPISHIN and Autonomous electronic 13MS3-MN-PS-29
Michael SHPEKIN Yearbook for observations from

the surface of the Moon

Gennady KOCHEMASOV  Moon-Earth’ comparable fine 13MS3-MN-PS-30
wave structures created by
equal orbits (around Sun and in
Galaxy)

Gennady KOCHEMASOV  Moon-dichotomous as other 13MS3-MN-PS-31
cosmic bodies (from asteroids
to Universe)



10.00-13.00

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

WEDNESDAY, 12 OCTOBER 2022

MOON AND MERCURY

SESSION

Conveners: Igor MITROFANOV, Maxim LITVAK

conference hall, second floor

THE EXPERIMENTS ON THE MOON

Vladislav YAKOVLEV The ground tests of Lunar 13MS3-MN-20
etal Manipulator Complex for Luna-25
S. MEGALA and Indian Lunar exploration program - 13MS3-MN-21
Tirtha Pratim DAS an Overview
Mikhail MALENKOV Discussion of the concept of 13MS3-MN-22
etal mobile robotic complexes for the

International Lunar Research Station
Guang LIV Developing the Lunar-based Earth  13MS3-MN-23
etal observation platform

LUNAR EXPLORATION PROGRAMS/PERSPECTIVES

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00

14.00-15.00

14.00-14.20

14.20-14.40

14.40-15.00

Chi WANG
etal

Preliminary scientific objectives of ~ 13MS3-MN-24
the International Lunar Research
Station program

COFFEE-BREAK

Anatoly PETRUKOVICH  The International Lunar Research 13MS3-MN-25

etal Station from science perspective

Lev ZELENYI Scientific objectives of lunar 13MS3-MN-26
etal exploration

Igor MITROFANOV The “Korvet” Program: Integrated 13MS3-MN-27
etal Human and Robotic Missions to

Moon

LUNCH

GIANT PLANETS session

Convener: Valery SHEMATOVICH
conference hall, second floor

Nikolai SLODARZH Hyperion (C7): control point 13MS3-GP-01
etal network and shape model.

Difficulties and solutions
Anatoly ZUBAREV Updated Ganymede control 13MS3-GP-02
etal point network based on JUNO

mission data

POSTER SESSION, SESSION GIANT PLANETS
4 posters * 5 min

Anna DUNAEVA Organic matter in the structure of  13MS3-GP-PS-01
etal partially differentiated Titan
Victor KRONROD Convection in the rock-ice mantle  13MS3-GP-PS-02
etal of partially differentiated Titan

Margarita MELNIKOVA  New global mosaic of Ganymede,  13MS3-GP-PS-03

etal

detailed DEMs and maps

Azariy BARENBAUM Measuring the precession period ~ 13MS3-GP-PS-04

of Solar System ecliptic plane
using Galactic model



15.00-19.35

15.00-15.20

15.20-15.40

15.40-16.00

16.00-16.20

16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.40-18.00

18.00-18.20

18.20-18.40

18.40-19.00

19.00-19.35

i

Sohan JHEETA

Martin DOMINIK

Oleg KOTSYURBENKO
etal

Dmitry SKLADNEV
etal

Anatoliy PAVLOV
etal

Valery SHEMATOVICH
etal

Iren KUZNETSOVA
etal

David SMITH

Ahya REZAEI

Nikita DEMIDOV and
Mikhail IVANOV

Daniil MIRONOV

ASTROBIOLOGY session

Convener: Oleg KOTSYURBENKO
conference hall, second floor

Electron irradiation of a homo- 13MS3-AB-01
geneous mixture of ammonia and

carbon dioxide (NHs:CO,) ice at

simulated planetary temperatures

The cosmic context of planet 13MS3-AB-02
Earth - Don't buy a roadmap that
only shows a single road

Life on Venus: different concepts of ~ 13MS3-AB-03
its origin and evolution

COFFEE-BREAK

The simplest Lab-on-Chip for 13MS3-AB-04
detecting living cells in the acidic
environment of Venusian clouds

The effects of nearby Supernova 13MS3-AB-05
and solar superflares on Earth

biosphere evolution: mass

extinctions and “flash of mutations”

Kinetic Monte Carlo model of the 13MS3-AB-06
auroral electron precipitation into
the N,-O, planetary atmosphere

Application of acoustoelectronic 13MS3-AB-07
techniques to registration microbial
objects in liquid

The Functioning Microbiome as 13MS3-AB-08
Link between Genes and Microbial

Environment

Remote Sensing in Agriculture 13MS3-AB-09
Speculaitive history of life on Mars ~ 13MS3-AB-10
Geochemical indication of desert 13MS3-AB-11

overgrowth (by the example of the
Sarykum sand complex)

POSTER SESSION, SESSION ASTROBIOLOGY

Viacheslav ILYIN et al

Savio Torres DE FARIAS

7 posters * 4 min

Prospects for the application of 13MS3-AB-PS-01
microbial fuel cells in regenerative
biological life support systems

Life on Mars: What can the use of 13MS3-AB-PS-02
biosignatures tell us?



Vladimir CHEPTSOV
etal

Andrey BELOV and
Vladimir CHEPTSOV

Denis VEDENEV
etal

Daniil BARBASHIN
etal

Daniil BARBASHIN and
Daniil MIRONOV

Peptides preservation under high-
dose irradiation with accelerated
electrons

Biodiversity of drought-tolerant
bacteria: Astrobiological concern

Influence of perchlorates on water
crystallization temperature and
bacterial survivability in mechanical
simulants of Mars regolith

Tolerance of arid ecosystems
bacteria to sodium perchlorate:
implications for Mars’ habitability

Growing pea plants in Martian
soil analogue with the addiction
nitrogen fixer bacteria

13MS3-AB-PS-03

13MS3-AB-PS-04

13MS3-AB-PS-05

13MS3-AB-PS-06

13MS3-AB-PS-07



THURSDAY, 13 OCTOBER 2021

1000-18.20 SMALL BODIES session

including cosmic dust

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

10.00-10.20  Vladimir BUSAREV Only a quarter of newly observed  13MS3-SB-01
etal primitive asteroids are active
10.20-10.40  Boris SHUSTOV Collisions as a possible reason 13MS3-5B-02
etal of sublimation-dusty activity of
main belt asteroids
10.40-11.00 Thomas DUXBURY and ESA MEX astrometric 13MS3-SB-03
Natalia SEREGINA observations of the asteroid
Psyche: the target of a NASA
mission
11.00-11.20  Anton KOCHERGIN Motion of dust in comet C/2021 13MS3-SB-04
etal A1 (Leonard)
11.20-11.40  Maxim ZHELTOBRYUKHOV  Microphysics of dust in comet 13MS3-SB-05
etal (/2021 A1 (Leonard) inferred by
means of polarimetry
11.40-12.00 COFFEE-BREAK
12.00-12.20  Tatiana SALNIKOVA On the conjecture of formation 13MS3-SB-06
etal of the Martian moons Phobos
and Deimos
12.20-12.40  Sergey POPEL Electrostatically produced dusty ~ 13MS3-SB-07
etal plasmas near the surface of
Mercury
12.40-13.00 Vladimir TCHERNYI and Role of Magnetism in the 13MS3-SB-08
S.KAPRANOV Separation of the Particles of the
Saturn’s rings
13.00-14.00 LUNCH
14.00-14.20  Yulia REZNICHENKO Dusty clouds evolution in 13MS3-SB-09
etal the Martian atmosphere
14.20-14.40  Irina NADEZHDINA Hyperion (C7) cartography: 13MS3-SB-10
etal challenges and the first surface
map
14.40-15.00  Sergei IPATOV Probabilities of collisions of 13MS3-SB-11

bodies ejected from the Earth
with the terrestrial planets and

the Moon
15.00-15.20 Dmitry GLAZACHEV Assessing the consequences of 13MS3-SB-12
etal asteroid and comet impacts on
the Earth
15.20-15.40 Tatyana GALUSHINA Modification of technique of 13MS3-SB-13
etal asteroid observations on Terskol
observatory
15.40-16.00 llia KUZNETSOV Experimental investigation of the  13MS3-SB-14
etal dust particles lofting processes
16.00-16.20 COFFEE-BREAK
16.20-16.40  Ekaterina CHORNAYA The 10-micron silicate featurein ~ 13MS3-SB-15
etal heterogeneous dust particles



16.40-17.00 Anna KARTASHOVA The mass estimations of faint 13MS3-SB-16

etal meteors
17.00-17.20 Roman ZOLOTAREV and On the mass indices of meteor 13MS3-SB-17
Boris SHUSTOV bodies
17.20-17.40 Dominik BELOUSOVand  Energy accumulation in icy 13MS3-SB-18
Anatoliy PAVLOV bodies during long-term
irradiation

17.40-18.20 POSTER SESSION,
SESSION SMALL BODIES (INCLUDING COSMIC DUST)

8 posters * 5 min

Stanislav KUZNETSOV Statistic analysis of dynamic 13MS3-SB-PS-01
and Vladimir BUSAREV parameters and sizes of asteroids

of the Adeona Family
Tatiana MOROZOVA and  Influence of meteor flares on 13MS3-SB-PS-02
Sergey POPEL the development of modulation

instability of electromagnetic
waves in meteoroid tails

Dmitry PETROV and Influence of the internal 13MS3-SB-PS-03
E.ZHUZHULINA structure of dust on the light-
scattering properties of comet
29P/Schwassmann-Wachmann 1

Mariia VASILEVA and Age estimation of Brugmansia 13MS3-SB-PS-04
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Temperature and density in the upper Martian atmosphere, above ~100 km,
are key diagnostic parameters to study processes of the species’ escape, in-
vestigate the impact of solar activity, model the atmospheric circulation, and
plan spacecraft descent or aerobraking maneuvers. In this paper, we report
vertical profiling of carbon dioxide (CO,) density and temperature from the
Atmospheric Chemistry Suite (ACS) solar occultations onboard the ExoMars
Trace Gas Orbiter (TGO). A strong CO, absorption band near 2.7 um observed
by the middle infrared spectrometrlc channel (ACS MIR) allows the retrieval
of the atmospheric thermal structure in an unprecedentedly large altitude
range, from 20 to 180 km. We present the latitudinal and seasonal climatol-
ogy of the thermal structure for 1.5 Martian years (MYs), from the middle
of MY 34 to the end of MY 35.

The results [1] show the variability of distinct atmospheric layers, such as a
mesopause and homopause. The mesopause altitude rises from 70-90 km
in the high-winter latitudes to 130-150 km in the summer season for both
hemispheres. The homopause altitude varies from 90 km at aphelion to
130 km at perihelion in the Martian years 34 and 35, and it depends on
dust activity. The homopause is generally located above the mesopause at
low-middle latitudes, and below the mesopause near polar regions. A few
near-equatorial observations reveal the mesopause subfreezing tempera-
tures, below co, frost point.
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INTRODUCTION:

Gravity waves (GWs) are omnipresent in planetary atmospheres and originate
from displacements of air parcels. Since they re-distribute energy and momen-
tum between atmospheric layers, GWs greatly affect atmospheric dynamics. In
this work, we study the activity of GWSs in the Martian atmosphere from solar
occultation experiments conducted by the infrared spectrometers of Atmo-
spheric 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 ech-
elle spectrometer combined with an acousto-optic tunable filter, measures
the atmospheric structure in the 1.57 um CO, band at altitudes from 10 to
100 km [4, 5]. Both ACS channels possess a hlgh resolving power, exceeding
~25000, signal to noise ratio more than 1000, and sound the atmosphere
with the vertical resolution of 0.5-2.5 km. During simultaneous occultations,
the instruments lines of sight target identical tangent points that provide
confidential cross validation between the retrieved atmospheric profiles.
Presently, we report the observations for 1.5 Martian years (MY), from the
middle of MY34 (April 2018) to the end of MY35 (January 2021), counting
~600 occultations of MIR and ~6200 occultations of NIR. Fig. 1 and 2 show
MIR and NIR data coverages respectively.
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Fig. 1. Latitudinal coverage of ACS-MIR occultations versus Solar longitude (Ls) (a) and
Martian longitude (b). Grey area in (a) depicts the global dust storm (GDS) period in MY34.
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Fig. 2. The same as in Fig. 1 but for ACS-NIR

RESULTS:

In order to derive the parameters of GWSs, we use the method described in [6].
We determine and analyze such characteristics of GWs as the acceleration (wave
drag), vertical flux of horizontal momentum, potential energy and Brunt-Vaisala
frequency, which characterizes the stability of GWs propagation. Fig. 3 shows the
analysis of the single vertical temperature profile. First, from the vertical tempera-
ture profile (Fig. 3a, solid black line) we reveal the background temperature pro-
file (Fig. 3a, red dashed line). From these two, we find their difference 7" and the
amplitude (envelope of T”) of GW packets (Fig. 3b, solid black and red dashed lines
respectively). Then we calculate the Brunt-Vaisala frequency, vertical flux of hor-
izontal momentum and acceleration by GWs (Fig. 3c, d). In addition, we find GW
potential energy, which we use as a measure of GW activity in this study.

Orbit 4926n1; Longitude = 112.22; Latitude = -69.74; Ls = 316.0 , (m/(s*sol)]
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Fig. 3. Vertical profiles for the orbit 4926n1: a) the measured (solid black) and fitted
mean temperature (red dashed); b) wave temperature disturbance (solid black) and
envelope (red dashed); c) Brunt-Vaisala frequency calculated for the mean (black) and
net temperature (red dashed); d) momentum flux (black) and mean flow acceleration
(“wave drag”, upper axis, red). Shading denotes observational uncertainties

In many cases we observe the mechanism of GW saturation and breaking
(Fig. 3b), where the wave amplitude increases with altitude and stops grow-
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ing at ~110 km. At the same altitude, the Brunt-Vaisala frequency of the net
temperature tends to zero (Fig. 3c), which means that the temperature gra-
dient is approaching the adiabatic lapse rate, and dissipation process takes
place. This process, when the GW transfers its energy to the ambient flow,
can be seen in the behavior of the momentum flux profile, which has steep
drops, and an increase of acceleration (see Fig. 3d).

In this work we present the climatology of GWs and its parameters since the
start of the ACS-MIR operations (April 2018, Ls =165 MY34) till the end of the
MY35 (January 2021).
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Recent measurements of water and temperature profiles in the Martian at-
mosphere showed that water can be strongly supersaturated at and above
the level where clouds form [1, 2]. The near-infrared spectrometer NIR of
the Atmospheric Chemistry Suite (ACS) onboard the Trace Gas Orbiter (TGO)
has measured H,O and temperature profiles using solar occultation in the
infrared from below 10 km to 100 km of altitude. These observations provide
the first long-term monitoring of the water saturation state for about two
Martian years from Ls = 163° of MY34 to the Ls = 180° of MY36 and contain
about 8500 water vertical profiles with simultaneous retrieval of CO, density
and temperature. The latter was obtained from 1.43 and 1.57 um Cé bands
(orders 49 and 54 of the spectrometer) in the range of altitudes from 0to
110 km. The H,0 mixing ratio was retrieved from the 1.38 um water band
(order 56 of the spectrometer) in the range of altitudes from 0 to 100 km.
We also used the aerosol extinction at 1.4 um from the same ACS NIR ob-
servations and H,0 ice extinction from simultaneous ACS MIR observation at
3.3 um H,0 ice band.

Here we present the first detailed analysis of the vertical distribution of water
vapor saturation state and studied the seasonal, latitudinal and local time
variations. We found that the supersaturation is nearly ubiquitous above
aerosol layers especially during the dust season, thereby promoting water
escape. Water vapor abundance and its saturation state was found to vary
between evening and morning terminators in response to temperature mod-
ulation imparted by thermal tides. Although water vapor is more abundant
in the evening, colder morning temperatures induce a daily peak of satura-
tion. The comparison of MY34 and MY35 with SPICAM IR observations on
Mars-Express in MY29 has shown a good consistency which means the su-
persaturation is repeatable state of water vapor in the Martian atmosphere
from year to year.
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The ExoMars Trace Gas Orbiter (TGO) is a mission by ESA and Roscosmos,
which started its operational scientific phase in March 2018 [1]. The Atmo-
spheric Chemistry Suite (ACS) is a set of three spectrometers (NIR, MIR, and
TIRVIM) designed to observe the Martian atmosphere in solar occultation,
nadir and limb geometry [2]. The Thermal InfraRed channel (TIRVIM) is a Fou-
rier-transform spectrometer capable of operating in nadir and occultation
modes in the spectral range of 1.7-16.7 um [3]. The main scientific goal of
TIRVIM is long-term monitoring of temperatures and aerosols (dust and wa-
ter ice) distribution in Martian atmosphere in nadir mode of observations
in the 7.7-16.7 um spectral range with the spectral resolution 1.17 cm”~
The nadir spectra of thermal radiation emitted by Mars in this spectral range
contain deep 15 um CO, absorption band which carries information about
the temperature of the atmosphere at different altitudes and aerosols ab-
sorption bands which provides information about dust particles and water
ice clouds loading in Martian atmosphere. Vertical temperature profiles from
the surface up to 60 km of altitude, surface temperatures, column dust and
water ice optical depths at 1075 and 825 cm™* respectively are retrieved by
statistical regularization method [4].

We present an overview of Martian Year (MY) 34 atmospheric thermal struc-
ture from the surface up to 60 km of altitude along with column dust optical
depth evolution from L_=142.8° to 357.3° (Solar Longitude) from ACS TIRVIM
nadir observations onboard ExoMars TGO. The considered dataset includes:
atmosphere before the northern autumnal equinox (L, = 142.8°-166.5°); onset
and peak of the global dust storm (GDS) of MY 34 (L = 182.2°-211.8°); atmo-
sphere around northern winter solstice (L, = 241.7°-255.1°, 272.7°-317.2°);
the entire regional dust storm (C-storm) (L, = 320.2°-341.8°); and atmosphere
before northern spring equinox (L, = 344. 7°—357 3°). We retrieved the thermal
structures of Martian atmosphere at various local times, diurnal and seasonal
contrasts of temperature, seasonal and spatial maps of surface temperature
and column dust optical depth evolution. The obtained results are compared
to MCS/MRO observations [5] and GCM simulations for MY 34 [6].
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Martian atmosphere is primarily composed of carbon dioxide. Its seasonal
cycle plays an important role in atmospheric dynamics and climate of Mars.
Seasonal formation of co, frost deposits in the Martian polar regions results
in up to 30 % of atmospheric pressure variations. Another case of carbon di-
oxide condensation is formation of a CO, clouds that are still poorly studied,
despite the fact that they have been observed by a number of instruments
[1-6] on the orbit of Mars.

Three types of aerosols are observed on Mars: mineral dust, water ice and car-
bon dioxide ice. To distinguish CO, ice from other types of aerosols, one can
analyze CO, ice absorption features In this work, we use data from the Atmo-
spheric Chemlstry Suite (ACS) onboard the Trace Gas Orbiter (TGO) and ana-
lyze spectra in the 2.7 pm region. This spectral region contains CO, absorption
feature which consists of two aerosol absorptlon peaks comblnatlon modes
2v,+v, and v, +v, located at 3599.5 cm” ! and 3708.0 cm™ respectively [7].

ACS is a set of three infrared spectrometers: Near InfraRed (NIR), Mid-In-
fraRed (MIR), and Thermal InfraRed (TIRVIM). Spectral coverage of MIR and
TIRVIM allows observations of 2.7 um CO, ice band and retrieval of micro-
physical properties of aerosols such as particle size and number density; NIR
spectra are used to better constraln them. In Fig. 1, transmission spectra in
the spectral region 3700-3740 cm™ is shown in blue and recorded by MIR
instrument during the ingress occultation #9192 at altitude 56 km. Recorded
transmission is produced both by CO, gas (black lines) and by aerosols (red
lines) that consist of CO, ice particles with effective radius of ~1 um.

In this work, we will present results of CO, ice clouds observations using
2.7 um absorption band the from ACS solar occultation data received in the
period from May 2018 to June 2022.

Orbit #009192, |ngru! Ls 121, Lat -5, Long 18, Local Tlme 18 h. Altitude 55.8 km

I [ TITTTIT — TITTI
—Modelled CO, transmission

07 . .
*MIR transmlssmn

+Aerosol lransmission

06

03

02E L 1 1 L T 1 =
3620 3640 3660 3680 3700 320 3140
Wavenumber [cm"]

Fig. 1. Transmission data in the spectral region 3700-3740 cm ™! recorded by MIR in-
strument during the ingress occultation #9192 at altitude 56 km. Blue: transmission
produced both by CO, gas and by aerosols. Black: gaseous transmission. Red: aerosol
transmission produced by CO, ice particles with effective radius of ~1 pm.
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INTRODUCTION:

The ballistic motion of hydrogen atoms over the exobase leads to the forma-
tion of an extended exosphere or corona of Mars, observed in the scattered
solar ultraviolet (UV) radiation in the Lyman-a line [1-3]. This corona has
been repeatedly observed both by the Mars Express and MAVEN spacecraft
[1, 2] and the Hubble Space Telescope [3]. Recent analysis of the MAVEN
data, from the Imaging Ultraviolet Spectrograph’s (IUVS) Echelle channel [4],
has raised the likelihood of an energetic population of atomic hydrogen in
the extended corona of Mars. Energetic H atoms were recently discovered
in the exosphere of Mars with HST [5]. Understanding energetic atoms has
become the key to understanding present-day water loss and the enhanced
D/H ratio in the water at Mars.
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Fig. (top panel) Height profiles of the thermal (blue lines) and hot (red lines) fractions
of atomic hydrogen in the extended corona at Mars. Total H concentrations are shown
by black lines. Calculations were done for the dates December 31, 2017 (upper panel),
January 13, 2018 (middle panel), and February 10, 2018 (bottom panel) when the HST
observations of the hydrogen corona at Mars were made.
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To calculate the distribution of hot H fraction in the extended hydrogen co-
rona of Mars the kinetic Monte Carlo model [6, 7] of solar wind interaction
with the Martian atmosphere was used. This model allowed us to estimate
the charge exchange efficiency in the range 4-8 % depending on the total
hydrogen content in the Martian corona. It was also found that the energy
spectrum of hydrogen atoms penetrating into the Martian atmosphere does
not change and remains identical in structure to the spectrum of undisturbed
solar wind protons. These estimates, combined with the developed kinetic
Monte Carlo model of the proton and hydrogen atom precipitation into the
planetary atmosphere [7], provided the possibility to trace all the stages of
the penetration of the undisturbed solar wind protons into the dense layers
of the Martian atmosphere, as well as interpret the observed characteris-
tics of the extended hydrogen corona depending on the variations of atomic
hydrogen content. One of the important outputs are the calculated height
profiles of hot hydrogen fraction in the Martian corona (see Figure). It is seen
that the concentration of hot fraction of H atoms formed due to the forcing
of the solar wind onto the Martian atmosphere becomes comparable with
the thermal fraction in the most upper region of the hydrogen corona at
Mars. These profiles were calculated for the dates — December 31, 2017,
January 13, 2018, and February 10, 2018 — when the HST observations of
the hydrogen corona at Mars were conducted [5].
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INTRODUCTION:

Hot Flow Anomalies (HFAs) are among the most common foreshock tran-
sients, non-stationary events that occur in planetary foreshocks. They are a
flow of heated plasma directed from the planetary shock observed in the vi-
cinity of its intersection region with the interplanetary current sheet. Obser-
vations of HFAs at the Earth by MMS mission have shown that protons can be
effectively accelerated inside these structures to nearly 1 MeV under certain
conditions via first-order Fermi acceleration process. This suggests that HFA
play an important role in cosmic rays emissions on astrophysical shock waves
throughout outer space [1].
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Fig. (1) — ion energy spectra of all masses; (2)—(4) — H+, O+, O2+ energy spectra;
(5) — magnetic field vector and magnitude.

Current study focuses on the analysis of a single HFA from the list presented
in our previous paper [2] registered at Mars by MAVEN spacecraft. The event
is characterized by the presence of accelerated O" and O, ions of ionospher-
ic origin on both sides from the current sheet, associateé with an event. lons
with energies up to ~10 keV are detected before the current sheet crossing,
and over 30 keV after the current sheet crossing. There is a relationship be-
tween the ion mass and the maximum energy to which acceleration occurs,
which is consistent with the above-described Fermi acceleration process [1].

The presence of heavy ions inside the HFA is apparently possible only near
planets without own global intrinsic magnetic field, since their bow shocks
are close enough (~1 radius of the planet) to the ionosphere, which allows
planetary ions to reach the shock when it undergoes serious disturbances.
The acceleration of planetary ions in HFAs can also form another channel of
Martian atmospheric losses.
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The dosimetric telescope Liulin-MO for measuring the radiation environment
onboard the ExoMars TGO is a module of the Fine Resolution Epithermal
Neutron Detector (FREND).

Here we present results from the observation of solar energetic particle (SEP)
events in July, September and October 2021, February and March 2022 and
their effects on the radiation environment on TGO during the corresponding
periods. Shown are the results from the measurements of the SEP charged
particle fluxes, dose rates and estimation of dose equivalent rates provided
by Liulin-MO. Compared are the time profiles of the particle fluxes and count
rates measured by Liulin-MO and the neutron detectors of FREND during
the most important SEP events in October 2021 and February 2022. The data
for SEP events on TGO in July 2021 — February 2022 contribute to the details
for the solar activity at a time when Mars is on the opposite side of the Sun
from Earth.

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

We present results of comparisons the flux and dose rate measured by the
Liulin-MO device aboard ExoMars TGO with calculated estimations. The Li-
ulin-MO device is a module of the Fine Resolution Epithermal Neutron De-
tector (FREND). The calculation was carried out using On-Line Tool for the
Assessment of Radiation in Space (OLTARIS) developed by NASA.

An analysis of the ExoMars TGO spatial orientation effect on Liulin-MO de-
tectors count rate was carried out. It was taken into account galactic cosmic
rays and Mars albedo radiation. We had assessed the sensitivity of the Li-
ulin-MO device semiconductor detectors to neutron and gamma radiation.
It is shown that the contribution of albedo radiation can be about 10%. A sig-
nificant part of the albedo contribution to the detectors count rate is intro-
duced by neutron radiation. However, the main role in the detectors counting
rate changing when the orientation of the ExoMars TGO changes is played by
the contribution made by the direct effect of the galactic cosmic rays on the
Liulin-MO detectors. The effect of orientation on the measured dose rate is
weaker than on the particle flux.



GLOBAL MAP OF WATER ABUNDANCE

13MS3-M5S-10
ORAL
IN THE UPPER REGOLITH LAYER

OF THE EQUATORIAL REGION ON MARS

A.V. Malakhoy, I.G. Mitrofanov, M.L. Litvak, A.B. Sanin, D.V. Golovin,
M.V. Djachkova’, N.V. Lukyanov’
Space Research Institute, Moscow, Russia; malakhov@np.cosmos.ru

KEYWORDS:
Mars, hydrogen, water, neutron, regolith

INTRODUCTION:

FREND [1] is a neutron telescope onboard ESA’s Trace Gas Orbiter [2], and
is a collimated neutron telescope capable of mapping Mars’ hydrogen con-
tent in the upper 1 m of regolith with a high spatial resolution, up to 200 km
globally.

After performing measurements for two martial years, we present in this
study a map of water content in the equatorial regions showing many new
details and water-rich locations that were not previously observable [3].
A brief analysis of this map reveals about 20 areas in the equatorial area
where water content is unusually high, reaching 20 weight percent. These
areas were studied in more detail to explain the possible source of the ob-
served water abundance in them.
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INTRODUCTION:

The nature of the evolution of the Mars atmosphere and climate from its
early history to that of today (Fig. 1) is one of the most fundamental ques-
tions in planetary science [1, 2]. What were the initial conditions? What were
the characteristics of the Noachian atmosphere and climate (‘warm and wet’,
rainfall and runoff, P, 1 bar or more, MAT >273 K supported by greenhouse
gases [3, 4]; or ‘cold and icy’, P, 1 bar (?), MAT ~226 K, icy highlands) [5-7]?
What were the factors that led from the Noachian ambient climate to the
currently observed ambient late Amazonian climate conditions (extremely
low 6 mbar P___, hyperarid, hypothermal MAT ~213 K) [8]?
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Fig. 1. Diagrammatic representation of the main themes in the geologic [1] and alter-
ation history [28] of Mars

Key related questions include: What was the nature of the hydrological sys-
tem (horizontally stratified or vertically integrated) [9] and how did it change
with time? What was the budget of surface/near-surface water [10] and how
was it distributed? What were the conditions that led to observed fluvial, la-
custrine and possibly oceanic environments (duration, periodicity, episodici-
ty)? What were the warming greenhouse gases, their sources [e.g., 11], and
the mechanisms for sustaining them in the atmosphere? What was the mean
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annual temperature (MAT) as a function of time and did global temperature
distribution (GTD) change? What are the atmospheric loss rates to space [12]
and how did they vary with time?

THE QUESTION:

As a step in addressing these many fundamental issues, we recently posed
the question: What is the most parsimonious set of conditions that might
explain a transition from a Noachian Mars atmosphere and climate to the
current benchmark Amazonian conditions? Key elements that require expla-
nation include: 1) a P, change from potentially >1 bar to 6 mbar, 2) a MAT
change from potentlam/ >273 K to ~213 K, 3) a significant decrease in the
surface-near surface global water budget from as much as ~5000 m GEL [13]
to <50 m GEL [10], 4) a change in the location of the major water reservoirs
(from Noachian oceans or icy highlands to the polar ice caps observed today
[10]) and 5) a change in the Global Temperature Distribution (GTD) from a
dominantly altitude dependent temperature distribution (ADD) to dominant-
ly latitude dependent temperature distribution (LDD) (Fig. 2).
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Fig. 2. The modern LDE compared to the early Mars ADE: a) MAT from 3D GCM at
125 mbar P, (Amazonian); b) MAT from 3D GCM at 1 bar P, (Noachian?) [6, 7]

THE CONCEPTUAL MODEL:

We presented what we believe might be the most parsimonious, yet poten-
tially plausible, Noachian climate scenario and its transition to today as fol-
lows [14]: The Middle-Late Noachian atmosphere was characterized by P , .
of less than several hundred millibars, sufficient to cause an adiabatic cool-
ing effect (ADD) in both ‘cold and icy’ and ‘warm and wet’ climate scenari-
os [5-7, 15], and preferentially sequestering snow and ice in the southern
uplands, Tharsis, and the south polar cap. A modest decrease of P_,  (sev-
eral tens of mbar?) beginning in the Late Noachian caused the altitude-de-
pendent dominance (ADD) GTD to decay and the LDD GDT to dominate (as
observed today), significantly changing the global thermal environment with
geological process consequences. During this transitional period, the equi-
librium line altitude (ELA; contour separating net snow and ice accumula-
tion, above, from net ablation, below) rose in altitude in the equatorial and
mid-latitude regions and appeared in the North Polar region and migrated
southward (compare Fig. 2b, a). A significant part of the water budget began
to accumulate to form the North Polar Cap, and Mars became “bipolar”. As
the ELA rose in altitude in the equatorial/mid-latitude regions, peak daily and
seasonal temperatures (PDT, PST; [16]) began to exceed 273 K (as observed
37
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today) and snow and ice in the equatorial/mid-latitude uplands was subject-
ed to periodic top-down melting [17] of sufficient duration to produce large
volumes of meltwater [18], potentially forming the observed, circum-high-
lands fluvial and lacustrine features. This ADD to LDD transitional climate
period (compare Fig. 1b, a) continued until the North Polar Cap reached its
current volume configuration and the equatorial surface water budget was
depleted. This transitional period appears to have been complete by the Ear-
ly Amazonian (Fig. 1); between then and today, variations in obliquity [19]
dominated the Amazonian climate history, with polar ice being mobilized at
higher obliquity and transported to lower latitude cold-traps to form regional
mid-latitude glaciation/tropical mountain glaciers [20, 21], returning to polar
cold traps as obliquity decreased toward that of today [22].

We describe this scenario as ‘parsimonious’ because it: 1) involves a plausible
Noachian P, , 2) utilizes known global atmospheric effects (P, -dependent
ADD-LDD conditions), 3) requires minimal changes in global MATI, 4) requires
no major and persistent influx of warming greenhouse gases, 5) calls on a
plausible global water budget throughout, 6) requires modest atmospheric
loss to space, 7) provides a more plausible D/H ratio history, and 8) requires
no Tharsis-induced true polar wander (TPW) to account for valley network
distribution patterns [23].

TESTS OF THE MODEL:
Here we describe the significant questions that this scenario raises and how
the hypothesis might be further tested, refined, or rejected:

1. IsaNoachian P, of several hundred mbar plausible and what is the geo-
logic evidence for this?

2. Whatisthe P_, tipping point at which the ADD dominant scenario begins
to decay to the LDD dominant scenario (compare Fig. 2b, a), how long
does this transition take, and does it change global atmospheric circula-

tion patterns significantly?

3. What are the effects of variations in obliquity during the transition, in-
cluding potential very low obliquity-induced atmospheric collapse?

4. When did the Tharsis Rise form (including possible TPW [23]) and what
effect did it have on the atmosphere and climate?

5. Are documented geologic events in the Hesperian transitional period (see
Fig. 1) (e.g., volcanic resurfacing, sulfate deposits [24, 25], outflow chan-
nel formation) consistent with this scenario?

6. Are the major periods of mineralogical alteration (see Fig. 1) (phyllosili-
cates, sulfates, anhydrous oxidation) consistent with this scenario?

7. Are the major findings of the robotic surface exploration missions MER,
MSL (Gale CBL and Jezero OBL), and Zhurong (southern Utopia Planitia)
consistent with this scenario?

8. Are the predicted rates of volatile loss to space envisioned by this scenar-
io consistent with MAVEN results [12]?

9. Are the observed characteristics, distribution and duration of fluvial and
lacustrine environments (valley networks and lakes) [26] and crater deg-
radation history consistent with this scenario?

10.Are the South polar/circumpolar deposits (Dorsa Argentea Forma-
tion [27]) and their timing consistent with this scenario?

CURRENT WORK:

We are currently exploring several of these questions using geologic obser-
vations and mapping (the Hesperian sulfate transition period [24, 25]) and
climate modeling (the nature of the change from ADD to LDD; see Fig. 2).
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INTRODUCTION:

Inverted fluvial channels are globally distributed across Mars [1-3]. Many in-
verted channels are interpreted as the depositional counterparts to large,
regionally integrated valley networks [1-3]. These features indicate the pres-
ence of flowing liquid water in the early (Noachian) period of Mars geologic
history [e.g. 4-7].

We previously identified inverted fluvial channels within the Noachian-aged
crater “B” in Terra Sabaea [8, 9]. Unlike the larger inverted channels associated
with valley networks, the drainage that formed these inverted channels ap-
pears to be derived from within the crater itself, i.e. a closed-source drainage
basin (CSDB). Remnant geomorphic features indicative of cold-based glacial
flow led us to propose that the inverted channels in crater B formed through
top-down glacial melting [8] in a Late Noachian Icy Highlands climate scenario
[e.g. 10-13]. These melting episodes would have generated supraglacial runoff
streams that led to fluvial erosion in a proglacial outwash plain [e.g. 14-15].

The flow rate through glacial meltwater channels is directly related to the
melting rate of the source glacier; thus, the estimation of water fluxes is
critical to understanding the climatic conditions under which such features
may have formed. Here, we follow recently described paleohydrologic recon-
struction methods for Mars [16] to estimate the discharge of several inverted
channel segments within the CSDB crater B. We then use these estimates
to calculate the requisite melting rates of individual glacial lobes that may
have fed the inverted channel networks from alcoves located upslope of the
channel heads. These estimates will provide a key constraint for further early
Mars climate modeling.

METHODS:

PALEOHYDROLOGIC RECONSTRUCTION:

Topographic inversion occurs when an erosionally resistant deposit (in this
case, an alluvial channel bed) becomes elevated after more erodible mate-
rial surrounding it is removed. The resulting deposit may either represent
a single-thread channel (channel inversion) or a multi-thread channel belt
(deposit inversion) [16]. Discharge Q can be expressed as the flow velocity
U multiplied by the channel cross-sectional area dw, Q = Udw. However, the
apparent width of a channel belt is many times that of an individual channel
and can vary widely, leading to paleodischarge overestimates if the entire
channel belt width is used to estimate Q [16].

Discharge can estimated independent of channel width by using a stream pow-
er model, Q=74. Zcfl/Z(Rg)3/8 Y4plEa?, where C.is a dimensionless coefficient
C; =(gds) /U R is the specific gravity of sediment, 1.65 [16]; g is the accel-
eration due to gravity on Mars, 3.72 m/s%; v is the kinematic viscosity of water,
10 m?/s; D.,is the median grain size, 0.5 mm [14]; and d is the channel depth.
The bed slope Siscalculated from $=RDg,t /d where t*is the bankfuII Shlelds
stress, T =17R_ )" R., is the particle Reynolds number, R,, = (RgDso)? Dyy Jv.
Flow velocity U is expressed as a function of the skin fric'ﬂ'zon component of the
Shields stress t;, U= (1/x)-In[11(RDso/Sk; )73 (RgDsO‘c ], t;=006+0.41?,
where k is von Karman s constant, 0.4; and k_is the grain roughness length
scale, k. =2.5D, [16].
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Channel depth d can be estimated as a proportion of caprock thickness T
within approximately a factor of 2, with an average terrestrial T/d = 1.5 [16].
Direct measurements of caprocks from orbit are less reliable than measure-
ments of total ridge height, so we derive a separate caprock thickness to
ridge height (7/z) ratio in order to accurately determine caprock thickness for
Mars. We first compiled T/z ratios from studies of terrestrial inverted chan-
nels [16, 17], finding an average T/z = 0.31 with a range of 0.13-0.57.
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Fig. 1. Map of two sharp-crested ridges (single-thread channels, profile A—A’) merging
downstream into a flat-topped ridge (multi-thread channel belt, profile B-B’) in the
eastern crater B floor. NNW—-trending transverse aeolian ridges (TARs) superposed on
the larger (fluvial) ridges indicate post-depositional modification of the crater floor
by aeolian processes. HiRISE visible image with detrended HiRISE stereo DEM overlay
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Fig. 2. Linear regression of measured single-thread channel widths vs. effective cap-
rock thickness; slope of the regression gives best-fit T/z ratio

The inverted channels in crater B display a mixture of sharp-crested and flat-
topped morphologies (Fig. 1). We interpret this difference to indicate the
presence of both single-thread (sharp-crested) channels and multi-thread
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(flat-topped) channel belts within the same system (Fig. 1 inset); the former
have comparatively small width-to-height ratios and low stream orders. This
key assumption allows us to derive an independent T/z estimate by using the
ridge height z and assuming that the ridge width w for the single-thread in-
verted channels is close to the original channel width, w=1.5Q/Uz(T/z). We
performed a Ilnear regression on the above equation to derive a best-fit val-
ue of T/z = 0.92, R*= 0.96 (Fig. 2). This implies that, for crater B, the caprock
makes up a much greater proportion of the total ridge height than might be
expected from terrestrial measurements [16, 17].

We measured ridge heights of inverted channel segments in the crater B floor
using longitudinal profiles taken from two detrended 1 m/pix HiRISE digital
elevation models (DEMs) that we generated with the Ames Stereo Pipeline.
Both left- and right-hand ridge base heights were recorded along with the
maximum height of the ridge crest to determine an average ridge height for
each segment. Ridge bases were identified using morphologic (visible tran-
sitions between ridge and crater floor units) and/or topographic (inflection
point) indicators.

CONTRIBUTING AREA AND GLACIAL MELTING ESTIMATES.

The contributing area providing supraglacial meltwater and discharge to the
inverted channels is assumed to correspond with individual alcoves that host-
ed glacial lobes along the crater walls [8]. We manually delineated individual
drainage areas by considering a combination of hydrologic parameters and
morphologic indicators. The shapes of the drainage areas were used to cal-
culate an area over which glacial melting from an individual glacial lobe may
have occurred. If we assume a uniform melting rate across the glacier, then
the paleodischarge estimates and drainage areas can be used to determine
the minimum meltwater yield that would have been necessary to supply the
inverted channels with a given characteristic discharge.

RESULTS AND CONCLUSIONS:

Ridge heights were measured for 29 inverted channel segments in the eastern
crater B floor and another 10 in the southern floor; among these, ridge widths
were measured for 9 single-thread segments in the eastern floor and 1 in the
southern floor. Average ridge heights for all segments ranged from 2.5-17.8 m
with a median height of 8.6 m. Single-thread ridge widths ranged from 30—
112 m with a median width of 55 m Using our best-fit T/z=0.92, we calculated
paleodischarges of ~100-7000 m /s adjusting this value to the average terres-
trial T/z = 0.31, paleodischarges decrease by approximately an order of magni-
tude. Thus, paleodischarges calculated under the assumption of T/z=0.92 are
likely to be close to the maximum possible value, but they may be reasonable
if we assume that the sharp-crested ridges represent single-thread channels.

Contributing areas within crater wall alcoves ranged from ~10-25 km? in size.
Assuming no meltwater loss, the minimum required melting rates would
range from ~300-2000 mm/hr. We previously interpreted the inverted chan-
nels in crater B to represent a single terminal event [8], such that melting
rates of this magnitude would represent a peak melting extreme beyond
which no further significant erosive episodes occurred.

Relative differences in discharge based upon measured ridge heights can be
used to assess the hydrology of the entire system. A few key observations
are noted here: 1) Discharge increases when tributaries merge; the increase
is not strictly additive, perhaps due to measurement errors or differences in
ridge preservation. 2) Discharge remains approximately constant or decreas-
es slightly downstream within the same ridge; this is especially true for the
longer ridges in the southern floor. 3) Discharge (~ridge height) is approxi-
mately correlated with ridge width, i.e. wider ridges generally have higher
discharges. All of these observations are consistent with the expected behav-
ior of a tributary fluvial system, namely narrow/shallow channels merging
downstream into wider/deeper channels with an accompanying increase in
discharge. While we previously interpreted the ridges in crater B as invert-
ed fluvial channels based upon both morphology and topography [8, 9], our
paleohydrologic approach provides another line of quantitative evidence to
support our previous conclusions.
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INTRODUCTION:

In recent years, about 1200 fresh dated meteoroid impact sites were dis-
covered on Mars [1-3]. They resulted in the formation of single craters and
crater fields (clusters), with craters up to 50 m. Mars atmosphere is more
rarefied (in comparison with Earth), so falling meteoroids are less destroyed.
Nevertheless, half of meteoroids fragments in the Martian atmosphere and
forms clusters [2—4]. Mars surface level corresponds to about 30 km altitude
in the Earth atmosphere, so crater strewn fields on Mars provide a unique
opportunity to see the results of less significant fragmentation.

NUMERICAL MODELLING:

The paper is dealing with modelling of flight and fragmentation for meteor-
oids on Mars. Interaction of meteoroid and planet atmosphere is described by
system of equations [5] supplemented by lateral spreading of fragments [6].
Fragmentation events occur when the dynamic pressure on the front face
of a meteoroid exceeds its yield strength [6]. One-stage fragmentation on a
number of fragments is assumed, lateral spreading of fragments occurs at
a random angle to the meteoroid trajectory. The mass distribution of frag-
ments and their number for the impactor was chosen using a truncated pow-
er law distribution [7] with fixed maximal fragment mass.

Preliminary results of numerical modeling show that developed model allows
us to describe observed crater clusters, and probably in future to estimate
impactor properties [8]. On the Earth atmospheric sorting of fragments is ob-
served under conditions of the dense atmosphere, fragments are arranged
along the trajectory depending on mass, as it is observed in terrestrial scat-
tering fields of meteorites. On Mars, this effect is weak, the scattering field
is mainly determined by fragmentation and lateral spreading of fragments.
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INTRODUCTION:

This study aims to characterize the compositional variations prevailing over
the southern region in Utopia Planitia. This study uses data obtained by [1],
where Martian global surface types are classified based on the downsampled
averaged CRISM multispectral summary product data [2]. In addition to re-
gional characterization of the study area, a set of regions of interest in the hy-
perspectral resolution of TRDR CRISM dataset were consider. Principal com-
ponent analysis (PCA) is carried out on the CRISM summary product data.
Significant products contributing to the variance in the regions are identified,
following which the regions exhibiting patterns in the PCA composites are
demarcated. The spectra of the ROIs regions are analyzed. As a result, a list
of principal components was obtained and graphic maps of the distribution
of principal components in RGB format were constructed, as well as maps of
summary parameters and browse products involved in the study. Spectral
analysis of ROIs regions has revealed such interesting mineral groups as phyl-
losilicates, sulfates and other hydrated minerals.
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INTRODUCTION:

The Holden crater is located on Margaritifer Terra, which is in the Uz-
boi-Ladon-Morava (ULM) outflow channel system. It formed in the Noachian
period and caused redistribution of water flows and deposition of a series
of layers of clay-bearing materials on the crater floor [1, 5]. The existing re-
search results generally reveal that the Holden impact crater experienced
lacustrine and/or distal alluvial low-energy deposition and high-energy allu-
vial or glacial deposition from the Uzboi water body, these two processes
correspondingly formed the lower and the upper sediment unit [2-4]. To re-
veal accurate geological structure and historical development process, we
use HiRISE images and the digital terrain models (DTM) and stereo images
generated by them to study outcrops of other layered sediments in the SW
portion of the crater and assess their lateral extension and correlation.

OUTCROPS DESCRIPTION

Outcrop 1. The eastern outcrop can also be divided into lower and upper
units. The lower unit, like the western outcrop [3—4], is composed of a dark
in tone lower member, a light in tone middle member, and light in tone upper
layer with lens of dark-toned coarse materials (Fig. 1,1). Comparing with the
western outcrop, the middle member is thinner and the upper member is
thicker and has a pronounced dark bedding. Four sublayers are present on
the northern peninsula-like portion of the outcrop (Fig. 1,2). The upper unit is
composed of dark, fine-grained material that overlies the lower unit uncon-
formity [1-4], which is analog with the western outcrop.

Fig. 1. Outcrops of Holden breach fan deposits: 1) HiRISE ESP_028513_1530_RED,
member 1, 2, 3-lower unit, 4-upper unit; 2) HiRISE ESP_028513_1530_RED, north part
of the outcrop in 1), member 3 is developed into members 1-4 in this side; 3) HiRISE
ESP_019612_1535_RED, members 1, 2, 3 are correlated to members 2, 3, 4 in 2);
4) HiRISE ESP_037664_1530_RED, members 1, 2, 3, 4 — lower unit, 5-upper unit.

a7
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Outcrop 2. The outcrop shows three main members. The first member is
composed of light and dark in tone interlayers from bottom to top. The light-
toned interlayers have a large particle size, and the dark-toned interlayers have
a small particle size. The second member is composed of light-toned coarse
grains with dark-toned material interspersed between grains. The third mem-
ber is like the second member, but the lighter interlayers are concentrated in
the lower half. The outcrop is stepped and covered with a dark, fine-grained
caprock like the upper unit of the western outcrop. According to DTM data, its
bottom surface is located at —2250 m below the datum, which is like —2255 m
in the western outcrop 1, so it can be estimated that the top three of four sub-
layers on the west side continue to the same set of strata (Fig. 1,3).

Outcrop 3. This outcrop is located to the east of the ancient impact crater and
is also composed of lower and upper units. From bottom to top the lower
unit can be divided into four members, which are composed, respectively, of
light- and dark-toned coarse-grained materials members and dark- and light-
toned members with fine-grained materials. The upper unit is composed of
dark and light interlayers. The surface is dark-toned with impact craters, and
the coarse-grained light-toned material buried under the dark layer is ex-
posed at the eroded part. The bottom surface of the outcrop here is —2360 m
by DTM (Fig. 1,4).

MORPHOLOGICAL UNITS

By tracing the stratigraphic units exhibited by each outcrop laterally, the
Holden breach fan deposits [2—3], which is radiated from the Uzboi, can be
divided into western and eastern sedimentary units. The western sedimen-
tary unit has a waved surface and has been eroded in the south near the
mouth of the Uzboi valley and buried by dark-toned eolian material in the
north [2—3]. The eastern sedimentary unit is divided into northeastern and
southwestern parts by a fault extending in the N-S direction. The surface of
the northeastern part is roughly tongue-shaped with many craters on it. The
southeastern unit has a southwest-northeast trending erosional pattern on
the surface.

CHRONOLOGY:

We have performed the crater-frequency distribution (CSFD) measurements
to revel the general sequence of the formation of two units of the Holden
breach fan deposits. The CSFD measurement show the following absolute
model ages (AMA): (1) The eastern sedimentary unit: two ages, to the east of
the fault: 1.3+0.09 Ga, to the west of the fault: 1.3+0.1 Ga. (2) The western
sedimentary unit: two ages, the northeastern part: 640+80 Ma, the south-
western part: 660£90 Ma.

CONCLUSIONS:

1) By the approach depth of bottom, units on outcrop 2 continue units in
outcrop 1. These units apparently belong to the same sedimentary unit of
the Holden breach fan deposit.

2) The upper member of the lower unit is composed of distal alluvial facies
[3-4] and gradually thickens toward the center of the basin and differenti-
ates into four layers with mixed dark and light-toned layers, indicating that
the water flow intensity changes periodically.

3) Holden breach fan deposit is radially arranged in the direction of Uzboi
breaches, indicating that the topography of its surface and the unconfor-
mity of the upper and lower units [3—4] are formed by the erosion of water
(or glacial) [2] flow from the direction of Uzboi.

4) The AMAs of parts of depositions indicate that the renewal process was
active in the Amazonian times.

5) The surface renewal process of the eastern sedimentary unit ended earlier
than that of the western sedimentary unit. The eastern sedimentary unit
of Holden breach fan deposit is closer to the negative topography of the
center of the basin, indicating that this area has experienced surface uplift
[4] and formed the present fault, which turned the inflow from the Uzboi
direction to north and eroded the surface of the western sedimentary unit
of Holden breach fan deposit, resulting in the formation of outcrop 2.
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6) The dark sediments in the upper unit mainly come from the alluvial fan
group (bajada) along the western part of the basin. At this time, the water
flow from Uzboi continued in two directions to form outcrop 1, and the
imbricate collapse landform to the north of outcrop 1.
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INTRODUCTION:

Chandler wobble (CW) is a free mode of the polar motion (the path of the
mean rotational pole relative to the surface of a planet). For Mars, its exci-
tation is related to the seasonal mass exchange between the Mars polar caps.
The period of the Chandler Wobble was estimated in [1] and then corrected
in [2], but these attempts failed to separate the signature at the Chandler
frequency from the 1/3 Mars year mass redistribution term due to the small
amplitude. For the first time the CW has been detected for Mars from radio
tracking observations of Mars Odyssey, Mars Reconnaissance Orbiter, and
Mars Global Surveyor [3]. Its period is 206.9+0.5 days. Model predictions for
the Mars CW period are 203.8 to 204.8 days [4] and 201 to 208 days [5]. CW
of Mars provides a measure of the body to deform at very long periods and
can be used as an additional constraint on the interior structure model.

INTERIOR MODELS:

The measured geodesy parameters surve as constraints for models of the
Mars interior structure. They are the normalized polar moment of inertia
(MOI), whichis derived from Mars’ precession, and the solar tidal deformation
as given by the Love number k,. The MOI value deduced from the precession
rate is 0.3640£0.0006 and the current solution for k =0.17440.008 [3]. The
interior structure models of Mars are built foIIowmg the method described
in [6]. A set of the interior structure models, listed in Table 1, is based on the
Wanke-Dreibus mlneralogy The garameters of the models: ferrous number
of the mantle Fe# (Fe# = Fe?*/(Fe®*+Mg)100) is 18—20, the crust thickness / is
31-50 km, while average density is varied from 2700 to 2900 kg-m™>, the core
radius is in the range of 1828-1860 km (in agreement with the core radi-
us obtained by seismic data [7]). Model elastic values of kze =0.163-0.170,
corresponding to 0.168-0.175 with correction to inelasticity, satisfy the data
from [3].

Table 1. The parameters of interior structure models

Model p crust L crust Fe#t R core I/MR? kze k,
mantle
M1 2700 40 20 1828 0.3636 0.163 0.168
M2 2700 45 20 1830 0.3633 0.163 0.168
M3 2700 50 20 1836 0.3631 0.164 0.169
M4 2800 50 20 1830 0.3634 0.163 0.168
M5 2700 31 18 1857 0.3631 0.170 0.175
M6 2800 41 18 1860 0.3628 0.170 0.175
M7 2900 45 18 1855 0.3630 0.169 0.174

CHANDLER PERIOD:

The Chandler wobble had been anticipated theoretically for a long time (see
for theory details, [4]). The CW period for a triaxial elastic body with a liquid
core is given by

- (A, Bc)l/z
(A B)l/Z

Tw=T¢

]/(1k/k0), T =tu(0B) %, a=(C—A)/A, B=(C—A)/B,

where T is the Eulerian period; 1,, is the period of the rotation of Mars; A,
B, and C are the principal moments of inertia of the planet; A_and B_are the
principal moments of inertia of the planetary core.
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The CW period depends upon both the moment of inertia of the core and the
Love number k, at the Chandler period. Changing radius of the core gives an
opposite effect. A larger core leads to a larger deformation, or larger k,, and
therefore a larger CW period, but at the same time the moment of inertia
of the core is getting larger, and therefore the CW period is smaller. The CW
periods for a set of models listed in Table 1 are given in Table 2.

Table 2. The Eulerian and Chandler periods for two-axial and three-axial models

(k, = 1.290119, T, = 189.64 days, T, = 190.03 days)

Model oo/ MR? A/((AB)Y? T,,’ days T,°, days
M1 0.02867 0.0743 201.9 202.3
M2 0.02882 0.0743 201.9 202.3
M3 0.02925 0.0752 201.9 202.3
M4 0.02880 0.0743 201.9 202.3
M5 0.03091 0.0805 201.9 202.3
M6 0.03113 0.0805 201.8 202.3
M7 0.03074 0.0796 201.9 202.3

In all calculations of the interior models only elastic models were considered.
The rheological behavior of the mantle rock in tidal/rotational periods is fre-
quency dependent. Anelastic behavior of the mantle decreases the mantle
rigidity and leads to the increase of k, and the CW period. The growth of the
Chandler period of Mars due to the inelasticity of its interior is defined as

. Re[k(oy)] T, !

o
8T, =—T, = -t
e gy, 1118

;cotﬂ.
PEINE

Ow

We use the estimate based on the power law which is commonly adopted for
the solid Earth tide. An open question is the choice of the exponent n in the
power creep function. The exact value of n is unknown. The estimate of n for
Mars is 0.07-0.35 in [3], and 0.09-0.35 in [8]. According to our model esti-
mates, toget T, about 206 days, we have to use n = 0.4, which gives the val-
ue 8T, = 3.5. Another possibility to satisfy the observational value of CW pe-
riod for our DW composition models is introducing a partially molten layer at
the bottom of the mantle (about 200 km). In this case we have n = 0.15-0.2.

CONCLUSION:

One of the tasks of obtaining a model of the internal structure of Mars is re-
lated to the cosmogonic aspects of the problem — to what extent the Mars
model can be used to confirm or refute the fundamental hypothesis about
the chondrite composition of the terrestrial planets. It is found that there is
a discrepancy between the model and experimental values of the Chandler
period of the planet for models of this type if no additional assumptions are
made. The models of this type can be reconciled with the experimental value
of the Chandler period if a partially molten layer is introduced at the bottom
of the mantle or the value of n is higher than it is accepted for the Earth. Be-
cause of its long period, knowledge of the CW could significantly improve our
understanding of the long period behavior of the mantle rheology.
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INTRODUCTION:

Magnetosphere of Mars was first investigates by 1960 with orbiters Mars-2,
Mars-3 and Mars-5. The bow shock, the dayside low-energy plasma layer (plas-
ma cushion), and extended magneto-plasma tail of heavy ions were found.
Later Phobos-2 and MEX contributed significantly to investigation of the Mars,
especially to the investigation of the Martian tail.

Very important investigations of Martian envelope and solar wind-planet in-
teraction is performing from MAVEN data starting from 2014. With compar-
ative instrumentation of high-time resolution data very large group of scien-
tists mage possible to achieve very interesting results.

Small IKI group draws attention to the dayside magnetosphere of Mars that
became possible due to availability of high-resolution data. With previous
experience in investigation of planetary objects we expected to work with
interesting object which is dayside magnetosphere.

Another motivation to work with dayside of sunward side of dayside understood
that no many members of MAVEN group will be busy with other topics which
evidently considered more profitable. Indeed, Americans investigated and pub-
lished such topics as computer models of the solar wind with upper atmosphere
and ionosphere and with magnetic field and magnetic anomalies on the Mars.

Other handicaps that we haves were: 1 our experience in Mars, Venus, and
outer magnetosphere of Earth, 2 strange believe in previous papers written
in the statement that the solar wind interacts with magnetosphere.

MAVEN data provided excellent basis for analysis of the dayside magneto-
sphere and shows that dayside is exists as permanent part of all Martian
magnetosphere.

OBSERVATION OF DAYSIDE MAGNETOSPHERE

Figure 1 shows the dayside of pass of MAVEN at the ~800 km to ~200 km
height above the Mars. Determinate the magnetopause crossing by several
criteria (see discussion in Vaisberg et al., 2022) was at about 600 as shown
by vertical arrow in Fig. 1. Magnetopause crossing magnetopause was iden-
tified using several physical conditions (see Vaisberg et al., 2021): drop of
shocked plasma magnetosheath pressure by about order of 10, drop of ratio
np/(np +n,) to 1/2, sharp or relatively sharp ratio of proton number density
to the heavy ions number density.

The data shown in Fig. 1 is typical for about 60 % crossing (in other ~40 %
cases instead of relatively sharp interaction of magnetosheath plasma with
magnetosphere leads to formation of the plume (Fig. 2). We will not discuss
this type of magnetosheath flow interaction with magnetosphere that was
shortly described in (Vaisberg et al.).

The very interesting to understand what is the nature of the structure of the
magnetopause. We analyzed about 40 passed magnetosphere crossing and
found that about 50 % cases show quite repeatable structure of the magne-
topause. Other magnetopauses crossings quite noisy but still indicate quite
resemble structure.

Minimum variance analyses of the magnetic field in the magnetopause sug-
gests that the its magnetic field and its variations are approximately perpen-
dicular to the magnetic current of magnetopause.

It is interesting that the current in the terrestrial magnetosheath in the case
of open magnetopause (Rotational Discontinuities in the Magnetopause of
an Open Magnetosphere, Yonghui Ma, Shu Wang, Chao Shen, Nian Ren, Tao
Chen, Peng Shao, PengE, Y. V. Bogdanova, J. L. Burch) shows similar structure
to the one described in this paper.



13MS3-MS-PS-01

POSTER

MAVEN 2019-08-07 17:12:36 - 17:25:22 =
w el 5 109 8% Biose
o< o i R o PR
s 0 8¢ g3
urf mé; claz2
5 o ¥ =
O =
aE 2 Sk
“a . E g
=T E_&
5 T w
=B g 5§
Bk, 2z
£ o 10 4% s
w £ ;’
w 2
S22
“"S-iw
5o

g10{eflux)
[eVAe cm? s sr))

(5)
SWEAE
(eV]

W,

T

c
=R <
=
E:S o’ =
@ 2 =y
L : , ;
O @ 4p2 | 1
cE g 10 I
TEE [ !
» 1;'0 I 1 1 g
= - I
LE 0 " i e & —8,[ |
= [t A N == s R = 45 B
20 I | 4 I L | I I 1 | e 2
>
B0 700 £00 500 ~00 500 L Pt |
1743 744 A7TA5 ATA6 ATAT 1748 1749 1720 1721 17:22 1723 1724 1725 =

Fig. 1. The MAVEN. STATIC and MAG data in the vicinity of the subsolar point on Au-
gust 17, 2019 at 12:13 to 17:25 UT. From top to bottom panels: 1 — the differential
energy flux — time spectrograms of all ions; 2 — protons H*; 3 — oxygen 0%; 4 —
oxygen ions 0;; 5 — electrons, 6 — number densities of 3 ions and normalized ion
densities as shown in green at right; 7 — velocities of 3 ions, and 8 — magnetic field
components in Mars-centered Solar Orbital (MSO) coordinate system and magnitude
(black line). Red color band at the bottom shows that the spacecraft is in northern
hemisphere
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INTRODUCTION:

At present, the fleet of orbiters and landers performs plasma and magnetic
field measurements on orbits around Mars and at its surface. It provides a
new opportunity to study magnetosphere/ionosphere dynamic in response
to interplanetary medium and atmospheric conditions.

The paper presents a software package for situation analysis developed with
use of the SPICE Toolkit and the available models of the Martian environ-
ment.

Based on it and statistics of available observations from landing platform and
orbiters, a possible influence of disturbances originated from the solar wind,
Martian foreshock and bow shock on the ionosphere /atmosphere of Mars is
considered and discussed.
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INTRODUCTION:

Our work proposes a new combined method for interpreting data on plan-
etary magnetic fields, which includes the construction of regional modified
S-approximations considering ellipticity and local approximations of a non-
stationary field, which is the solution of some parabolic type of equation with
constant coefficients. The main provisions of the method of linear integral
representations are developed as applied to time-dependent differential op-
erators, which is of fundamental importance in solving many inverse prob-
lems of mathematical geophysics.

Models of physical fields and topography must be constantly updated to con-
sider the rapidly changing huge amounts of data about these signals. In our
opinion, methods that include the interpretation technique and mathemati-
cal formulations should differ when analyzing data of different nature. When
interpreting data on the physical fields of planets, various methods and ap-
proaches are used (for example, [1-8]).

Previously we have shown that the global version of the method of linear
integral representations within the framework of the structural-parametric
approach can be used to construct an analytical continuation of the gravita-
tional and magnetic fields of Mars down towards the sources [9-11].

In this paper, we attempted to construct an approximation of the magnetic
field of Mars in the landing area of the Zhurong rover of the Chinese Tianw-
en-1 mission [12]. Approximations of the magnetic field were constructed
using a combined technique, including a regional version of the method of
modified S-approximations considering ellipticity and a mathematical model
of the field in a three-dimensional Cartesian space, depending on time as a
parameter.

MAIN RESULTS:

We have tested algorithms and programs of a new combined method for
constructing analytical models of the magnetic field of Mars based on mea-
surement data of the magnetometer MAG of the American MAVEN mission
during the period from 10/10/2014 to 09/14/2021 over the area (0-50° N,
85-135° E) in the landing zone of the Zhurong rover (25.06° N, 109.54° E) of
the Chinese Tianwen-1 mission.

First, we constructed a regional modified S-approximation of the three com-
ponents of the magnetic field in a spherical coordinate system. At the same
time, we assumed that Mars is an ellipsoid with semi-axes equal to 3376.5,
3393.5 and 3393.5 km, respectively, or a ball with a radius of 3393.5 km.

Second, we performed an analytical continuation of the magnetic field at 42,
50, 80, and 100 km towards the sources.

In addition, we applied the local variant of S-approximations without depen-
dence on time, assuming that the field is given on the z = 100 km plane and
continued this field down (towards the sources) by 10 and 20 km, as well
as deep into the planet by 100.2 and 100.5 km, assuming from the average
height of the satellite orbit.

After the values of the components of the magnetic induction vector in the
spatial domain were determined in two ways, we solved the linear inverse
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problem for parabolic type equation with constant coefficients in the upper
half-space and built an approximation construction that depends on time as a
parameter. At the same time, the values of this additional parameter must be
set, guided by some reasonable considerations, for example, assuming that
“time” is the modulus of the radius vector of the observation point, divided
by some signal propagation speed. If we are dealing with real non-stationary
fields, then time is an independent variable, and we obtain the statement of
the inverse problem in the framework of the method of linear integral repre-
sentations for an operator of parabolic or hyperbolic type.

The magnetic field was approximated by the sum of simple and double layers
distributed on the surface of an ellipsoid enclosed by a ball or on the surface
of a sphere located inside Mars.

When solving a system of linear algebraic equations using the improved
block method, the approximation accuracy of the magnetic field of Mars at
an altitude of 150 km was ~107". Thus, a new combined method for con-
structing analytical models of the physical fields of planets can be used in the
interpretation of satellite data obtained at different times and with different
accuracy.
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INTRODUCTION:

An active young Sun can be described by a model that was presented in 2016
by [1]. Using the Kepler Space Telescope observations of solar-like stars [2, 3],
they assumed that the frequency of Carrington-type superflares with an en-
ergy of about 10*® erg on the early Sun was about 250 events per day during
the period of 0.7 billion years. The energy spectra of protons in solar cosmic
rays are usually defined as F = FOFV. The spectral index y is assumed to be
2.15 in Airapetian’s model. In our work, we consider the range of y from 2 to
2.3 at constant total energy of solar cosmic rays. As result, solar cosmic rays
can produce heavy isotopes **C and *°N in nuclear reactions in the upper
atmospheres of the planets. Production of these isotopes depends on the
assumed value of gamma and on the composition of the early atmospheres.

CARBON RESERVOIR ON EARLY MARS AND POSSIBLE NITROGEN
EARLY ATMOSPHERE:
In the early Mars’s atmosphere under the influence of active young Sun the
¢/**C isotope ratio would increase by tens of percent (all carbon is assumed
to be in the atmosphere). It contradicts the measurements [4]. One can as-
sume an explanation for this discrepancy: on Mars, in addition to its atmo-
sphere, there could be a reservoir of carbon with a mass from 0.08 M
8 M_,.., (depending on y), where M__is the mass of the modern Martian
atmosphere.
However, we can also consider the ALH84001 meteorite. The age of mete-
orite’s rocks is estimated to be about 4.1Gyr and it contains ancient Martian
atmospheric gases. Isotope ratio 13C/lZC in it is close to the modern one on
Mars. Then to explain it, the mass of the reservoir would be an order of mag-
nitude larger. It is also possible that the capture of atmospheric gases in the
meteorite rocks occurred after the period of activity of the young Sun. Then,
we can obtain agreement with measurements for carbon isotopes.

For nitrogen, the processes of selective escape from the atmosphere of Mars
are essential, as well as the fact that only the atmosphere can be an exchange
reservoir. This places severe restrictions on the activity of the early Sun, since
the ®N/*N isotope ratio increases by several tlmes for the parameters of
solar activity specified in the model. Also, the *>N/**N isotope ratio in the
meteorite ALH84001 and the modern one on Mars are noticeably different
(in ALH84001 this isotope ratio is about 49% less). But N is mainly produced
in nuclear reactions involving *°0. Then if we assume that the atmosphere
of early Mars was dominated by nitrogen, production of >N decreases and
agreement with the experimental data can be achieved. At the same time,
the composition of the atmosphere has little effect on the production of 3C

ISOTOPE RATIOS *3C/**C AND "*N/*N IN THE EARLY ATMOSPHERE

OF VENUS:

Similarly, we consider the production of heavy isotopes in the atmosphere
of early Venus. Both planets are similar in that they do not have a magnetic
field. However, shift of 15N/MN and 13C/12C isotope ratios on Venus over the
700 Myr activity of the early Sun turned out to be less than the uncertainty in
measurements of this isotope ratios on Venus today. Although solar cosmic
ray fluxes are greater on Venus than on Mars, the relative contribution to
isotope ratios will be smaller due to the large mass of Venus’s atmosphere.
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RESULTS:

Thus, if the model of the active young Sun is correct, solar cosmic rays pro-
duced significant number of heavy isotopes >C and *N. Comparison with
the isotopic ratios observed in the modern atmosphere and in an ancient me-
teorite ALH84001 shows that there should have been a reservoir of carbon
on Mars. Mass of this reservoir should be an order of magnitude greater than
the mass of its modern atmosphere. Also, it shows that nitrogen prevailed
in atmosphere of early Mars. With an increase in the accuracy of measure-
ments of its isotopic composition, it will be possible to obtain certain restric-
tions on the evolution of the Venusian atmosphere as well.
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The thermal-infrared channel (TIRVIM) of the Atmospheric Chemistry Suite
(ACS) on board the ExoMars Trace Gas Orbiter (TGO) is a double-pendu-
lum Fourier-transform spectrometer operating in the 1.7-17 um spectral
range [1]. The instrument monitored the Mars surface and atmosphere in
nadir and solar occultation modes with the resolution varying from 0.2 to
1.3 cm™ [1] from April 2018 to December 2019. This period covered almost
one Martian year (MY) and solar longitudes (LS) from 134° of MY34 to 115° of
MY35. The instrument primary goals were temperature profiling and aerosol
monitoring at different local times, locations and seasons [1].

The broad spectral range of TIRVIM also covers the absorption bands of trace
gases in the atmosphere. Observation of minor species provide clues about
the past or present of geological or probable biogenic processes on Mars,
furthermore trace gases are key species for quantifying the properties of the
oxidizing atmosphere. Three molecules of interest have strong absorption
bands in the thermal range: ozone (0,), hydrogen peroxide (H,0,) and meth-
ane (CH,).

Ozone was discovered on Mars in the 1970s by Mariner space missions [2, 3],
and then it was widely studied by spacecrafts’ instruments in the ultraviolet
(UV) range and ground based facilities using 9.7 um band [4, 5]. Recently, the
mid-infrared (MIR) channel of ACS also contributed to this dataset, detect-
ing ozone absorption at ~3.3 um [6]. Ozone is a variable gas with the clear
seasonal trend, which is determined by the water vapor cycle on Mars. The
reactions with odd hydrogen gases (HO,) being H,O photolysis products are
the main net-loss pathway for the 0, speues Odd hydrogen also determines
the stability of the CO, atmosphere; thus, ozone is a beneficial tracer of HO,
chemistry on Mars.

The first detection of hydrogen peroxide, a strong oxidant, in Mars atmo-
sphere was reported by the JCMT sub-millimeter telescope [7]. It has also been
measured with the imaging TEXES spectrometer at IRTF since 2001 [8, 9]. A
seasonal trend with an increase in 150-220° of LS were obtained in corre-
spondence with predictions of general circulation models [8,9]. The maximal
observed value was 45 ppbv in the Northern Hemisphere [8]. However, the
recent observational campaign took place in July 2018 during the TIRVIM ob-
servations, and it was concluded the absence of H,0, with a 20 upper limit
of 10 ppbv [8]. This depletion against the seasona ZI trend has not yet been
completely understood.

The presence or absence of methane in the Martian atmosphere has been
widely debated in recent years. The Mars Science Laboratory (MSL) at Curi-
osity rover along with several orbital conformations has been detected CH
spikes and seasonally varying background in the Gale crater [10, 11]. The
ACS and NOMAD spectrometers on board TGO observed solar occultations
of the Mars atmosphere has not confirmed the detected abundances by MSL
in global scale [12]. The methane detection limit by ACS was set to 20 pptv
[13]. However, the best sensitivity of the instruments was mainly achieved
at 10-30 km over the surface [13]. The discrepancy between the measure-
ments restricts the sources of methane, perhaps even only to the Gale crater,
and constrains its atmospheric propagation.
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In this study we review the capabilities of the TIRVIM spectrometer for the
detection of small atmospheric components in the thermal range of 600-
1500 cm™*. The advantage of this spectral interval is lower dust extinction,
which aIIows us to probe trace gases of fundamental importance for photo-
chemistry down to the surface. Moreover, H,0, might be only observed by

TIRVIM channel of ACS at 7.7 um (~1280 cm ) therefore complementing
the science of TGO. The CH, band at 7.7 um (1305 cm™) and the O, thermal
band centered at 9.7 um (1%)42 cm™Y) provide a possibility to study the gases
based on millions of obtained spectra. Averaging of spectra is considered in
details. It is applied to the data to increase signal-to-noise ratio and, thus, de-
crease trace gas detection limits, since it can be assumed that the dominant
errors are random.
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INTRODUCTION:

Radiative cooling in the 15 um CO, band is the main cooling mechanism in
the energy balance throughout the entire atmosphere of Mars. The exact
values of the rate of this cooling are necessary to explain the observed tem-
perature and wind structure of the Martian atmosphere, since the energy
budget of this atmosphere determines its circulation system. One of the fac-
tors influencing the accuracy of calculating the non-equilibrium populations
of excited vibrational states of the CO, molecules is the information about
the values of the absorption coefficient in the infrared ro-vibrational bands
of carbon dioxide. So, a development of more sophisticated models for es-
timating the values of the Martian atmosphere emissions in the IR bands of
the CO, molecules is required.

A low density of the Martian atmosphere result in that the non-local ther-
modynamic equilibrium (NLTE) takes place in wide altitude intervals for pop-
ulations of the excited vibrational states of the CO, molecules. The validity of
estimating the cooling rate in the 15 pm CO, band2 depends on various input
data used. In particular, spectroscopic parameters and a shape of absorption
coefficient adopted for lines of the IR CO, bands are of great importance.

At low pressures, the Voigt contour is usually used to describe the contour of
spectral lines, which is an integral convolution of the corresponding Lorentz
and Gaussian contours. A more detailed study of the contours of spectral
bands revealed spectral ranges that are not described by a simple sum of Voi-
gt curves, and deviations can reach hundreds of percent. Such ranges include
spectral ranges of overlapping lines in the Q-branches of the CO, bands, as
well as ranges formed by overlapping wings of the CO, spectraf lines. The
effect of non-additivity of the spectral lines when they overlap, called the
line-mixing effect, is a consequence of collisional non-radiative transitions
between molecular states. This makes the LM-effect be potentially important
for solving the NLTE problem of the CO, bands.

In the present study, the current version of computer code realizing the NLTE
model for the IR emissions of CO, in the Martian [1, 2] has been further im-
proved to incorporate the LM-effect. The line-mixing effect in the 15 um CO,
band was considered within framework of the strong collision model with
adjusted branch coupling (so-called the ABC model) [3]. This method has
been applied to simulate the experimental shape of the absorption coeffi-
cient within the spectral interval of the 15 um band. For a set of atmospheric
parameter models, the reference solutions of the NLTE problem of the CO,
emissions in the atmosphere of Mars have been obtained with and without
taking into account for the line-mixing.

THE MODEL:

The model used for solving the problem of radiative transfer in the ro-vi-
brational bands of the CO, molecules (near 4.3, 2.7, 2.0, 1.6, 1.4, 1.25, 1.2
and 1.05 um) and of the Cé molecules (near 4.7, 2.3, 1.6 and 1.2 um) under
conditions of the vibrational NLTE in the Martian atmosphere was developed
[1, 2]. The 545 ro-vibrational bands rising between the 206 vibrational states
of 7 isotopologues of the CO, molecules and the 10 ro-vibrational bands
rising between the 8 vibrational states of 2 isotopologues of the CO mole-
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cules are included into the NLTE model. The most upper state is 20°3 of the
principal isotopologue with energy of about 9500 cm ™. In the present study,
this model has been further improved to solve the above radiative transfer
problem in the following directions. 1) The radiative transfer in all the bands
of CO, and CO within the 15-1.02 um spectral interval is taken into account
with an exact treatment of overlapping of the spectral lines in frequency.
2) A reflection of the IR radiation by the Martian surface is also taken into
account. 3) The accelerated lambda-iteration technique used for solving the
NLTE radiative transfer problem has been modified for the case of accounting
the line-mixing effect using the ABC model.

RESULTS:

Calculations of the height profiles of non-equilibrium populations of vibra-
tional states of the CO, molecules, taking into account the line-mixing effect,
turn out to be very buZIky. Therefore, to assess the possible effect of this ef-
fect, only 2 sets of atmospheric parameters were selected, corresponding to
the equinox at the equator and the summer solstice at high latitudes. The ob-
tained non-equilibrium populations were then used to calculate the radiative
cooling rate of the atmosphere in the ro-vibrational bands of CO,.

Despite the fact that at some frequency points, the difference in the values
of the coefficient of IR radiation absorption by the CO, molecules, taking into
account and without taking into account the phenomenon of line-mixing,
reached 1-2 orders of magnitude, the analysis of the results showed that
taking into account the influence of line-mixing on the values of the radiation
absorption coefficient in the ro-vibrational bands of CO, leads to a slight dif-
ference in the values of non-equilibrium populations compared to the case
when the radiation absorption coefficient at each frequency grid point within
the range of the 15 um CO, band is defined as a simple sum of Voigt line
profiles. Obviously, the reason is that the populations depend on the integral
over all frequencies, and the changes in the radiation absorption coefficient
introduced by the phenomenon of line-mixing turn out to be insignificant or
compensate for each other in those frequency intervals that are important
from the point of view of radiation transfer.

The maximum differences for both selected sets of atmospheric parameters
and for all variants of the frequency grids were observed at the level of about
2—-3% for states 11101, 11102 and 03301 (according to the nomenclature of
the HITRAN spectroscopic database) of the main isotopologue C120162. For
the state 01101 of the isotopologue CuOlGZ, the difference in the values of
the populations did not exceed 1% anywhere. Slightly smaller differences
were observed for the C*20%0* and c*?0®0"” molecules (the 3rd and 4th
most abundant isotopologues of CO,): about 1.3 % for states 11101, 11102
and 03301 and less than 1% for state 01101 of both these isotopologues. As
for the states of the C13'0162 molecule (the 2nd most abundant isotopologue
of CO,), the maximum differences in the values of the non-equilibrium vibra-
tional populations did not exceed 0.8% anywhere.

As a consequence, the change in the values of the radiative cooling rate of
the atmosphere in the 15 um band of CO, (which is also determined by in-
tegration over all frequencies) due to the line-mixing effect for all two at-
mospheric parameter cases studied at all altitude grid points did not exceed
1 % anywhere, which is much less at the modern time than the uncertainty
introduced into the values of the radiative cooling rate due to uncertainties
in the rate constants of inelastic collision processes of vibrational energy ex-
change between different vibrational states of the CO, and other atmospher-
ic molecules.

CONCLUSIONS:

Only small differences (less than 3 %) due to the LM-effect both on the values
of the populations of vibrational states excited in the CO,(v,) and CO,(v,)
modes and on the values of the cooling rate in the 15 um CO, band were
found out throughout the entire atmosphere of Mars. The reasons of such
negligible influence of the LM-effect are discussed.

The main conclusions of this study are as follows.
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1) Taking into account the deviation of the frequency profile of ro-vibrational
transitions within the range of the 15 pm CO, band from the sum of Voigt
profiles due to the phenomenon of line- mlxmg leads only to insignificant
changes in the values of non-equilibrium populations of vibrational states
excited by the bending vibrational mode of CO, molecule. The influence of
the line-mixing effect on the values of the radiative cooling rate of the at-
mosphere in the CO, bands is insignificant compared to its variability due
to the modern time uncertainties in the values of other parameters which
are important for the problem of radiative transfer in the CO, bands in the
Martian atmosphere.

2) Based on the results obtained, it can be concluded that taking into account
the phenomenon of line-mixing on the values of the IR radiation absorp-
tion coefficient by the CO, molecules at the modern level can be neglected
both in calculations of non-equilibrium populations of vibrational states
and in estimations of the radiative cooling rate of the atmosphere in the
ro-vibrational CO, bands.
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INTRODUCTION:

Heating due to the radiative transfer in the infrared (IR) ro-vibrational bands of
€O, and CO molecules is an important component in the energy balance through-
out the entire atmosphere of Mars. Also, the emissions in some of these bands
are used for remote sensing of the Martian atmosphere. So, a development of
more sophisticated models for estimating the values of the Martian atmosphere
emissions in the IR bands of CO, and CO molecules is required.

The Martian atmosphere has a relatively low density. A high rate of absorp-
tion of solar radiation in near-infrared (NIR) spectral interval ~1.05-5 um by
these molecules and a low density of the Martian atmosphere result in that
the non-local thermodynamic equilibrium (NLTE) takes place in wide altitude
intervals for populations of the excited vibrational states. The altitude of the
level in the Martian atmosphere, lower which one needs to take into account
for the vibrational NLTE effects when assessing the populations of vibrational
states of the CO, and CO molecules, varies depending on the wavelengths of
the fundamentaﬁ band in which the excitation of these states by absorption
of the solar NIR radiation from the molecular ground state takes place.

On other hand, dust and water ice aerosols permanently exist in the atmo-
sphere of Mars. The aerosol optical depth of the Martian atmosphere varies
from less than 0.1 for the condition of transparent atmosphere up to about
5 during global dust storms. The optical depth of the Martian atmosphere
for various ro-vibrational radiative transitions which should be considered in
NLTE models for calculating the intensity of radiation in the NIR CO, bands,
varies in very wide range. For example, for the main isotopologue ofthe co,
molecule, the optical depth for the central frequency of the most intensive
line belonging to the fundamental radiative transitions ofthe NIR bands near
4.3, 27 2.0, 16 1.4,1.25, 1Zand105umequalst02310 2.5-10% 4.4-10%,
4.9-10% 1.5-10°, 87.7, 34.5 and 1.75, respectively. As for both the minor CO,
|sotopologues and the hot ro-vibrational radiative transitions contrlbutmg
into the bands mentioned above, the such optical depths can be less unit.
Thus, the values of aerosol optical depth are comparable to the ones of some
NIR bands of CO, and CO. So, one needs to take into account of the extinction
of the NIR radlatlon by the aerosol particles for accurate modeling the radia-
tive transfer in the CO, and CO bands in the Martian atmosphere.

THE MODEL:

The model used for solving the problem of radiative transfer in the rovibrational
bands of the CO, molecules (near 4.3,2.7,2.0, 1.6, 1.4, 1.25, 1.2 and 1.05 pm)
and of the CO molecules (near4.7,2.3,1.6 and 1.2 um) under conditions of the
vibrational NLTE in the Martian atmosphere was developed [1, 2]. The 545 rovi-
brational bands rising between the 206 vibrational states of 7 isotopologues of
the CO, molecules and the 10 rovibrational bands rising between the 8 vibra-
tional states of 2 isotopologues of the CO molecules are included into the NLTE
model. The most upper state is 2003 of the principal isotopologue with energy
of about 9500 cm™. In the present study, this model has been further improved
to solve the above radlatlve transfer problem in the following directions. 1) The
radiative transfer in all the bands of CO, and CO within the 15-1.02 um spectral
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interval is taken into account with an exact treatment of overlapping of the
spectral lines in frequency. 2) The processes of scattering and absorption of
radiation by aerosol particles at the frequencies of the IR bands of the CO, and
CO molecules were taken into account. 3) A reflection of the IR radiation by the
Martian surface is also taken into account. 4) The accelerated lambda-iteration
technique used for solving the NLTE radiative transfer problem has been modi-
fied for the case of the aerosol extinction presence. This method allows to take
into account the processes of scattering (with a phase function of general type)
and absorption of radiation by aerosols at the frequencies belonging to the
spectral ranges of the CO, and CO rovibrational bands.

RESULTS:

Using this model, the dependence of non-equilibrium populations of the
high excited CO, and CO vibrational states on adopted optical properties of
the Martian aerosol particles and on their vertical distribution as well as the
effect of reflectance properties of the Martian surface on these vibrational
state populations have been investigated.

For the daytime atmosphere of Mars and for realistic models of the mineral
dust aerosols, calculations of the non-equilibrium populations of the CO, and
CO vibrational states have been caried out.

Also the spectra of the limb radiation outgoing from the Martian atmosphere
in the NIR CO, and CO bands were calculated taking account for the aerosol
extinction of chIS radiation. An example of calculations of the limb radiation
intensity in the 1.4 um band for target heights of 140.9 km and 104.2 km is
given below for the conditions: SZA = 60°, azimuth angle of viewing 90°, total
optical depth of aerosol 1d = 0.5, aerosol height scale Ha = 7.0 km.

An analysis of the response in the values of the limb radiation intensity to
variations of some optical parameters of the aerosol model adopted has
been carried out.

CONCLUSIONS:

The most variability in the values of the radiation intensity to changing the pa-
rameters of the aerosol model is found for rather optically thin ro-vibrational
transitions which have the optical depth of the same order as the one of aerosols
and which have no considerable overlapping in frequency with another ro-vi-
brational transitions. Therefore from the viewpoint of possible development of
new approaches for retrieving the optical parameters of the Martian aerosols,
for the short-wave NIR spectral range it is more preferable to consider a radiation
in the fundamental transitions of the main CO, isotopologue. A radiation in the
fundamental transitions of the minor CO, isotopologues is more preferable for
consideration if it is concerned the spectral range from 2 to 5 um.

The spectra of the NIR emissions outgoing from the Martian atmosphere
with and without taking account for the aerosol extinction are simulated.
Using these emissions for the retrieval of aerosol optical properties in the
atmosphere of Mars is discussed.
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INTRODUCTION:

Based on topography and gravitational field data, model variations of the
thickness of the crust of Mars and Venus are calculated by the method of
Love numbers. The method takes into account the adjustment of the plane-
tary subsurface to the loads on the surface and in the subsurface. Numerical
modeling is carried out using spherlcal harmonic expansion of topography
and gravitational field data up to the 90" degree and order for Mars and up
to the 70" for Venus. The relief of the crust-mantle boundary suggests par-
tial Airy isostatic compensation. The model of the crust of Mars is consistent
with the range of values of the crustal thickness beneath the InSight mission
station in the southwestern part of the Elysium Planitia, obtained from the
results of the seismic experiment.

DATA:

The data of the gravitational field and the topography of the planet are avail-
able on the website of the Planetary Data System (http://pds-geosciences.
wustl.edu). We use the MRO120D model [1] and topography data up to 90
degrees and order, since at harmonics above 90, the correlation of the grav-
itational field data and the topography of Mars deteriorates markedly. For
Venus, topography data (model SHTJV360u, [2]) and gravitational field data
(model SHGJ180u, [3]) are used, taking into account harmonics only up to the
70th degree and order.

INTERIOR STRUCTURE MODELS:

For calculations, a model of the internal structure of Mars M_50 from the
work [4] was chosen, WhICh has an average crust thickness of 50 km with
a density of 2900 kg/m the radius of the core is 1821 km. This value falls
within the range of determmmg the radius of the core of Mars by seismic
methods (1830440 km) [5]. For Venus, we will take the model of the internal
structure V_16 from [6] with an average crust thickness of 30 km and a den-
sity of 2800 kg/m°.

METHOD:

A planet is modeled as an elastic, self-gravitational spherical body. It is as-
sumed, that deformations and stresses which obey Hooke’s law are caused
by the pressure of relief on the surface of the planet and anomalous density,
distributed by a certain way in the crust. Numerical simulation is based on a
static approach (the loading factors technique or the Green’s functions meth-
od) [7-10]. We assume that there are two levels of anomalous masses — the
surface and the crust-mantle boundary. Anomalous masses are a thinning or
thickening of the crust on the surface and the crust-mantle boundary. Am-
plitudes of loads Rj,,(®,A) (which create abnormal masses) are selected in
such a way as to satisfy the data of the topography C.. and the gravitational

field of the planet C (calculated from the referengrémeqmllbrlum surface):
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where p, and p_ — the average density of the planet and the average den-
sity of the crust; r, — levels of occurrence of anomalous masses; N — the
number of levels &f occurrence of anomalous masses, load numbers k (r))
determining the response of the external gravitational field to an anoma-
lous density wave with amplitude R.,, load numbers h (r) determining
the deformation of the planet. The thickness of the crust consists of varia-
tions in relief relative to the leveled outer surface, the average thickness of
the crust and variations in the relief of the crust-mantle boundary.

RESULTS:

By varying the average model thickness of the crust and the density jump
at the crust-mantle boundary, it is possible to control the calculated vari-
ations in the thickness of the crust at the reference point — the thickness
of the crust beneath the NASA InSight mission seismometer (an asterisk
in Fig. 1), which is assumed to be 39+8 km [11]. Figure 1 shows a com-
parison of the results of modeling variations in the thickness of the crust,
for the M_50 model with a lithosphere of 300 km, by the method of Love
numbers (Fig. 1b), and a global map of the thickness of the crust for the
same model, accor to the method described in the work [12] (Fig. 1a).
For Fig. 1a ctplanet software was used [13].The difference between the
models is shown in Fig. 1c. In most of the map (more than 98 % of the
points when modeling with a resolution of 1x1°), the difference is less
than 5 km, the largest discrepancy up to 20 km takes place under volcanic
structures.

ra

T ©

Fig. 1. A map of the crust thickness of Mars (km) (a) obtained by the method of work
[12] using ctplanet software [13], (b) by the method used in this work, (c) the dif-
ference between the models. An asterisk marks the position of the InSight mission
station. Meridian 0° is selected for the projection center.

The map of variations in the thickness of the crust for Venus is shown in
Fig. 2. The thickness of the crust varies from 18.6 km (the Atlanta plain) to
82.3 km (the Maxwell Mountains on Ishtar), which is consistent with the
work of other authors. The thickness of the crust on Venus is closely related
to topographic structures. The crust of Venus is isostatically compensated,
in the area of the lowlands the crust is thinner, and in the area of the hills
its thickening is observed (the roots of the uplifts of the Ishtar, the Aphro-
dite, Ovda, Tethys and some others). The thickness of the crust beneath
the plains is about 20-30 km, under the Atlas and Beta volcanic uplifts,
the thickness of the crust reaches 48 km (Mount Maat), 47.4 km (Mount
Rhea), and 46.5 km (Mount Teyi). It is assumed that dynamic support can
make a significant contribution under volcanic uplifts, which is not taken
into account in this work, therefore these thickness values may be slightly
different than the real ones.

70
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Fig. 2. The model thickness of the Venusian crust for a model with an average crust
thickness of 30 km, a Ilthosphere thickness of 300 km, an average crust density of
2800 kg/m® and a densnty jump of 500 kg/m?>. The merldlan 60° is selected for the
projection center. For clarity, areas with a crust thickness of more than 60 km are
marked in white.
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INTRODUCTION:

Neural networks and artificial intelligence work not only to provide and im-
prove life on Earth, it has long been used to work on other planets. This hap-
pens primarily to simplify and save money, as we know the development
and study of the planets calls for huge financial costs. Back in 2020, the Unit-
ed States (NASA) launched a system that allows remotely from the territory
of our planet, from special centers, to find craters on Mars [1]. The system
finds both old and new components. The conclusions that the program gives
are becoming more and more accurate, and the presence of an operator,
although mandatory, still greatly simplifies the work of space enterprises.
In addition, Russian scientists from Skoltech [2] have developed a resource
that allows remotely using artificial intelligence to process data on plants
that are planned to be grown on Mars.

Having studied the previous experiences, we believe that despite the need
to work further in this direction, including together with a bunch of Artifi-
cial Intelligence and loT technologies. For example, NASA scientists trained
one of the algorithms on 6830 [3] images. This is quite a reasonable indica-
tor, showing that a normal amount of data is sufficient for digestible results.
As we believe, to solve the prediction of what is happening on other planets,
for example, the planet Mars, we can use the generation method using neu-
ral networks, on the open source Dalle [4], the process of generating images
according to our calculations will simplify people’s understanding of what
is happening on Mars and will be able to make visible reports more under-
standable, including for professionals. In our report, we will talk about our
proposals and the first results of the work done for this task.
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BepiColombo is a joint project between the European Space Agency (ESA)
and the Japanese Aerospace Exploration Agency (JAXA). The Mission consists
of two orbiters, the Mercury Planetary Orbiter (MPO) and the Mercury Mag-
netospheric Orbiter (MIO). Both spacecraft has been launched with an ARI-
ANE V in October 2018 for an arrival at Mercury in late 2025. From dedicated
orbits the two spacecraft will be studying the planet and its environment.

On its route BepiColombo will perform flybys at Earth, Venus, and Mercury.

Especially during these flybys but also during its cruise into the inner solar
system some scientific and engineering operations have been scheduled.

A status of the mission and instruments and a summary of first results from
measurements taken during the first three years en route to Mercury will be
given.
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Planetary exploration has provided insight into variation of volcanic-tectonic
records, global lithospheric stress states/magnitudes, and mantle convection
patterns with increasing planetary radius:

1) The Moon’s tectonic-magmatic history is dominated by a thick primary
crust whose magma oceanography and aftermath dictated a volumetri-
cally insignificant secondary crust generated from deeper mantle sources
through a low-density crust/thickening lithosphere that precluded forma-
tion of magmatic-volcanic-tectonic (MVT) rises; relatively rapid conductive
cooling changed global lithospheric stress state to modest contraction at
~3.5 Ga; the role of subsequent mantle convection is still debated.

2) Mercury’s magma oceanography suggests a distinctly different primary
crust (sulfur and carbon-rich). There is little evidence of mantle convection
patterns (MVT rises/mantle plumes). Regional flood basalt volcanism from
now-buried fissures dominated early volcanic history. The syn-post volca-
nism global lithospheric stress state implies significant radial contraction
over the last several BY (widely distributed wrinkle ridges, huge tectonic
arches). Evolution of the lithosphere was also affected by the presence of
sulfides (possibly >10 vol%), which could reduce viscosity and concentrate
radiogenic heat production.

3) Mars magma oceanography suggests basaltic primary and secondary
crusts; secondary crustal volcanism was near-global early on but rapidly
focused to mantle-plume-like upwellings (MVT rises Tharsis/Elysium). The
global lithospheric stress state implies decreasing modest contraction for
the last several BY (widely distributed post-regional plains wrinkle ridges).

4) and 5) Geological records of the first 80% of Venus and Earth histories are
poorly known. Venus is currently (and for the last 0.5-1.0 BY) a one-plate
planet losing heat conductively, and displaying a wide range of features
implying both global-scale flood volcanism (regional plains) and vigorous
mantle convection at several scales (rises, rift zones, coronae, large volca-
noes). Earth currently displays bimodal MVT patterns: plate recycling and
vigorous mantle convection at a range of scales (mantle plumes, hot spot,
rises, LIPs).

Differences in planetary core-mantle radius ratios (Moon ~0.29, to Mercury
~5.27?) are clearly an important evolutionary factor. As an endmember on
this spectrum, Mercury offers insights into planetary geodynamic evolution.
We currently focus on 3 questions: 1) Magma oceanography aftermath and
predictions for mantle composition, fOZ, sulfide distribution, volatile content
parameter space; 2) How magnitude and timing of global contraction can
help constrain the nature of heat sources/timing for mantle melting (relative
roles of mantle internal heating and core heat flux mantle bottom-heating);
and 3) How the observed volcanic record of magma generation, ascent and
eruption is related to Mercury’s thin mantle, sulfur-rich lithology and convec-
tion patterns and scale.
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INTRODUCTION:

Using data from the MESSENGER probe magnetometer describing the inter-
section points of the magnetopause and the bow shock of the Mercury mag-
netosphere, by Philpott et al. (2020) [1] we have calculated the parameters
of paraboloids of revolution approximating the resulting cloud of points. For
each orbit of the spacecraft, based on the obtained approximations, the co-
ordinates of each subsolar points were obtained both at the magnetopause
and at the bow shock. During all 16 Mercury years during which the MESSEN-
GER spacecraft was orbiting Mercury, variations of global parameters of the
Mercury magnetosphere and characteristics of the interplanetary magnetic
field in its vicinity associated with the position of Mercury in orbit around
the Sun were investigated. We refer to changes in the distances to the Sun’s
which control the position of the magnetopause subsolar point and the simi-
lar points at Mercury’s bow shock, as well as the parameters of the interplan-
etary magnetic field upstream of the bow shock and in the magnetosheath
upstream of the magnetosphere. The dependence of the distances to the
subsolar points of the magnetopause and of the bow shock on the heliocen-
tric distance to Mercury that we obtained is consistent with the decreasing
dynamic plasma pressure and the interplanetary magnetic field module in-
versely proportional to the square of the heliocentring distance. The average
subsolar thickness of the magnetosheath during the lifetime of the MESSEN-
GER spacecraft and the magnitude of the magnetic field jumps during the
transition from the interplanetary magnetic field to the magnetosheath for
each orbit were obtained too.
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INTRODUCTION:

The Mercury Gamma-ray and Neutron Spectrometer (MGNS) onboard Bepi-
Colombo’s Mercury Planet Orbiter (MPO) is developed to measure the gam-
ma-ray and neutron fluxes from Mercury’s surface for the study of its ele-
mental composition [1, 2]. Launched in October 2018, BepiColombo [3] will
continue until December 2025 its cruise phase on a near-Mercurian elliptical
Sun orbit. Before entering orbit around Mercury, BepiColombo will perform
two flybys at Venus and six flybys at Mercury [4]. This report will present
the results obtained during special sessions of MGNS measurements during
flybys of Venus and Mercury. Comparison of neutron flux from the surface of
Mercury during the first and second flybys, as well as from the atmosphere
of Venus for the second flyby will be presented. The results of numerical sim-
ulations of neutron flux will be presented, and the models for the elemental
composition of the surface of Mercury and the atmosphere of Venus will be
discussed.
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INTRODUCTION:

We model the emplacement of the young [1, 2] large-volume lunar lava flow
Em4/P58 [3, 4] (Fig. 1) sampled by the Chang’e-5 mission [5], and the Rima
Sharp sinuous rille incised into the flow [6, 7].
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Fig. 1. Extent of the main part of the Em4/P58 flow and path of the Rima Sharp rille
incised into it

We interpret the morphology [6, 7] to imply that the rille formed by ther-
mo-mechanical erosion of the upper surface of the lava flow during the clos-
ing stage of a single eruption. The large lava volume implies a high magma
eruption rate [8, 9]. The high temperature and discharge rate of low-viscosity
lava leaving the vent made its motion turbulent [10]. Consequent fast cooling
while turbulence persisted generated non-Newtonian bulk rheological prop-
erties very different from those of laminar lava flows. Rapid cooling during
emplacement followed by much slower cooling to ambient should be reflect-
ed in returned sample petrology.

ERUPTION SCENARIO IMPLIED BY MORPHOLOGY:

The ~270 km long Em4/P58 lava erupted from a vent system at the south
end of Sinus Roris [6, 7]. Its mean thickness, area and volume are ~50 m,
~33,200 km? and ~1660 km? [6, 7]. It flowed to the north and ponded around
the vent before flowing south and spreading laterally to pond againasa 20 m
deep flow in a depression in the Northern Oceanus Procellarum between
Mons Rimker and the Mairan crater (see Fig. 1) [6, 7]. We infer that the flow
then inflated to its present 50 m thickness as magma was intruded laterally
into it near its base.

As the volume flux decreased, the fissure vent length decreased, and magma
intrusion inflating the flow became more difficult. The magma level rose in
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the conduit until lava flowed out onto the surface of the inflated flow. This
late-stage overflow thermo-mechanically eroded the Rima Sharp rille chan-
nel. Figure 2 shows elevation data for Rima Sharp, measured along its mean-
dering thalweg [6], which was used to find the slope of the surface being tra-
versed by the rille-forming flow: 0.002 radians shallowing to 0.0004 radians
in the depression. Figure 2 also shows the variation of the depth and width
of the rille. The channel is 300 m deep at its source and 700 m wide, which
we take to be an estimate of the width of the late-stage flow forming the rille.
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Fig. 2. Elevation, depth and width measurements for Rima Sharp [6]

The ~1660 km? volume of the Em4/P58 flow implies [7] that the eruption re-
sulted from the propagation directly to the surface of a large dike that formed
in the partial melt zone at the top of a deep mantle diapir [8] Initial magma

discharge rates from such dikes can be at least 3x10° m3.s™* [8] and are likely
to decline to ~3x10* m®s ™ overa perlod of several days [9]. With rise speeds
through the lithosphere of 10-20 m-s™* [8], magma suffers little heat loss and
erupts at near-liquidus temperature with a low viscosity. Models of eruptions
of basaltic magma with these properties [8, 10-12] all show that at volume
eruption rates of 10°~10° m>-s * the resulting lava flows must be turbulent.

LAVA FLOW EMPLACEMENT AND COOLING:

Our analysis shows that while the flow was turbulent, lava was typically cool-
ing at rates of 20+10 K/hour. These rates apply to all the lava that forms the
flow deposit, irrespective of where in the deposit (meaning at what depth
and at what distance from the vent) it comes to rest. This is because all the
lava in the deposit went through the turbulent phase. These rates apply to
the lava as it cooled from its eruption temperature, assumed to be close to
its 1438 K liquidus temperature, to a temperature of ~1367 K, which is the
typical temperature at which turbulence ceased. In summary, this is the cool-
ing rate experienced by all the lava during the first part of its crystallization
history.

While the lava was travelling in a laminar fashion, a crust began to form at its
surface as a wave of cooling propagated down into the unsheared plug created
by the lava’s yield strength. Cooling also occurred at the base of the flow, leav-
ing a thin but growing layer of solidified lava on the ground beneath the flow.
In all cases studied, the depth to which the upper cooling wave penetrated into
the flow was less than the thickness of the unsheared plug created by the yield
strength. This means that the control on the maximum length to which the
lava was able to travel was a combination of the rheology preventing shearing
in the upper part of the flow and the cooling wave removing lava at the base
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of the flow. After coming to rest, lava in the unsheared plug continued to crys-
tallize as its temperature continued to decrease from the end-of-turbulence
temperature, 1367 K, to the solidus temperature, 1173 K. Cooling of the solid
lava continued to the ambient temperature after final crystallization.

Here we update the more generalized treatment of the cooling of the sta-
tionary flow reported in [13], which gave average cooling rates for the bulk of
the flow after emplacement. In this more detailed (though still approximate)
treatment, we use article 2.4.iv in [14], which shows that at any given depth
below the surface a wide range of cooling rates was experienced as the flow
cooled. We can now be much more specific about the thermal history of crys-
tals from different depths in the flow. Figure 3 shows three depths, 0.2, 1.5
and 3 m, and plots for each the cooling rate as a function of time, including
not just the post-emplacement times but also the history during the turbu-
lent phase. Thus, the figures show the time since lava left the vent. The times
extend to 3000 days, just over 8 years. Above each cooling graph is shown the
graph of the actual temperature as a function of time.

The average of all these values giving equal weight to all depths is 1693 K per
year, much higher than the rate of 9 K/year reported in [13], due to the fact
that the earlier estimate was weighted towards the cooling rates deep in the
flow, not likely to be sampled by Chang’e-5. The new rate, 1693 K per year, is
equal to 0.20 K per hour, on average 100 times smaller than the ~20 K/hour
cooling rate during turbulence. So, the cooling rate after turbulence ends is
still much less than the cooling rate during turbulence [13], but now by a fac-
tor of order 100 averaged over the upper part of the flow (and progressively
greater factors in the deeper parts of the flow) rather than the much larger
factor implied in our earlier estimates.

In this generalized treatment, we have not taken account of the fact that dif-
ferent crystal compositions (olivine, plagioclase, etc.) crystalize over different
parts of the liquidus-solidus interval. In a more complete analysis, we plan
to use MELTS to define the proportions of the different compositions at any
given temperature (and their different latent heats of fusion).

IMPLICATIONS FOR CHANG’E-5 SAMPLES:

Estimates of regolith formation rates during the main formation period of
mare flows are ~5 mm-Ma* [15]. With a measured age close to 2 Ga for the
Chang’e-5 flow [1, 2], the regolith thickness that has been formed since the
flow was emplaced is a maximum of ~10 m. Chang’e-5 will have sampled this
regolith in a random fashion spatially but in a complex way vertically — we can-
not assume that equal amounts of surface material were accumulated from all
depths. Let us assume that the bulk of the sample was derived from depths up
to 5 m. Figure 3 then shows the range of cooling rates likely to be applicable to
the bulk of the mare basalts from the Em4 unit sampled by Chang’e-5.

temperat ays temperature in K vs. time in d:
blue line is liquidus-solidus interval

3.0 m depth below flow surface
temperature in K vs. time in days
blue line is liquidus-solidus interval

. m.—‘_k\_ o — e e ‘

m depth below flow surface L5 m depth below flow surface
tein K per hour vs. time in days cooling rate in K per hour vs. time in days.
ne is liquidus-sofidus interval blue line is liquidus-solidus interval

e e

1w

th below flow surface
Kperh time in

days

Fig. 3. Temperatures and cooling rates as a function of time for the lava emplaced at
0.2, 1.5 and 3 meters below the surface of the final lava deposit

REFERENCES:

[1] Che X. et al. (2021) Science, 374, 887-890.

[2] LiQ.etal.(2021) Nature, 600, 54-58.

[3] QianY.etal. (2018) JGR-Planets, 123(6), 1407.



13MS3-MN-05
ORAL

[4] Hiesinger H. et al. (2011) Spec. Pap. GSA, 477, 1.

[5] Zhou C. et al. (2021) Adv. Sp. Res. 69, 823-836.

[6] Qian et al. (2021) GRL, 48, €2021GL092663.

[7] QianY.etal. (2021) EPSL, 555, 116702.

[8] Wilson L. & Head J.W. (2017) Icarus, 283, 146.

[9] Wilson L. & Head J.W. (2018) GRL, 45, 5852.

[10] Hulme G. (1973) Mod. Geol, 4, 107-117.

[11] Wilson L. & Head J.W. (1981) JGR, 86, 2971.

[12] Williams D.A. et al. (2000) JGR, 105, 20,189.

[13] Wilson et al. (2022; LPSC 43 #1624.

[14] Carslaw & Jaeger (1959) Conduction of Heat in Solids. Clarendon Press.

[15] Horz et al. (1991) Lunar surface processes. In: Lunar Sourcebook, pp. 61-120
Cambridge Univ. Press.



13MS3-MN-06
ORAL

NORTHERN OBLIQUE IMPACT FORMATION
OF THE SOUTH POLE-AITKEN BASIN

S.S. Krasilnikov, M.A. Ivanov, A.S. Krasilnikov
Vernadsky Institute of Geochemistry and Analytical Chemistry RAS, Moscow,
Russia; krasilnikovruss@gmail.com

KEYWORDS:
Moon, South pole, South Pole-Aitken basin, SPA basin, impact, oblique im-
pact, morphology

INTRODUCTION:

The South Pole-Aitken basin (SPA) is the largest and likely oldest [1, 2] basin
on the Moon. The basin is highly degraded structure well described by an
ellipse with axes measuring 2400 by 2050 km and centered at 53° S, 191° E
[3-5].

[6] suggested an oblique impact as a reason for the elliptical shape of the ba-
sin. The formation of elliptical craters supports this hypothesis during low-an-
gle impacts [7]. Also, laboratory experiments show that elongated structure
appears only at low impact angles below ~12° [8, 9]. But the direction of
the oblique impact is still unclear [5, 6, 10, 11]. In our work, we tried to un-
derstand the dependence between the direction of oblique impact and the
morphology of the rim.

TOPOGRAPHICAL SINGULARITY OF THE SPA BORDER:

Our previous research [12] discovered a gradual transitional zone
from the floor to the rim in the southern part of the SPA basin. This
zone is characterized by a unimodal hypsogram, which indicates that
the regional scarp between the rim and the floor domains is absent
and topography gradually increases from the floor to the rim. In con-
trast, the topographic configuration of the opposite, northern edge
of the SPA is characterized by a pronounced bimodality of the hyp-
sogram [13].

The distinct differences in the topographic distributions at the southern
and northern edges of the SPA have motivated us to test the topographic
configuration of the SPA at its transition from the floor to the rim. For
that, we have collected topographic data from the 1/64 deg./pix topo-
graphic map (resolution ~460 m/plx) at randomly selected points within
large areas (5.9, 5.2 and 4.6- 10° km?, sectors 1-3 respectively) that over-
lay the outer ellipse defined in [5]; the den5|ty of the random points in
each area were about two points per 500 km which is enough to ade-
quately describe the general topographic shape of the study areas. The
sets of collected topographic data were used to construct hypsograms
that characterized different SPA segments. A unimodal hypsogram char-
acterizes a gradual transition from the floor the rim of the basin, where-
as a bimodal hypsogram indicates the existence of two topographic lev-
els (the floor and the rim) that are separated by a steep regional scarp.
We prefer to use the hypsograms to characterize the general topographic
characteristics of the SPA because individual topographic profiles have
very complex shapes due to numerous impact structures that superpose
the ancient SPA basin.

Figure 1 shows three bimodal hypsograms (1-3) at the northeastern side of
the SPA basin. Hypsometry of the other sectors is unimodal. These results
suggest that only at the northeast edge of the SPA a sufficiently steep scarp
separate the floor and the rim of the basin. In all other parts of the basin, this
transition is gradual.

At the same time, sum of the three northeastern sectors also didn’t show
well recognizable bimodal hypsogram (see Fig. 1, hips. 4). This point indicates
a significant difference in elevation in the transitional zone of SPA.
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Fig. 1. Topographic configuration of the transitional zone from the floor of the SPA
basin to its rim with three sectors. 1-3 histograms show topographic samples with
unimodal histograms of the northeastern side of SPA. 4 — Sum of elevation values in
all three sectors. Black ellipses, solid and dashed, indicate the best fit and the outer
ellipses, respectively (from [5]).

DISCUSSION:

A few reasons for the lack of a distinct scarp between the floor and the rim of
the SPA can be found: (1) the rim was degraded by later impact events and/or
relaxation of the high topography; (2) the basin was partly filled/overlaid by
later ejecta; (3) or this is a possible consequence of the original topographic
configuration of the basin due to its formation by an oblique impact. The
random distribution of impact craters should cause a uniform degradation
of the rim by both post-formational impacts and ejecta superposition. We
also believe that viscous relaxation should not selectively affect the basin
configuration. Because of these reasonings, we conclude that the first two
explanations of the observed large-scale topographic asymmetry of the SPA
are less likely.

The oblique Craters that are formed by oblique impacts are characterized
by pronounced asymmetry along the projectile trajectory with a steeper up-
range wall and more gently sloping downrange wall [8]. Our results of a study
of the topographic configuration of real oblique impact craters on the Moon
show that they are characterized by a pronounced topographic asymmetry
(see Fig. 2) established in laboratory experiments [8]. A prominent regional
scarp only at the northern-northeastern edges of the SPA may suggest that
this was an uprange side of the basin, whereas the southwestern portion
corresponds to the downrange side.
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Fig. 2. Example of topographic profiles of the long axes of two oblique impact craters
on the Moon. Topography from the LOLA topographic map, resolution 512 pix/deg.
Steep sides of the profiles (at point B) correspond to the uprange side of the projectile
trajectory.
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INTRODUCTION:

The morphologic degradation of smaller craters is one of the most obvious
results of lunar erosion (e.g., [1, 2]). The modern high-resolution data allow
detail characterization of the lunar crater degradation processes. In this re-
port, we present our first results of a study of morphologically prominent
craters in Mare Fecunditatis around the Luna-16 landing site. The goal of the
study is receiving of quantitative estimates of different aspects of the crater
degradation.

APPROACH:

In order to work out a methodic of the study and to pursue the main goal
of our study, we have selected seven morphologically prominent craters in
Mare Fecunditatis in a diameter range from ~5 km (Webb U) to 8.5 km (Ta-
runtius H). For each crater, we have conducted crater size-frequency distribu-
tion measurements (CSFD) both on the rim and walls using the Kaguya mosa-
ics with resolution ~7 m/pixel. On the rim, measurements were made in four
polygons within a one-radius-wide zone around the crater rim crest. Inside
the craters, measurements were conducted on the northern and southern
portions of the wall where illumination conditions permitted confident iden-
tification of craters. Along with CSFD measurements, we also have measured
steepness of the northern and southern walls of the studied craters by con-
structing topographic profiles and then by linear best-fit approximation of
the walls. We used the LOLA gridded topography map with spatial resolution
of ~60 m/pixel.

RESULTS/DISCUSSION:

As expected, the density of craters in the rim areas is larger and a ratio
D,/D,, (rim density/wall density) varies from ~1.6 up to 25 for all diameter
bins (root-2 binning) excluding bins where there is no the resolution-limit
turnoff. What is unexpected, is an increase of the D,/D,, ratio as the mean
crater diameter of the superposed craters increases. This tendency may sug-
gest that the larger craters on the walls are more effectively erased compared
with the smaller craters. Such an explanation does not seem plausible and
we believe that an observational effect is responsible for the increase of the
ratio. The mass-wasting processes on the steep-sloped walls(23-33° for the
studied craters) constantly modify the older crater populations erasing the
smaller craters and modifying the larger ones. The larger craters are losing
their distinctive morphologies and are not recognized as impact structures.
The smaller craters on the walls represent the younger crater populations
that had more chances to survive as recognizable features.

Another finding of our research, which was expected, is a clear correlation
between the crater ages and the steepness of the crater walls (Fig. 1). The
correlation coefficient between these parameters is high (0.85) and reflects
flattening of the crater walls as a function of time. Only in one case (crater
Anville) we observed a landslide-like body suggesting a rapid change of the
crater configuration. In all other studied craters, the flattening of the slopes
appears to be gradational and we observed no talus aprons in any of these
craters. The rate of the wall flattening is extremely low and is estimated as
~0.005 deg/10° yr. The lack of the landslides and talus aprons, and the low
rate of the flattening suggest that the slopes of the crater walls were changed
by their almost parallel retreat due to slow creep of the regolith.
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Fig. 2. Crater cumulative densities on the northern and southern walls. A: Identical
densities of the younger, 1.55 Ga, crater Taruntius P. B: Cumulative crater density on
the southern (poleward) wall of ancient, 3.11 Ga, crater Webb U is significantly higher
for the superposed craters larger than ~60 m.

Comparison of the densities of the superposed craters on the northern
(equatorward) and southern (poleward) walls of the studied craters il-
lustrates how the wall exposition and different thermal regimes affect
mass-wasting processes. The younger studied craters (Taruntius B, -K, -P,
the AMAs are less than ~1.5 Ga) show no difference in the crater density
on the walls (Fig. 2A). For the older craters (Webb U, Taruntius O, Smith-
son, the AMAs are larger than ~2 Ga) the difference is pronounced and a
deficiency of the smaller craters (50-80 m diameter) is sufficient (Fig. 2B).
These differences suggest that on the northern wall mass-wasting pro-
cesses were more effective and removed a layer ~5-10 m thick compared
with the southern wall. These estimates suggest erosion rate as high as
~5 mm/10° yr, which is an order magnitude higher than the rates reported
earlier [3-5]. However, our estimates are related to the steep-sloped walls
where the higher erosion rate is expected.

We interpret the crater density differences between the northern and south-
ern walls by more contrast cycles of heating and cooling of the regolith that
could enhance creep of the regolith on the equatorward walls. It has to be
noted that despite the difference in the crater density, the slopes of the
northern and southern walls are practically equal. This observation supports
the model of the wall degradation by parallel retreat.
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INTRODUCTION:

Near the poles of the Moon in local depressions there are regions which are
in permanent shadow, so-called PSRs [1]. They have no the day-night illumi-
nation changes and thus no the diurnal changes of the surface temperature,
and inside them the regolith contains admixture of H,0 ice and ices of other
volatiles [2], that may also influence geological processes and thus the sur-
face morphology. To progress in understanding these effects we study the
hill-shade images of polar crater Shoemaker (D ~ 51 km, d ~ 2,5 km) with
resolution 5 m/px (Fig. 1) and compare these observations with those made
in the area of work of Lunokhod-2 and Apollo-16 landing site, which have
“normal” solar illumination.

Elevation (meters) |
— 7010 (high) £

Fig. 1. 1) Part of topographic map of lunar south pole showing location of crater
Shoemaker (red arrow) [3]; 2) Eugene Shoemaker, the planetary geologist, whose
remains were on board of the Lunar Prospector spacecraft that impacted this cra-
ter floor [4], http://www.nasonline.org/publications/ biographical-memoirs/
memoir-pdfs/shoemaker-eugene.pdf; 3) The hill-shade image of crater Shoemak-
er based on the LOLA digital terrain models [5] showing the boundary of the PSR part
of its interior and locations of the study areas (1-4).

SURFACE MORPHOLOGY WITHIN THE SHOEMAKER STUDY AREAS:
Figure 2 shows the hill-shade images of the ~6x4,5 km study areas on the
Shoemaker floor (areas 1 and 2) and its inner slopes (areas 3 and 4). The
average slope on the base of hundreds of meters for areas 1 and 2 is subhor-
izontal, and for areas 3 and 4 is 15 and 25° correspondingly [5].

It is seen in Fig. 2 that surface of the study areas on the Shoemaker floor
(1 and 2) is covered by numerous craters with diameters up to several hun-
dred meters. Their spatial frequency roughly corresponds to absolute age of
3,610,03 to 3,8+0,04 Ga that agrees with earlier results by [6] — 3,46+0,02 Ga.
Images of the study areas 3 and 4 which are on Shoemaker inner slopes are
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complicated by the lines of LOLA tracks that seriously worsens visibility of the
surface morphology. Despite of this it is clear that on their surfaces there are
craters with diameters up to a few hundred meters, but their quantity (and
thus spatial frequency) is significantly smaller comparing to what is observed
inthe areas 1 and 2 and the apparent age there is 2,4+0,06 and 0,17+0,08 Ga.
This is obviously partly due bad quality of the images, but partly to accelera-
tion of evolution/destruction small craters on the slopes [7, 8].

# 4,_ S i S -
Fig. 2. The hill-shade images of the study areas (1-4) inside crater Shoemaker. White
rectangular in part 2 shows position of Fig. 3.

Fig. 3. a) White arrows show rock boulders and their clusters within selected part of
study area 2; black arrows show boulder-like artefacts; b) Numbers in lower part of
the figure are sizes of rock boulders in meters.

In areas 1 and 2 inside craters and more rarely in intercrater space are seen
rock boulders of 10-15 m (= 2—3 pixels that is limit of identification) to ~40 m
across (Fig. 3). In areas 3 and 4 the boulders are not reliably seen, probably
because of bad quality of the images. Preferrable association of rock boul-
ders with small craters (inside and on crater rims) was found for equatorial
areas of the Moon long time ago [e.g., 9] and observations of Lunar Recon-
naissance Orbiter confirmed that this is the globe-wide characteristics [10].
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SURFACE MORPHOLOGY IN THE SUNLIT AREAS:
Figure 4 shows the 5 m/px hill-shade images of relatively small areas in the
Lunokhod-2 working region (a) and Apollo-16 landing site (b).

Itis seen in Fig. 4 that both in the Lunokhod-2 region (age is 3.2*_’8:83 Ga) and
in Apollo-16 site (~3.85 Ga) the surface is pitted by craters with diameters up
to a few hundred of meters. In the image of the Lunokhod-2 region are seen
the 10-20 m boulders associated with craters. In the image of the Apollo-16
site, boulders are seen only inside one looking fresh crater with diameter
~200 m. In association with presenting there several craters with diameter of
several hundred meters no boulders are seen. This difference may be due to
the higher mechanical strength of mare basalts comparing to that of highland
fragmental breccias as it was described by [11].

Fig. 4. Hill-shade images of selected 3x2 km areas in the Lunokhod-2 working re-
gion (a) and Apollo-16 site (b). Arrows show rock boulders.

DISCUSSION AND CONCLUSIONS:

The above consideration showed that surface morphology in permanently
shadowed region (PSR) inside crater Shoemaker is generally similar to the
morphologies of the sunlit areas exemplified by the Lunokhod-2 work region
and Apollo-16 site: There is present population of craters up to several hun-
dred meters in diameter, on the Shoemaker inner slopes the abundance of
these craters is significantly lower than on sub-horizontal areas of the Shoe-
maker floor, on the Shoemaker floor inside some craters and more rarely
in inter-crater space are seen rock boulders of 10-15 m to ~40 m across.
The boulder abundance on the Shoemaker floor is closer to that of Lunok-
hod-2 region than to Apollo-16 site that is probably because the mechanical
strength of the Shoemaker floor bedrock is closer to that of mare basalts
than to the highland fragmental breccias. So, the permanent shadowing and
presence of ices in the regolith did not significantly influence the surface
geological processes comparing to the areas of the Moon with “normal” so-
lar illumination. This agrees with absence of correlation between the water
equivalent of hydrogen and the decameter-scale surface roughness found
by [12] and with observations in small PSRs by [13].

ACKNOWLEDGEMENTS:

A.T. Basilevsky was supported by the Russian Science Foundation grant no. 21-17-
00035: Estimates of the rate of exogenous resurfacing on the Moon, and Yuan Li was
supported by the grant with no. 20KJD160001 from JiangSu education department.

REFERENCES:

[1] https://en.wikipedia.org/wiki/Permanently_shadowed_crater.

[2] Colaprete A. et al. // Science. 2010. V. 330. P. 463-468.

[3] https://www.lpi.usra.edu/lunar/lunar-south-pole-atlas/.

[4] http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/
shoemaker-eugene.pdf.

[5] http://pds-geosciences.wustl.edu/Iro/Iro-I-lola-3-rdr-v1/Irolol_1xxx/browse/
lola_gdr/.

[6] Tye A.R.etal.//Icarus. V. 255. P. 70-77.

[7] Basilevsky AT, Popovich V.D. // Izvestia AN SSSR. Ser. Geol. 1976. No 4. P. 56-60
(in Russian).

[8] Basilevsky A.T. et al. // Solar System Research. 2020. V. 54. No. 5. P. 361-371.

90



13MS3-MN-08
ORAL

[9] Florensky C.P. et al. // Modern concepts on the Moon. M.: Nauka, 1972. P. 21-45
(in Russian).

[10] Vanga S. et al. // Geophys. Res. Lett. 2022. V. 49. Art. No. e2021GL096710.

[11] Li Yuan et al. // Planet. and Space Science. 2018. V. 162. P. 52-61.

[12] Li Yuan et al. // The 12th Moscow Solar System Symp. Abstr. 16MS3-MN-PS-16.

[13] Bickel V.T. et al. // Nature Communications. 2021. V. 12. Art. No. 5607. https://
doi.org/10.1038/s41467-021-25882-z.



13MS3-MN-09
ORAL

SITE SELECTION PROBLEMS OF THE MOON
RESEARCH STATION

E.N. SIyutal, E.A. Grishakinal, 0.l Turchinskayal, 0.S. Tretyukhinal,

E.A. Feoktistova®

Y Vernadsky Institute of Geochemistry and Analytical Chemistry RAS,
Moscow Russia; slyuta@geokhi.ru
Sternberg Astronomical Institute Moscow State University, Moscow,
Russia

KEYWORDS:
Moon, Moon base, international lunar research station, ILRS, De Gerlache cra-
ter, Shackleton crater, Slater crater, Mount Malapert, DEM, lunar resources

INTRODUCTION:

The more important real-estates in the entire Solar system are locations on
the Moon, where there are the richest gas deposits, good landing sites and
eternal sunlight. These are places where humanity can start production off
the planet. These places are very rare and limited. The best location can for-
ever provide a strategic advantage in the exploration of the Moon and deep
space [1].

SITE SELECTION REQUIREMENTS:

Among the main requirements for the placement of lunar research base,
the following can be distinguished: location and size of the site, convenient
and safe terrain, maximum degree of illumination, periodic visibility of the
Earth, the ability to provide direct and constant radio communication with
the Earth, maximum comfortable temperature on the surface, availability of
rich deposits of water ice in the lunar sail, etc.

There are three sites in the South Polar Region that meet almost all of the
basic requirements for the placement of a permanent lunar research station,
a lunar range and a spaceport — site #1(C) on the rim of the De Gerlache
crater, site #2(B) on the rim of the Shackleton crater, and site #3(D) on the rim
of the Slater crater (Fig. 1).

Fig. 1. Image of the South Pole according to the data of the Kaguya spacecraft [2] (left)
and survey map of the South Pole (right): A — area with a high degree of illumination
on the edge of the Shackleton crater; C — site #1 on the rim of the De Gerlache crater;
B — site #2 on the rim of Shackleton crater; D — site #3 on the rim of Slater crater;
M — Mount Malapert.

SITE SELECTION METHODS:

Comparative analysis of digital elevation models with a resolution of about
1 m for the selected three sites (Fig. 2), the distribution of safe slopes based
on 5 m (Fig. 3), the degree of illumination (Fig. 4), the visibility of the Earth,
average winter and summer temperatures, the availability of gas deposits
showed that for the most optimal location for the lunar base is site #2(B).
Relatlvely flat terrain and a large area of the site, approxmately 10x12 km
in size and with a total area of more than 100 km?, are the most favorable
for placing all the necessary zones of the lunar base at a safe and convenient
distance from each other for constant maintenance and visits during one
working exit.
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Fig. 3. Distribution of slopes based on 5 m on sites #1, #2 and #3.

Fig. 4. Degree of illumination of sites #1, #2 and #3.

On the rim of the Shackleton crater at 7.5 km from energy zone #1 in the area with
the maximum degree of illumination in antiphase with energy zone #1, it is pro-
posed to place a backup energy zone #2 (Fig. 5). In a zone 10—15 km from the main
zone on a gentle slope facing the far side of the Moon, the Earth is never visible.
This zone is protected from radio interference from the Earth and is favorable for
the deployment of a network of radio astronomy antennas of any scale. On Mount
Malapert (M) at the meridian 2° E a repeater can be installed to provide direct and
permanent communication with the Earth, a scientific station can also be located
here for direct observation of the Earth and near-Earth space(Fig. 6).

Site #2(B) allows you to place at a safe distance from each other and for visiting with-
in one working exit from the main zone a research zone, energy zones #1 and #2, a
landing site, a raw material zone, recycling zones #1 and #2 (Fig. 5). The raw material
zone is intended for extraction and enrichment of volatile components (water ice).

Fig. 5. Scheme of approximate placement of lunar infrastructure zones (left) and com-
munication routes with slopes up to 5° on a base of 5 m between them at site #2:
blue — main zone, yellow — energy zones #1 and #2, black — landing site, red — re-
search zone, green — raw material zone.
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Fig. 6. Digital elevation model with a resolution of 10 m according to LOLA LRO data
on the top of Mount Malapert (left) and slope distribution (right). The square size is
500x500 m.

SUMMARY:

The scenario of the lunar program and logistics, the delivery of the necessary
equipment and the amount of work on the surface, the constant provision of
energy and local resources, etc. will largely depend on the choice of the op-
timal site for the lunar base, including its location and size, comfortable and
safe terrain, maximum degree of illumination etc. Such a site will significantly
reduce the cost of servicing the lunar base in the future and, in fact, will for-
ever provide a strategic advantage over other less convenient sites.
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INTRODUCTION:

The Fecunditatis basin represents a broad topographic depression partly
filled by mare basalts. Although these features are typical of impact basins on
the nearside, the other characteristics of lunar basins such as multiple rings
and a pronounced topographic profile are absent. Although the basin has
muted morphological and topographical signatures that provide weak evi-
dence for its presence [1, 2], the topographic variations and crustal thickness
in this region suggest that the Fecunditatis basin exists and may be among
the oldest impact structures on the Moon [3-8].

Analyses of materials delivered to Earth by the Luna-16 sample return mis-
sion revealed a variety of absolute radiometric ages that appear to cluster
around an ~3.4 Ga value [9-13], whereas crater size-frequency distribution
measurements (CSFD) reveal a wider spectrum of absolute model ages in the
Fecunditatis basin [14]. In this paper, we present our estimates of the AMAs
that are related to both basin and to Mare Fecunditatis.

METHOD:

In order to estimate the AMAs of the major features and units in the region
of the Luna-16 Ianding site we performed CSFD measurements in four key
areas: 1) The region within the inferred inner r|ng2[6] of the Fecunditatis ba-
sin that includes both the highlands (16,0002 km?) and mare (220,000 km?)
domains. In an attempt to estimate the AMA of the basin, we conducted
CSFD measurements in these domains separately. In the mare domain, some
craters are overlain by mare materials but their presence is marked by spe-
cific landforms, for example, circular wrinkle ridges. These (ghost) craters
have been |nc|uded into the population of the mare craters. 2) An area (4x4°,
~13,000 km?), which is centered at the Luna-16 landing point. 3) An irregu-
lar-shaped area (~9600 km?) that has the most uniform distribution of FeO
and TiO, determined from the Clementine data [15]. 4) The floor of crater
Langrenus (~2,000 km?) whose rays and secondary craters overlay the east-
ern portion of Mare Fecunditatis.

RESULTS AND DISCUSSION:

DOMAINS WITHIN THE INNER RING OF THE FECUNDITATIS BASIN.

The CSFD (diameter range 15—40 km) of the highland domain within the in-
ner ring of the basin falls onto the lunar equilibrium curve and does not pro-
vide information for the AMA determinations.

Craters larger than ~40 km diameter deviate slightly from the equilibrium
curve and their SFD suggests the AMA of ~4. 10f8 83 Ga. The highland do-

main predominantly represents a portion of the rim and ejecta of the Crisium
basin and the 4.10 Ga age likely reflects time of the Crisium basin formation;
this age practically coincides with the earlier estimates of the Crisium for-

mation, ~4.07°3%¢ Ga [2]. The age of the Nectaris basin was estimated as

~4,1770912 Ga [2]. Since the ejecta of the Crisium and Nectaris basins partly

overlie the topographic depression of the Fecunditatis basin, it must be older
than ~4.17 Ga and thus may represent one of the oldest lunar basins.
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The entire measured CSFD in the mare domain cannot be fit by a single
isochron and only the distribution of the craters >15 km is poorly fit by an

isochron of ~3.93700% Ga. Because the population of craters within the

mare domain includes those that predate the mare emplacement, this es-
timate should reflect the age of the pre-mare surfaces. In this case, an at
least ~170 m.y. (up to ~240 m.y.) difference exists between the ages of the
exposed (highlands domain) and hidden (mare domain) portions of the pre-
mare surfaces. Such an age discrepancy requires either a single resurfacing
event or a series of such events that were sufficiently extensive to partly
erase the pre-mare crater population.

MARE FECUNDITATIS.
The CSFD curve for the area around the landing site shows a single AMA of
3.35"092 Ga for craters in a diameter range from 0.6-2 km. To a large extent,

this area corresponds to spectral units F7 and F8 [14], which have AMA esti-
mates of ~3.36 and ~3.59 Ga, respectively.

In the area with the uniform concentrations of FeO and Tio,, the entire

size-frequency distribution of craters consists of two parts. The distribution

of craters >3 km corresponds to an AMA of 3.8070%7 Ga. This value is sig-

nificantly smaller than the AMA of the pre-mare surfaces within the mare
domain but is based on four craters only, has large error bars, and does not
represent a robust age estimate.

The second part of the distribution for craters in a diameter range from 0.6—
2 km is approximated by an isochron of 3.37+0.01 Ga. This value practically
coincides with the AMA in the area around the landing site. Thus, counts in
these neighboring areas are consistent with each other and we believe that a
value of about 3.4 Ga is a good estimate of the age of a specific stage of the
emplacement of the mare basalts in the landing site region.

LANGRENUS FLOOR.
The crater size-frequency distribution in a diameter range 0.4-1.5 km on

the floor of crater Langrenus is close to the AMAs determined in the ar-

eas near the landing site, 3.4470% Ga. It is, however, noticeable larger,

which appears as a violation of the documented stratigraphy. This apparent
AMA/stratigraphy paradox can be explained by invoking multiple phases
of volcanism in Mare Fecunditatis that both predate and postdate the Lan-
grenus impact event. The size-frequency distribution of craters in the re-
gion near the landing site may reflect the younger volcanic phases, whereas
the mare surfaces in the eastern portion of the mare that are clearly old-
er than rays/secondaries from Langrenus, is likely to represent the earlier
phases of volcanic activity.
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The Chinese Chang’E-4 mission successfully landed at the bottom of the
Von Karman crater on the far side of the Moon on January 13, 2019. Its rover
Yutu-2 has been working healthily and stably for more than three years, and
has obtained a large amount of scientific data from the landing area. A sur-
face penetrating radar is carried by the Yutu-2 rover, and its main scientific
goal is to detect the subsurface structure of the lunar regolith. In this paper,
we will present our latest results obtained by Yutu-2 radar data, including
the stratigraphy structure of the subsurface materials, the thickness of the
lunar regolith and its dielectric properties inversion, the buried crater struc-
ture within the subsurface materials, and the radar observation of the lunar
regolith heterogeneity around the Chang’E-4 landing site.
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INTRODUCTION:

In the early stages of the Moon’s development, its growing lithosphere expe-
rienced complex time-varying temperature and gravitational stress. Despite
the subsequent intense impact shock transformation of the surface, during
the gravimetric survey of the GRAIL space mission, the presence of relic deep
faults was detected. The analysis of linear gravitational anomalies makes it
possible to estimate the final deformation of the outer rigid layer of the plan-
et due to the excess of temperature stress over gravitational compression.
The obtained dependences of the time interval of the lithosphere expansion
on a number of dimensionless thermal conductivity parameters allow us to
refine existing models of the thermal and geochemical evolution of the early
Moon.

LUNAR CRUST EVOLUTION:

The formation of the lunar crust and mantle was accompanied by the oc-
currence of temperature and gravitational stress in the lithosphere of the
early Moon, which is associated with the features of its gravitational field,
including the presence of relic faults and gravitational anomalies (mascons).
The GRAIL space mission to study the external gravitational field of the Moon
using mutual sensing of the motion of two satellites in low orbit has signifi-
cantly improved the understanding of hidden subsurface geological struc-
tures [1]. Previous studies were limited to large-scale low-resolution photog-
raphy, in which only significant objects were visible in the signal, However,
this allowed us to draw a number of conclusions about the internal structure
of the Moon (a small core, a relict tidal protrusion) and to detect gravitational
anomalies (mascons) under the main lunar mare [2]. GRAIL made it possible
to bring the expansion of the gravitational field by spherical harmonics up to
420 orders (GLA 0420A model), which corresponds to a spatial resolution of
~13 km on the surface of the planet [3]. This made it possible to study the
early evolution of the Moon, since impact craters erased most of the geolog-
ical record of the first ~700 million years of lunar history. At the same time,
it was the pre-Nectarian and Nectarian periods that covered the critical time
interval between the solidification of the lunar magma ocean and the end of
the formation of large impact basins ~3.8 billion years ago.

The resulting distribution map of the horizontal gradient of the Bouge poten-
tial displays a rich set of short-wave structures in the lunar crust. A number of
elongated linear gravitational anomalies (LGA) are noticeable, characterized
by negative gradients that clearly stand out above the background variability.
Four large LGA have a length of more than 500 km, an estimate of 22 of the
most distinct LGA gives a total length of 5,300 km and another 44 possible
anomalies have a total length of 8,160 km]. Such surprisingly linear struc-
tures in terrestrial geological systems are usually associated with faults or
dikes. If we consider the averaged profile of the gravitational Bouge potential
perpendicular to the LGA, we can show that they are associated with nar-
row positive gravitational anomalies. This indicates a subsurface structure
of increased density, i.e. these objects are magmatic intrusions. The Bouge
anomalies above a typical LGA have a bell-shaped shape with an amplitude
of 90-100 mGal and a half-width of 40-50 km. The solution of the inverse
problem for a model of a flat intrusion with a density contrast Ap = 550 kg/m?
gives a width of 7-8 km, a depth of the tip of 13 km and a depth of the sole
of 86 km or to contrast the density Ai = 800 kg/m?, the width will be 5-6 km
with the same vertical length and location.
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It is known from terrestrial geology that flat magmatic intrusions are formed
perpendicular to the direction of the tensile main stress, which leads to the
formation of vertical dikes in the horizontal field of tensile stress and folds
in the horizontal field of compression stress. Although local stress during
the bending of the lithosphere can change the orientation of intrusions, in
general, the LGA are evenly distributed throughout the Moon and do not
show a clear preferred orientation or connection with the mare. This pat-
tern indicates an isotropic horizontal expansion that can be expected as a
result of global expansion. At the same time, for most of its history, the lunar
lithosphere was in a state of compression as a result of internal cooling and
tidal effects of the Earth [4]. During the assumed intrusive activity, the lith-
osphere of the early Moon should have been in a state of global horizontal
stretching and, taking the total length of the LGA at 5,300 km, and the typical
width of 5-10 km, the increase in the radius of the Moon can be estimated
as 0.6-1.2 km.

ANALYTICAL MODEL:

To calculate elastic deformations of the Moon’s lithosphere under the influ-
ence of external loads, a well-developed technique using gravitational (tidal,
centrifugal, etc.) potential can be applied. The resulting force F in the volume
of the body is determined using the gradient of the full potential:

F = pg-grad[V(r)], V(r) = Vg(r) +V, (r) + V(r), (1)
where p, is the average density, V_is the gravitational, V  is the
centrifugal and V, is the tidal potentials. For a solid ball of radius R,
in the case of spherical symmetry of all loads, the deformation vector
u has only a radial component u(r) and the strain tensors, e, and
stresses, 0;, have radial and tangential components. The equilibrium
conditions of a substance in the volume of an isotropic body under the
action of a resultant force have the form

pAu + (A + p)-grad(div u) =—F, u = E/2(1 + v);

A=VE/(1+V)(1-vV), (2)
where Y, A are the elastic Lame constants, v is the Poisson’s ratio, and E is the
Young’s modulus for the substance of the body. These limitations on the de-
formation field should be supplemented by boundary conditions of the load

on the surface. If the outer surface is free from external load, as is usually the
case for non-atmospheric planets and small bodies, then o, (R) =0 atr = R.

Suppose that the change in the initial temperature, T, by AT = T - T, did
not significantly affect the mechanical properties of t?‘ne lunar rocks. Then
the only consequence of heating will be the occurrence of additional defor-
mations caused by a comprehensive thermal expansion with a coefficient a.
These deformations are superimposed on elastic ones and should be taken
into account as causing temperature stress. In this case, the relation of strain
tensors e; and stresses o, can be expressed as follows

0;= 2H8,-j +Ae— (21 + 3A\)a-AT,

and expression (1) is generalized as

F = py-grad(V(r)) — (2p + 3\)a-grad(AT) (3)
Due to the linearity of the equilibrium equation (2), it is convenient to divide
the solution for the radial displacement u(r) using (3) into two parts: gravita-
tional, ug, — with gravity, g(r) = dVg/dr, and temperature, u,, — with a-AT(r)
E(1=v)/(1+v)-(1 - 2v)-d(1/r*d(ru)/dr)/dr = p-g(r)-r/R, (4a)
d’u, /dr* + 2/r-du, /dr—2u_ /r* = (1 + v)/(1 - v)ad-AT/dr (4b)
RESULTS AND DISCUSSION:

Figure below shows two examples of the temporal behavior of tangential
stress with depth in the lithosphere at different values of the dimensionless

thermal parameters, which we used earlier in assessing the behavior of tem-
perature.
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Fig. 1. It can be seen that the greater intensity of heat exchange with the cold envi-
ronment (right) contributes to a faster transition from expansion to compression in
the colder lithosphere.

The calculations of temperature stresses in the lithosphere of the early
Moon have shown the fundamental applicability of the simple thermal mod-
el used. Based on the exact solutions possible in the spherically symmetric
formulation of the thermal conductivity problem, the qualitatively correct
temporal behavior of temperature and stress con5|stent with lunar data is
obtained. For typical rock parameters: a = 10 deg™*, £ = 60 GPa, v = 0.2 and
T,—T.=100 °C, the maximum total tensile stress in the Ilthosphere of the
Moon ‘could reach 120 MPa. This is a large amount, quite sufficient for the
formation of cracks and fractures [5].
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INTRODUCTION:

The review discusses 1) the results of laboratory studies of the lunar regolith
within the framework of the Chinese mission Chang’E-5, 2) the estimation of
the water concentration in the bound state of lunar rocks, 3) the mystery of
the long-term generation of a powerful thermal budget of the Moon. In the
geological structure of the lunar surface, rocks of gabbro-anorthositic com-
position, marine basalts, and the places where the Non-KREEP-rock layer in-
termediate between the mantle and the crust come to the surface are of the
greatest importance. The joint presence of a wide range of valuable metals in
lunar rocks is an important quality that can contribute to an increase in the
value of raw materials due to their complexity. The discovery of hematite in
lunar rocks, the formation of which is associated with oxidation processes,
makes it possible to reconsider the views on the geochemistry and features
of the mineral formation under the conditions of the lunar airless surface
and during its bombardment by meteorites [1, 3, 5, 9]. For years, scientists
believed that the cold craters at the lunar poles contained water ice, which
would be a fundamental scientific boon and an important potential resource
for human missions. Hundreds of polar craters are in constant shadow due to
the slight tilt of the Moon’s axis of rotation to the plane of the ecliptic, 1.5°
compared to Earth’s 23.4°. The sun never rises over their edges, maintaining
temperatures down to —250 °C [1].

Map showing permanently shaded craters (blue) at the Moon’s south pole.
In some of the Moon’s polar craters, radar instruments on orbiting spacecraft
detected reflections of water ice, possibly brought by comets. In 2018, scien-
tists using an instrument aboard India’s Chandrayaan-1 spacecraft reported
measurements showing how polar ice molecules absorb infrared light, some
of the most compelling evidence yet [2—4].

WATER ICE AND MAGNETIC ANOMALIES OF THE MOON:
The water ice was isolated by the eternal shadow of the crater walls and re-
mained untouched by the sun’s rays for millions or more years. However, the
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discovery of water ice at the lunar poles has brought a new problem. While
these polar craters are protected from direct sunlight, they are not protect-
ed from the effects of the solar wind, waves of charged particles that blast
from the Sun at hundreds of kilometers per second. The ionized wind has a
high erosive activity and was supposed to quickly destroy the lunar ice. But
this did not happen, although the Moon does not have a permanent global
magnetic field in the last billions of years! How did the polar ice of the moon
survive? A new map of the Moon and the strange pockets of magnetic field
anomalies located there gives the answer. These strong magnetic anomalies,
first detected during the Apollo-15 and Apollo-16 missions in the 1970s, are
thought to be the remnants of the Moon’s ancient magnetic global shield
that disappeared billions of years ago. Some anomalies are now known to
be hundreds of kilometers across. Areas of magnetic anomalies on the Moon
intersect with several large lunar polar craters that are in permanent shadow
and may contain deposits of ancient ice. These magnetic anomalies could
serve as tiny magnetic shields that keep lunar water ice from constant bom-
bardment by the solar wind. Some anomalies are now known to be hundreds
of kilometers across. While their origin is debated, one theory is that they
were created over 4 billion years ago when the Moon had a magnetic field
and iron-rich asteroids crashed into its surface. The resulting molten material
could be permanently magnetized. It is believed that there are thousands of
anomalies on the surface of the Moon. Upcoming lunar missions may shed
light on dark icy deposits at the south pole of the Moon [Artemis missions
and others]. Studying the ice deposits in this region can reveal how they
formed and why they have been around for so long [2—-10].

CHANG’E-5 MISSION ON THE MOON:

In 2021, China’s Chang’E-5 mission retrieved and brought back to Earth soil
samples from the visible side of the Moon weighing 1731 g, which became the
first new lunar samples on Earth in more than 45 years. The Chang’E-5 mission
to collect lunar soil was crowned with a tremendous scientific and technical
success, and laboratory studies of the brought lunar samples shed new light
on the geological evolution of the Moon. Research conducted by the research
team of the Institute of Geology and Geophysics of the Chinese Academy of
Sciences (IGG CAS, Beijing, China) was presented in three articles in the most
prestigious scientific journal Nature in 2021 [6-8]. Chinese geologists have
studied lunar soil and dated the youngest lunar sample ever brought back to be
about 2 billion years old, pushing back the active period of lunar volcanism by
900 million years later than previously claimed in the theory of lunar evolution.
The youngest previously dated lunar rock from the missions of the American
Apollo program (1969-1972) and the Soviet lunar program: AMS “Luna-16”,
“Luna-20”, “Luna-24” (1970-1976) — was about 2.8-2.9 billion years old [1].
However, for the completeness of the sample, it was necessary to study the
age of the lunar soil in new geologically interesting regions (KREEP rocks), and
one of the tasks of the Chinese Chang’e-5 mission was to study the youngest
magmatic activity in the northern hemisphere of the Moon [7].

The lunar surface, riddled with craters, was formed under the influence of
bombardment by numerous asteroids and comets over billions of years. For
example, the Smith Sea is a special area that is one of the oldest marine
basins with relatively young marine basalts and a high density of fractured
crater floors [3]. Based on the numerical simulation of the radiative transfer
theory, we note important results: 1) the temperature of the substrate near
the Smith Sea is quite high and is provided with a special temperature struc-
ture; 2) there is an undiscovered deposit in the upper layer of regolith with a
strong thermal absorption capacity; 3) the results have a strong correlation
with the features of the interior, obtained from the data of the lunar radar
probe and ridges on the surface [3, 7, 8].

Using a microscope, Chinese colleagues manually isolated rock fragments
from 3-gram lunar capsules. Most of these dateable minerals are only
one-twentieth the thickness of a hair. In total, the Chinese team analyzed
47 different rock fragments recovered from material samples and dated the
youngest rock on the moon to 2.03 billion years old. A new era in the knowl-
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edge of the moon prolongs the life of lunar volcanism by 900 million years
longer than previously known!!! [6].

Another possible reason for the Moon’s volcanic activity at such a late age is
that the mantle source may have contained water to lower its melting point.
The water content of the Moon’s mantle is a key issue for lunar exploration,
as it provides critical constraints on the formation of the Moon. Because wa-
ter can significantly lower the melting point of rocks, understanding its con-
tent is important for understanding the history of lunar volcanism [1-3, 8].

WATER SATURATION OF THE LUNAR MANTLE:

The large discrepancy in estimates of the water saturation of the lunar man-
tle can be explained by the fact that the Apollo samples and lunar meteorites
in general are quite old. Most previous lunar samples with measured water
content date back to 3 billion years or earlier. Such old rocks could have un-
dergone serious changes over a long time under the influence of asteroids
and particles from the Sun. The samples recovered by Chang’e-5 were from a
single basalt lava flow. Thus, in such a simple and clear geological setting, the
samples provide an answer to the question of whether the mantle reservoir
was wet or dry 2 billion years ago. [8]

The research team analyzed the content of water and hydrogen isotopes in
melt pockets preserved in some minerals, as well as in the mineral apatite,
which may contain water from the Chang’E-5 basalts. The Chinese colleagues
used a nanoscale ion probe called nanoSIMS, a secondary ion mass spec-
trometer with ion beams up to 50 nm in diameter. The relative abundanc-

es of two hydrogen isotopes (deuterium [D] and hydrogen [H]) serve as a

“fingerprint” for tracking reservoirs of water and the magmatic processes in-

volved in them. The results indicated that the mantle source of the Chang’E-5

basalts was drier than the estimated water content based on Apollo samples
and lunar meteorites [6]. This excludes the possibility that the high content
of water in the mantle source was the reason for the long-term eruption of
lunar volcanoes and filling the heat budget of the Moon. The mystery of late

lunar volcanic activity has yet to be unraveled [1-4].
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ABSTRACT

Chandrayaan -2, the second Indian mission to the Moon was launched on
JuIy 20109. Though the soft-landing attempt could not be accomplished

as planned the mission life of Orbiter is extended to 7 years. The Orbiter

completed three years around the Moon at 100km and all the payloads are

operational. The suite of instruments on Chandrayaan-2 are providing a

wealth of data to address several important questions in lunar science.

The Imaging IR spectrometer on Chandrayaan-2 was specifically designed
to resolve the ambiguity in the signature of the 3-micron hydration feature
used to detect wide spread presence of water-ice, first reported by our
Chandrayaan-1 mission. Using the extended detection wavelength of upto
5 microns, IIRS observations showed the unambiguous detection of Lunar
hydration absorption feature around 3 um at all latitudes and surface types.
Characterisation of noble gas dynamics in the sunlit lunar exosphere is done
by the mass spectrometer by global mapping of Argon-40 that originate
from radioactive Potassium-40 from lunar interior. Dual frequency SAR is
providing full polarimetric measurements to image permanently shadowed
regions and to identify water-ice deposits in the polar regions. The X-ray
spectrometer on the Orbiter has mapped the abundance of sodium on the
Moon for the very first time. In addition, minor elements such as Chromi-
um and Manganese were detected due to high sensitivity of the instrument.
When the Moon enters the geotail once a month, enhancement in particle
environment is observed, further studies will be helpful for future human
missions to the Moon. The solar X-ray monitor has detected large number
of microflares occurring outside the Sun’s active region which may provide
clues to the coronal heating problem.

The scientific data are made available to public. Significant results from
Chandrayaan-2 payloads and their value addition to lunar scientific knowl-
edge will be discussed in this paper.
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INTRODUCTION:

One of the most ambitious and promising tasks of modern astronomy is
to study transient events and variables with wide-field time-domain sur-
veys. In particular, high-energy transients have relatively high temperatures
(>10000 K) at the earliest stage of the explosion/flare, and most of them have
strong UV radiation.

Sky background in UV is a few magnitudes darker than in optical, making it
possible to use a set of UV extra-wide small-aperture UV lenses in Space to
monitor the whole sky in UV with high cadence and without interruptions to
detect transients and variables. Such a UV survey will be significantly more
efficient than existing similar systems that operate on the ground in the op-
tical wavelength range.

We are motivated to study the prospect of deploying a network of wide-field,
small-aperture UV telescopes on the Moon by taking advantage of |ts unique
environment. The Moon-based multi-lens array with ~10,000 deg field of
view will make it possible to obtain the world’s first all-sky “movie” of tran-
sients/variables in UV with high time resolution on the order of ~10 min.

The expected signature discoveries are:

e Complete samples of nearby supernovae of all types (SNe la and core-col-
lapse supernovae) in UV. The high-cadence observations could detect
shock breakout emissions for core-collapse supernovae (i.e., UV radiations
within a few hours of the explosion), which can provide important obser-
vational clues on the unknown explosion mechanism for supernovae and
enable direct measurements of the sizes of progenitors and the circum-
stellar environment.

e A complete sample of tidal disruption events (TDEs) in the local Universe
to make a unique probe of dormant supermassive black holes (SMBHs)
in nearby galaxies. The high-cadence observations could capture the UV
emission at early rising stage, which is poorly explored yet crucial for un-
derstanding TDEs.

e QObtaining valuable early-time (~hr) UV information of the merger of neu-
tron star — neutron star and neutron star — black hole, constraining the
physical models.

e Potentially probing an uncharted parameter space of short and hot tran-
sients to discover hitherto unknown high-energy explosions in the Uni-
verse.

THE MOON-BASED TELESCOPE:

The first Chinese Moon-based telescope LUT (Chang’E 3 mission) demonstrat-
ed its efficiency in the near-UV wavelength range. In 2021 China and Russia
signed an agreement to build a future International Lunar Research Station,
which provides new exciting opportunities for Moon-based astronomy.
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Recent progress in UV technologies makes it possible to design a small tele-
scope to operate in 200—300 nm range with efficiency (system throughput)
close to the optical wavelength. A combination of optical lenses made of dif-
ferent UV-transparent materials (fused silica, CaF,, BaF,, LiFZ), modern detec-
tors with enhanced UV sensitivity and UV filters with good red leak suppres-
sion allow us to significantly improve the efficiency of a small aperture wide
field UV telescope.
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Fig. 1. Conceptual view of UV multi-lens array on Moon-lander (left), draft optical
scheme of a single 160 mm aperture wide field UV telescope (right)

As a baseline for the Moon-based UV telescope, we have developed an opti-
cal scheme of a wide field of view reflector with a full aperture lens corrector
(Fig. 1, right). The lens materials are fused silica, CaF, and BaF,. The telescope
aperture is 160 mm (central obstruction 50 %), F-Number is 1:1, wavelength
range is 180—280 nm, image quality (D80) is 25-50 um, field of view on the
detector is 67 deg.” (rectangular, 22.5x22.5 mm) and pixel scale is 14 arcsec
on 11 pum pixel.

The main benefit of the proposed reflector design in comparison to full re-
fractive designs is the length of the system. The main disadvantage — high
central obstruction. Without serious optimization the achievable angular res-
olution of the system in the central partis 25 um. There is no space for a filter
wheel, if needed the filter should be deposited on the detector. Accurate
focusing of the telescope can be carried out by controlled heating of some
structural elements.

We propose to use the well proven CMOS GSENSE400BSI sensor, which
has a radiation tolerant design and electronic shutter. The sensor format is
2048x2048 pixels of 11 um size, temporal noise is 1.47 e RMS and quantum
efficiency is ~40 % in 180-280 nm range (no AR coating).

To cover the whole visible sky from the ILRS we need about 100-200 of such
telescopes. We can use a dedicated Moon-lander to accommodate up to 100
telescopes (Fig. 1, left) or we can distribute telescopes across different landers.

Potentially a single-lens prototype of the proposed multi-lens array can be
installed on upcoming LUNA or Chang’E missions.
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The Lunar-based UV-Optical-IR telescope for the International Lunar Research
Station (ILRS) is a science-driven payload driven by our collaborative research
groups from Russia and China. Due to the advantages of the lunar-based en-
vironment, we have the opportunity to perform multi-wavelength observa-
tions with an ultra-wide wavelength coverage, especially from extreme ultra-
violet (EUV) to infrared (IR).

The science of this telescope focuses on:
1) Finishing a complete UV catalog and studying the evolution of galaxies;

2) Exploring high-energy transients and variable events (supernovae, tidal
disruption events, etc.) in the local universe;

3) Discovering new terrestrial exoplanets in the habitable zones;

4) Investigating the habitability of exoplanets based on space weather phe-
nomena and the influence of small bodies in planetary systems.

e Detecting stellar coronal mass ejections to enrich our understanding of
stellar coronal activities and their impacts on the exoplanet habitabili-
ty (i.e., the space weather phenomenon effects on exoplanets);

e Discovering NEOs in the direction of the sun to support planetary de-
fense;

5) Studying small solar system bodies (comets, asteroids, etc.), including re-
gions close to the Sun.

These scientific drivers and some new considerations about payload require-
ments over the past year will be introduced in this talk, as its concept has
been described in our previous talk and paper [1, 2].
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INTRODUCTION:

One of the complicating factors of the future robotic and human lunar land-
ing missions is the influence of the dust. The upper insulating regolith layer
is electrically charged by the solar ultraviolet radiation and the flow of solar
wind particles. Therefore, electric charge and thus surface potential depend
on the lunar local time, latitude and the electrical properties of the regolith.

These years we can see arising interest of the Moon investigation. Number of
governments, space agencies and collaborations declared their intentions to
build manned orbit stations or surface bases in next decades.

DUST MONITORING INSTRUMENT:

Dust analyzer instrument PmL intends for investigation the dynamics of dusty
plasma near lunar surface. PmL consists of three parts: Impact Sensor and
two Electric Field Sensors.

IMPACT SENSOR:
Impact sensor purpose is to investigate the dynamics of dust particles near
the lunar surface (speed, charge, mass, vectors of a fluxes).

Possible detectable events may occur with:

a) high speed micrometeorites;

b) secondary particles after micrometeorites soil bombardment;
c) levitating dust particles due to electrostatic fields.

PmL instrument will measure dust particle mechanical momentum. Also
Impact Sensor will measure the electrical charges of dust particles. In case
the charge and impulse of a dust particle are measured with properly time-
stamps of events, we can calculate the velocity and mass of the particles.

Electric Field Sensor:

Electric field Sensor will measure the value and dynamics of the electric fields
near the lunar surface. The measurement technique is based on classic Lang-
muir probe plasma investigation method. Two Electric Field Sensors allow to
measure the concentration and temperature of charged particles (electrons,
ions, dust particles). Using Langmuir probes near the surface through the
lunar day and night, we can obtain the energy spectra photoelectrons in var-
ious periods of time.

VERSION 2.0:

For the following missions a lot of the PmL instrument improvements pro-
posed. One of the most important is to develop a mechanical Boom to deliver
dust and plasma sensors as far as 1 m from the spacecraft body as well as
to locate the dust sensors near the lunar surface and plasma sensors at the
different levels above the surface.
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Report presents the results of studying the properties of lunar regolith in
relation to its possible use in situ to create objects of complex geometry us-
ing selective laser melting (SLM) technology as the most promising additive
technology for this purpose.

Today, there is already a large number of laboratory studies on the melting/
sintering of lunar regolith for 3D printing in various ways. From 1973 to 2022,
about fifty papers were published, and twelve of them on the application of
SLM [1]. The main subject under study is the most important properties of the
lunar regolith simulants which should be used for such laboratory studies.

The samples of lunar regolith have been investigated quite well, and it has
been established that there are no direct analogues for them on Earth [2].
Therefore, different simulants were created for the laboratory studies, which
simulate well selected parameters that are important for a specific laborato-
ry study. This report discusses the most significant characteristics of the lunar
regolith simulant in connection with the use of SLM technology. It is shown
that the maximum compliance in the thermal parameters is the most import-
ant one, together with size distribution of particles.

Technological issues of SLM are also discussed. The search for a range of
parameters of the melting mode for the particular simulant (such as laser
power, scanning speed, scanning step, layer thickness, etc.) is shown to be
necessary to obtain outprinted solid samples with acceptable mechanical
properties and with the initially specified geometry. The report presents the
first results of performed tests with the lunar regolith simulant [3], which
allowed to determine the optimal laser power and scanning speed for 3D
printing process on the used industrial printer.
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INTRODUCTION:

One of the methods that are used to study the abundance of elements in the
areas of landing on the Moon or other celestial body with a thin or no atmo-
sphere is gamma ray spectrometry. As an evolution of this method, a prom-
ising space gamma spectrometer instrument with tagged charged particles is
proposed. The telescope of GCR charged particles makes it possible to select
GCR particles in a selected solid angle, i.e., particles penetrating into a se-
lected volume of soil. Using the time correlation of the signals from the GCR
charged particle counter telescope and the gamma ray spectrometer, it is
possible to select gamma coming to the spectrometer only from selected vol-
ume. The proposed method makes it possible to almost completely eliminate
the background of gamma radiation from the spacecraft, and significantly
increase the spatial resolution when studying the elemental composition of
soil along the path of the mobile spacecraft. It should be noted that the pro-
posed method works well for measuring gamma from reactions of inelastic
scattering of secondary fast neutrons, since the time before photon regis-
tration is several tens of nanoseconds. A description of the measurement
method and the possibility of its application will be presented.
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INTRODUCTION:

Luna-25 is the first Russian lunar mission with lunar manipulator complex
(LMC), developed at the Space Research Institute, Moscow, Russia. The ma-
nipulator/robotic arm was designed to take samples of lunar regolith and
deliver it for the determination of the elemental composition to the laser
mass spectrometer LASMA-LR accommodated onboard Luna-25 [1-3], see
also Fig. 1.

The LMC has four drives which allow to take soil in a working area on the
surface around lander from a given depth (down to 25 cm). The scoop at
the end of the manipulator’s arm digs a trench and sample acquisition tube
collects a regolith sample.

Fig. 1. The LMC installed onboard Fig. 2. The delivery of soil sample to the inlet
on Luna-25 mockup. window of laser spectrometer LASMA-LR during
ground tests.

In our overview we present the design of the LMC and result of its ground
tests. LMC has passed a comprehensive program of functional tests in
room and lunar like conditions. As a part of this program LMC was tested at
cryo-vacuum chamber imitating lunar like conditions. It was verified how the
robotic arm could excavate the analog of lunar regolith mixed with different
concentrations of water and frozen to the cryogenic temperatures (-100° C).
It was shown that LMC is capable of excavating trenches and collecting sam-
ples in the ice rich analog of the lunar regolith homogeneously mixed with
1.5 wt% of water ice.

Another series of complex tests was carried out with the participation of
the entire suite of all science instruments, including LMC. During the tests,
the operation sequence (for one lunar day) of all scientific instruments was
checked. It covers joint activities of LMC with IR spectrometer and stereo
cameras LIS-TV-RPM installed on LMC and stereo cameras STS-L installed in
the upper part of the lander. Stereo cameras observe the LMC working area
in front of the lander and can navigate LMC to the desired area of soil sam-
pling. Stereo cameras also can control and navigate LMC during the delivery
of sample to the LASMA-LR inlet sample window (Fig. 2). The joint work of
LMC, STS-L and LIS-TV-RPM allows to point an infrared spectrometer to study
soil tails excavated during sample acquisition event. This work supports the
mineralogical analysis of the lunar soil and search for subsurface water ice.
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ABSTRACT

Indian Lunar exploration program started in early 2000’s and the efforts
culminated in the launch of Chandrayaan-1 in 2008. The mission had an
orbiter to map the surface topography of the moon, the mineral and ele-
mental distribution, study volatiles and search for surface and sub-surface
water-ice signatures. Using remote sensing, the orbiter discovered the wide
spread presence of hydroxyl and water molecules on the lunar surface, from
a 100km orbit. The spacecraft also released the Moon Impact Probe, which
landed on the lunar South Pole and detected water vapour in the sunlit lunar
exosphere. International payloads in Chandrayaan-1 brought in new expe-
riences through joint instrument development, calibration, data interpreta-
tion, adopting global standards in science data formats etc.

This mission was followed in 2019 by Chandrayaan-2, which consisted of Or-
biter, Lander and Rover. Though the landing attempt was not successful, the
Orbiter is expected to have a long life of ~7 years. The unambiguous detec-
tion of water-ice signature from the IR spectrometer, is an indication of its
capability to advance lunar science.

To demonstrate landing and roving on the lunar surface, Chandrayaan-3 mis-
sion is getting ready for launch. The science instruments will carry out in-situ
studies to derive the elemental composition at the vicinity of landing site.
ISRO and Japan Aerospace Exploration Agency are conducting a feasibility
study for a joint lunar polar exploration mission (tentatively, LUPEX) to char-
acterize the volatiles and its composition in the lunar polar region. Both ISRO
and JAXA have payloads on Rover to perform in-situ sample analysis.

The science outcome from Indian lunar missions provided new perspectives
about the Moon. An overview of these missions and their science outcome
will be presented in this paper.
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INTRODUCTION:

In March 2021, a memorandum was signed between Russia and China on the
establishment of the International Lunar Research Station (ILRS). On June 16,
at the international conference GLEX-21 in St. Petersburg, the space agencies
of the two countries presented a “road map”, revealing the stages of con-
struction of the ILRS:

e 2021-2025 — Moon exploration, design and selection of a construction
site, testing of a highly accurate landing on the Moon;

e 2025-2035 — construction of ILRS.

Among the six key areas of scientific and technical research in the roadmap
is “Lunar Intelligent Robotics”. The report discusses possible concepts for the
creation and operation of ILRS robotic systems based on universal intelligent
mobile platforms (IMPs). They are necessary to carry out road, transport and
installation work at the stage of creating the ILRS near the South Pole of the
Moon, for example Fig. 1, on the top of Malapert Mons (84.9° S, 12.9° E,
h =5 km), which is known because of permanent visibility of Earth from its
top [1]. This may be convenient for organization of scientific research on the
far side of the Moon during the operation of the ILRS.

P
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Fig. 1. a) Location of Mons Malapert at the 60-90° S LROC WAC map of the Moon;
b) Topographic map of Mons Malapert based on the LOLA-based DTM LDEM80S20M_
al with calculated values of slope steepness shown as well as the suggested positions
of the base and landing/liftoff area

ABOUT THE CONCEPT OF MOBILE ROBOTS FOR ILRS:

1. DOMESTIC HISTORY OF THE PROBLEM.

In general terms, the concept and design appearance of the lunar base, on
behalf of S.P. Korolev, were developed at the State Union Design Bureau of
Special Machine Building (GSKB Spetsmash) under the direction of V.P. Barm-
in back in the 60s—70s of the last century. In particular, the concept of “lunar
trains” proposed at that time, including “a tractor, a residential trailer, a pow-
er plant and a drilling station” [2], is relevant. In modern terminology, these
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are mobile lunar robotic complexes (LRC) of variable structure. However, in
our opinion, all the structural links of such a complex can be implemented on
the basis of a universal intelligent mobile platform (IMP), capable of some
independent actions and adapted to the organization of movement as part of
a train as tractors. This approach makes it possible to obtain the highest trac-
tion and dynamic parameters of movement on unprepared terrain with com-
plex geomorphology. After careful testing of prototypes, the manufacture of
such IMPs can be put on the assembly line. This is an important economic
factor, since the creation and operation of IRLS will require the organization
of a certain fleet of mobile robotics.

2. JUSTIFICATION OF THE KEY PARAMETERS OF THE INTELLIGENT
MOBILE PLATFORMS.

For work as part of a train, the authors consider the wheel formula IMP 4x4x4
to be the most appropriate, where the first digit is total number of wheels,
and the next digits are the number of driven wheels and steering wheels.
Such a formula makes it possible to solve all problems with the individual ap-
plication of the IMP. The main difference between the IMP and the self-pro-
pelled chassis of Soviet and Chinese lunar rovers is the presence of bow and
stern automatic docking devices designed to quickly change the structure of
lunar trains and individual operation of individual platforms. Docking devices
must ensure the freedom of rotation of each IMP about three axes (Fig. 2).
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Fig. 2. A diagram of a complex of two IMPs. 1, 2 — intelligent mobile platforms; 3 —
coupling automatic device; 4 — navigation cameras

The second difference is a higher level of robotization and intelligence. When
used individually IMPs should provide capability of piloted control, remote and
autonomous control, including docking and undocking operations in a given
order. When working in conjunction, each IMP must provide maximum tra-
versability and minimum energy costs for the movement along a given route.
Focusing on the ISS modules, for the calculation of the geometrical parameters
of the IMP, the authors consider the scenario of transporting a cylindrical car-
go with a diameter of 4 m, a length of 8 m and mass of 18 t on the surface of
the Moon, which corresponds to a fully assembled residential or laboratory ISS
module. To move such a module from the landing site to the construction site
of the ILRS, a two-link complex is sufficient, with a diameter of the IMP wheels
of about a meter. However, in this case, the bearing capacity of the lunar rego-
lith should be increased (relative to natural occurrence) by about 2 times, up to
46 kPa [3]. The radius of the wheels can be determined by the formula:

N
r= :
\/kq-sin(Zarcsin(f))

N — wheel load; g — soil bearing capacity; f — coefficient of wheel rolling
resistance; k = b/r — ratio of wheel width b to its radius r.
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This means that the necessary road construction work must be completed on
the Lunar Spaceport — ILRS route, including leveling, filling holes, soil com-
paction by static and vibration methods. Relevant working tools - bulldozer
blades, ladles, rollers, etc. should be present on a IMP. As other autonomous
attachments, one can name pressurized astronaut cabins, power plants of
various types, drilling rigs, technological modules for the production of life
support components, etc. Assuming the route from landing area to ILRS
with slope steepness as seen in Fig. 1, and setting the freight traffic speed
of 0.4 km/h, it is possible to calculate the required power of the IMP wheel
traction motor —about 340° W. The required energy consumption of all IMP 4
traction drives will be approximately 1.7 kWh per 1 km. In an empty run, the
complex of two IMPs can move at speed up to 2.0 km/h, thanks to the gear-
boxes built into the traction drives. The report also considers the option of
creating IMP multilink lunar trains intended for long-range cruise (hundreds
of kilometers), including manned expeditions. They will have speeds up to
5 km/h on calm terrain with elevation angles up to 5-10°. Thanks to the abil-
ity to control traction, the trains will be able to overcome slopes of at least
20° at a speed of 1.0 km/h. In order to maximize unification and reduce man-
ufacturing costs, both versions of IMP will have the same design parameters:
L (base) = B (track) = 3140 mm, r (wheel radius) = 550 mm. Such dimensions
make it possible to inscribe the IMP in the transport position in the diameter
of the launch vehicle fairing equal to 5 m. Approximately the same diameter
of the head fairing is required to deliver the ILRS modules to the Moon.

3. LAYING A ROUTE AND ORGANIZING AN AUTOMATIC BRANCH OF THE
ILRS ON THE FAR SIDE OF THE MOON.

Chinese specialists are successfully using the information channel they creat-
ed “Earth— the far side of the Moon” with the help of the Quegiao relay sat-
ellite to transmit information from Chene-4, which landed on January 3, 2019
in crater Fon Karman. This channel is used to control Yutu-2 too, which was
the first in the world to make a track on the far side of the Moon. However, to
transmit information from telescopes that astronomers dream of placing on
the far side of the Moon, in the shadow of ground-based radio interference,
the transmission speed of such channels may not be enough. The report dis-
cusses the option of delivering a lunar telescope to the far side of the Moon
from ILRS by a special expedition. The routes for such expeditions along a
surface constantly illuminated by the Sun with elevation angles of no more
than 15° have been found. During the expedition, an optical or relay com-
munication line can be laid, which, in combination with the ILRS-Earth com-
munication line, will significantly improve the reliability and quality of com-
munication with equipment on the far side of the Moon. In fact, it is about
creating a permanent branch of ILRS on the reverse side. A lunar train based
on several intelligent mobile platforms must travel about 200 km to reach the
vicinity of the Idelson L crater (D = 20 km), which is located on the far side
of the Moon. On this way, it will pass through the ejecta of the Haworth and
Shoemaker craters each ~50 km in diameter. These craters ejected material
of the rim of the largest (D ~ 2500 km)) and oldest impact basin on the Moon,
so observations and measurements along the way will be extremely valuable
for lunar science.
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INTRODUCTION:

The moon is the only natural satellite of the Earth, it provides human a unique
platform to deploy series of sensors so as to systematically observe the Earth
for a long time to ensure the temporal consistency and spatial continuity of
earth observation on the global scale. Lunar-based earth observation will pro-
vide a guarantee for the global scale multi-sphere integrated research, and
it is possible to provide brand-new answers to a series of key scientific prob-
lems that are coupled with each other in the global multi-sphere from the
perspective of earth system science. Constructing earth observation system
on the moon will comprehensively improve the ability of earth observation,
which is a revolution in the field of earth observation and will of great value
to the research of earth science, space science and sustainable development.

LUNAR-BASED EARTH OBSERVATION PLATFORM

AND THE ADVANTAGES:

The moon is the earth’s natural satellite. Different from the artificial plat-
forms such as the Space And aerospace Earth observation system, the lunar
Earth observation platform is the utilization of the moon’s natural satellite
by human beings, which has a more far-reaching significance. It represents
the prelude to the earth observation by using space natural resources after
human beings stepped out of the cradle of the Earth. The development of
lunar earth observation system is a cutting-edge innovation in the history of
space earth observation technology [1, 2]. Just as the father of space science,
Russian Tsiolkovsky said, “The earth is the cradle of mankind, but mankind
will not live in the cradle forever” The lunar-based earth observation sys-
tem is actually the intersection of the development of earth observation and
space activities.

The moon is the earth’s only natural satellite and the only planet that humans
can and have reached. The moon is a long-term stable platform compared
with the earth’s space observation history which is only several decades.
Compared with the current earth observing platforms, the Lunar based
Earth-observation platform has a longer observation distance of 380,000 km
and a much larger platform space of more than 1,730 km radius. For earth
science phenomena observation, lunar-based earth observation has the
following advantages: (1) the moon is always facing the earth with its front
due to tide locking, and an observation station on the moon only needs a
very small perspective angle (about 2°) to obtain the panoramic image of the
earth facing the moon. Moreover, for different zenith angles of the sun, the
lunar observatory has the ability to continuously change the viewing Angle,
so the lunar observatory can obtain multi-angle parameters consistent with
continuous time on the macroscopic scale. (2) Moon based synthetic aper-
ture radar can not only achieve high spatial resolution as spaceborne radar
but also reach thousands of kilometers swath. At the same time, very stable
long baselines can be formed between lunar SAR, which is a powerful means
to monitor the dynamic changes of the solid earth. As a natural celestial body
platform, the moon has stable geological structure, various sensors can be
placed to obtain the observation parameters and synchronous observe of the
earth sphere from the ionosphere to the surface and sub-surface under the
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same imaging conditions. (3) The life of lunar-based platforms is much longer
than that of man-made earth satellites, and they can provide long-term, pre-
cisely calibrated time series data, which will greatly benefit the study of earth
climate change. (4) The moon is the main source of the earth’s tidal forces
and an important factor shaping the earth’s surface environment. The lunar
base can provide a unique perspective to observe the Earth’s climate system
[3-5]. In conclusion, the deployment of sensors on the moon to carry out
earth observation has unique advantages, in general the advantages of lu-
nar-based earth observation can be summarized as the following four points,
“Thoroughly observation, Uniform sampling, Rich angle, Comprehensive cov-
erage”, which will comprehensively improve the ability of earth observation
and greatly promote the in-depth study of earth science, space science and
sustainable development issues.

Fig. 1. Global multi-sphere observation from the perspective of Lunar-based Earth
observation platform

LUNAR-BASED EARTH OBSERVATION PLATFORM

AND THE APPLICATIONS:

Lunar-based Earth observation platform ensure the time consistency and
spatial continuity of earth observation on the global scale, an integrated plat-
form of active and passive multi-sensors can be set up to carry out multi-
band simultaneous three-dimensional observation of multiple spheres and
enhance the observation of the earth as a whole with the ability of multi-per-
spective, it is of great value to the research of earth science, space science
and sustainable development with multi-dimensional observation.

EARTH SCIENCE

Oriented to the interaction of multi-spheres of the earth, the large-scale
sea-land gas coupling phenomenon, the earth system and the outside world
earth science basic problems such as energy and material exchange, collab-
orative rich month base sensor can be used to complete complex earth ob-
servation task and reveal the earth, the change rule of macroscopic scientific
phenomenon of key elements to form the earth system on base of remote
sensing observation ability, supporting earth system scientific research.

SPACE SCIENCE

Through the month of near-earth space observation, in the earth’s iono-
sphere, magnetosphere, and natural and man-made space target as the main
target of observation, reveals the magnetosphere and solar wind plasma in-
teractions, and the earth dynamics in the process of geomagnetic storm pro-
cess, based on monthly basis platform research theory and method for the
system to the moon observation, forming system, high spatial and temporal
coverage, the high spectrum covers the month of observation ability, the
variation of the earth system is studied from the perspective of “sun-earth-
moon” system.

SUSTAINABLE DEVELOPMENT

Sustainable development is a theory and strategy about the coordinated de-
velopment of nature, science and technology, economy and society. It first
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appeared in the Outline of World Natural Resources Conservation issued by
the International Union for Conservation of Nature in 1980. Through the con-
struction of the lunar earth observation system, the data gap can be solved in
the regional coverage, timeliness and classification level of global sustainable
development indicators.

PROSPECTS:

Lunar-based earth observation is an innovative new idea and a new direc-
tion in the field of earth observation, however requires the construction of
lunar bases on the moon surface which puts forward high requirements on
space transportation, base construction, energy supply and other technol-
ogies. Lunar-based earth observation will be a huge system engineering in
human history, involving many disciplines and engineering fields, so it is diffi-
cult to achieve by the strength of a single country. International cooperation
is a feasible way, through the joint efforts of relevant countries to formulate
practical and feasible plans for lunar earth observation, build unmanned and
manned lunar earth observation bases step by step, and eventually build a
high-level lunar earth observation platform system to serve the sustainable
development of mankind.
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The International Lunar Research Station (ILRS) is a scientific and application
platform on the Moon jointly built by a number of countries, to support long-
term and continuous scientific exploration and observation, fundamental sci-
ence experiments and in-situ resource utilization.

According to the announced cooperation roadmap, the construction of ILRS
is divided into three phases: reconnaissance, construction, and utilization.

Reconnaissance (before 2026): It is mainly to explore the Moon with the mis-
sions already planned, while selecting landing sites for subsequent missions
and conducting related technical verification test.

Construction (before 2035): This phase may consist of two stages:

1) before 2030: Establishment of the command center of ILRS; Massive-cargo
delivery and high-accuracy landing on the surface of the Moon; Start of
joint operations;

2) from 2031 to 2035: Five missions are scheduled. Through this stage of
construction, the lunar research station will be completed.

Utilization (after 2036) will use this scientific research station to carry out
continuous scientific exploration and technical verification. It will support
manned lunar missions, and expand and maintain the modules for each sys-
tem as needed.

Preliminary scientific objectives of ILRS are as follows:
1) The geological survey of the Moon.

Through comprehensive survey of field geological, multiple geophysical
measurements, and returning samples and laboratory analysis with state-
of-the-art facilities, it will answer the key questions of the Moon, including
its formation and evolution, the internal structure and composition, spatial
and temporal distribution characteristics of the major geological events and
their formation mechanisms, and the reservoirs and evolution of water and
volatiles.

2) Lunar-based astronomy observations.

Performing lunar-based sky survey observations at ultralong wavelength and
with an ultra-wide wavelength coverage from extreme ultraviolet (EUV) to in-
frared (IR); Revealing the history of the universe from the dark ages to cosmic
dawn and constructing a complete image of the evolution of the universe;
Exploring high-energy transients, the first light from supernovae, and new
terrestrial exoplanets in the habitable zones; And then studying the forma-
tion and evolution of galaxies and the universe.

3) Space environment observation of the Sun-Earth-Moon system.

Developing the observation of the complete causal chain for the solar terres-
trial lunar space-time scale based on ILRS, reveal the physical mechanisms
and dynamic processes of the solar magnetic field, the Earth’s upper atmo-
sphere and high-energy radiations in the solar-terrestrial space, as well as
the interaction mechanisms between the solar wind and the Moon and the
Earth, build a new theoretical frame of the energy balance of the Earth’s sys-
tem, reveal the generation mechanisms of major space events in the Sun-
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Earth-Moon system, and construct their theoretical prediction models that
will further serve ILRS and geospace activities.

4) Lunar-based fundamental science experiment.

By experimentally studying the perception and response of plant-microbe
coevolution and plant growth/development to lunar surface environment,
and lunar soil’s bioweathering improvement and plant utilization, analyze the
influence of lunar surface environment on closed terrestrial ecosystem and
reveal the bioavailability and biosafety of lunar soil as a plant-cultivation sub-
strate. These results would serve the crew’s activities in future lunar research
station; Using lunar-based observation to search for magnetic monopoles
and axion provides important demonstration for the fundamental physics
research.

5) Lunar in-situ resource utilization.

A series of demonstrating experiments, such as rare gas extraction, hydrogen
and oxygen production, and lunar soil material manufacturing, will provide
technical support for the construction of lunar research facilities and in-situ
resource utilization in the future.
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INTRODUCTION:

The International Lunar Research Station (ILRS) is a space program which is
aimed to provide a synergy in lunar exploration and a set of complex research
facilities to be constructed with the possible involvement of international
partners on the surface and/or in the orbit of the Moon.

The ILRS program is an effort co-led by Russia and China and open for inter-
national partners. It includes technical, programmatic and scientific fields of
consideration.

The set of priority scientific topics was recently set by the joint working
group. The team, with representatives from leading science organizations in
different fields, provide opportunity for partners to discuss and plan all sci-
entific activities for ILRS. Main areas of scientific interest have been included
to the ILRS-guide for partnership [1].

A near-term science cooperation and further concepts are the two major
part of the ongoing discussion and science team products development.

In this report we discuss variants of implementation of those tasks by means
of ILRS infrastructure during three approved stages: reconnaissance, con-
struction and utilization.

REFERENCES:

[1] International Lunar Research Station (ILRS): Guide for Partnership / Roscosmos;
China National Space Administration. 16 p. https://www.roscosmos.ru/media/
files/mnls.pdf.
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The 21°% centaury is becoming the Century of Moon Exploration. One may
: . . th
predict that during several next decades the Moon will become the 7™ con-
tinent of human civilization (e.g. see [1]). At these days, all leading space
states are developing the Moon exploration programs, both nationally and
internationally. The current report discusses the main scientific and practical
objectives of future space astronautics and expected results of these efforts:

MOON NATURE, ORIGIN AND EVOLUTION:

New data will be obtained on internal structure, surface evolution, process-
es in exosphere. The origin and evolution of the double-body Earth-Moon
system will be understood, the “lunar climate” will become known for safe
activity of humans on the surface.

THE PLATFORM FOR ASTRONOMICAL OBSERVATIONS:

The recent data of James Webb space telescope have shown that more ob-
servations in optical, IR and mm spectral ranges with high sensitivity would
be very important for re-consideration of models of early Universe. Some
ranges of radio waves are also still-closed window for astronomy. The Moon
is the excellent platform for astronomical instruments with high efficiency,
which could be too large for free space planforms.

GEOPHYSICAL/HELIOPHYSICAL MONITORING:

Space weather monitoring and forecasting is becoming more and more im-
portant for safety of complex facilities and infrastructure on Earth and in
space.

LABORATORY FACILITIES FOR ASTROBIOLOGY AND SPACE MEDICINE:
Without experimental background from such studies on the Moon, human
space flight to Mars would not be possible.

SPACE TECHNOLOGY DEVELOPMENT AND TESTING:

Moon is the natural field in the near space, which should become the testing
site for elements of new space technology, the harbor for future deep space
missions.

LUNAR NATURAL RESOURCES:

The Moon material is thought to contain elements and minerals, which are

or will become useful resources for high-tech technology and manufacturing.

Reconnaissance of such resources and technology of their acquisition would

become the important space-based segment of future industry.

REFERENCES:

[1] The Moon is our seventh continent // In the world of science. 2018. No. 11.
https://scientificrussia.ru/articles/luna-nash-sedmoj-kontinent-v-mire-nauki-
11-2018-g. (In Russian.)
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There are many known sites on the lunar surface, which further studies would
be very important for lunar science as well as for future Moon exploration.
They are polar permanently shadowed craters, lava tubes, local regions with
magnetic anomaly, regions with unusual chemical composition, etc. Visiting
such sites is thought to be the goal of robotic lands with necessary instru-
ments for in situ measurements and/or for sample acquisition.

On the other hand, future program of lunar exploration will include the hu-
mans’ missions. The most likely strategy for their implementation could be
linked with the permanent selected site with the most favorable natural envi-
ronment, necessary infrastructure and life-support facilities. As the first step
for such humans’ lunar program, the orbital missions will be implemented for
testing new technology in the circumlunar space.

The program Korvet (from Corvette in English) is proposed, as the integrated

mission of human lunar orbital flight and multi-landing robotic craft. Report
presents technical details of such mission and its scientific objectives.
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INTRODUCTION:

The ESA BepiColombo mission to Mercury was launched in October 2018. It
carries a suite of science instruments to study Mercury interior structure, sur-
face composition and evolution, magnetosphere and exosphere. In compar-
ison with previous Mercury NASA mission MESSENGER BepiColombo should
provide a high spatial resolution of the entire planet’s surface, distribution of
volatiles and to get more important data/knowledge about Mercury interior
structure, gravity field, dynamic of magnetic field and exosphere [1].

The Mercury Gamma and Neutron Spectrometer (MGNS) was selected for
BepiColombo mission as a fully Russian science instrument provided by Rus-
sian Federal Space Agency [2, 3]. It should determine the elemental compo-
sition of Mercury’s surface and distinguish distribution of volatiles (primarily
water ice) in the polar areas.

The cruise to Mercury takes about 7 years (orbit insertion is planned in De-
cember 2025). Half of this period has already passed, and in our overview we
would like to summarize MGNS cruise observations including measurements
of the spacecraft background (elemental composition of the spacecraft),
monitoring of solar flares and gamma-ray bursts, measurements of neutron
and gamma-ray flux during Mercury and Venus flybys.

REFERENCES:

[1] Benkhoff J. et al. BepiColombo — Mission Overview and Science Goals // Space
Science Reviews. 2021. V. 217. Art. No. 90.

[2] Mitrofanov I.G. et al. The Mercury Gamma and Neutron Spectrometer (MGNS)
on board the Planetary Orbiter of the BepiColombo mission // Planetary and
Space Science. 2010. V. 58. P. 116-124.

[3] Mitrofanov I.G. et al. The Mercury Gamma-Ray and Neutron Spectrometer
(MGNS) Onboard the Mercury Planetary Orbiter of the BepiColombo Mission:
Design Updates and First Measurements in Space // Space Science Reviews.
2021.V. 217. Art. No. 67.
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INTRODUCTION:

The study of the lunar evolution history is a key scientific issue. The origin
and evolution of the moon are related to the initial thermal, physical and
chemical states of the Earth, and restricted the early evolution of the earth-
moon system. A comprehensive study on the lunar origin and evolution is
an important basis for understanding the formation and early evolution of
the Earth and the key to revealing the history of asteroid impacts in the solar
system. The lunar evolution is driven by both internal and external dynamics.
The impact events of the moon can reflect the process of external dynamic
geology, while the evolution of the magmatic ocean and the formation of the
lunar crust, as well as the later magma and volcanism, can reflect the process
of internal dynamic geology. These important geological processes are not
only the main process of the formation of the moon, but also the formation
process of other terrestrial planets in the solar system, which plays an im-
portant role in the later evolution of the moon and planets.
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Fig. 1. The key events in the formation and evolution of the moon

The data of gravitation field, magnetic field, electric field, seismograph and
heat flow contains abundant lunar internal structural information [1-3].
Based on the comprehensive study of the multi-physical fields, to study the
major events in the lunar large-scale evolution and to construct the structure
model of the lunar inner circle, which is of great significance to construct
a new theoretical framework of the lunar evolution. A single physical field
often has obvious uncertainties. New techniques and methods of multi-phys-
ical field detection can comprehensively constrain the structure of the lunar
inner circle from different angles and invert its fine structure, which provide
an important basis for constructing a new theoretical framework of lunar
evolution.
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The Apollo program completed the first comprehensive exploration of the
moons physical properties such as gravity, magnetic field, electric field and
seismicity, which laid the foundation for understanding the moon [4, 5]. How-
ever, due to the limitation of instrument precision and observation range,
there is still a great controversy on the basic science of the moon at present,
which limits our understanding of the lunar evolution [6].

With the rapid development of modern instruments and data processing
methods, by installing high-precision modern physical instruments, we can
detect weaker deep lunar signals and continuously record scientific data of
higher quality than the Apollo era. We can well detect the deep inner sphere
and local fine structures [7-9].

High-precision time-varying gravity field detection on the lunar surface is of
great significance to research the density structure and rheological proper-
ties of the lunar interior. The lunar surface magnetic field reflects the rema-
nence magnetic level of lunar rocks, and it is also the key information for
understanding the distribution and formation of lunar magnetic anomalies.
The lunar paleo-magnetic field records the evolution of the lunar magnetic
field, and it is also the main means for understanding the evolution history
and internal thermodynamic process of the moon. The lunar-seismic wave
can penetrate the interior of the moon and carry key information about the
lunar interior structure. By deploying multiple high-precision three-compo-
nent wide-band lunar seismograph, we can break through the recognition of
the one-dimensional radial structure under the lunar array during the Apollo
period, which is of great scientific value to the definition of the whole lunar
radial structure. The study of lunar heat flow is a necessary way to obtain
the concentration of radioactive elements in the lunar interior. The research
of heat transfer mechanism in the lunar interior is very important for un-
derstanding the structure and evolution of the lunar interior. The present
thickness, state and composition of the lunar core, mantle and crust can be
obtained by analyzing heat flow data and then lunar seismograph data, and
the timeline of the lunar thermal evolution can be constructed.

The next step of Chinas International Lunar Research Station (ILRS) [10, 11]
project is to set up scientific equipment of “gravity field, magnetic field, elec-
tric field, lunar seismograph and heat flux meter” on the moons South Pole.
Based on the comprehensive research of the moons multi-physical field, to
analyze the internal structures and the formation mechanism of major geo-
logical events, to build lunar internal fine structure model and time and space
distribution and evolution model, to realize the internal structures and new
breakthrough of the cognitive evolution process of the moon.
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Heat flow density (or heat flow in short) is a parameter of fundamental im-
portance to the study of the thermal history and inner thermal state of a
planetary body. While there are about 75,000 terrestrial heat flow measure-
ments [1], only two in-situ lunar heat flow measurements have been made
by Apollo astronauts on the Moon [2]. Moreover, there have been doubts
surrounding these two lunar measurements and their implications since
they were first reported. The recent Chang’E-5 Mission discoveries [3-6] of
unexpected young volcanism and low contents of water and heat-producing
elements of the lunar basalt have further enhanced the controversy over the
thermal structure of the Moon, which can only be resolved by additional high
quality lunar heat flow measurements.

Planetary heat flow is determined as the product of subsurface temperature
gradient and thermal conductivity of the soils/rocks. The former is typically
obtained from borehole logging whereas the latter could be measured either
in-situ or at laboratory. For the Apollo Lunar Heat Flow Experiment (AHFE),
two boreholes were drilled by astronauts into the lunar regolith at Hadley
Rille (Apollo-15 landing site) and Taurus Littrow (Apollo-17 landing site),
respectively. Each borehole received an array of thermometers designed
for measuring subsurface temperatures and thermal conductivity. Based on
short-term in S|tu measurements, a 33 mWm’ 2 heat flow for Apollo-15 [7]
and a 28 mWm™ heat flow for Apollo-17 [8] were initially determined. The
values were later lowered to 21 and 14 mWm™, respectively, based on the
revised and lower thermal conductivities estimated by the analysis of long-
term subsurface temperature time series [2].

The 17.5 mWm™ mean of the two Apollo measured lunar heat flow values is
smaller than a quarter of the global terrestrial heat flow [9]. However if the
value is of global representative, it would imply a bulk Uranium concentra-
tion of 46 ppb [10] of the Moon, as opposed to 15.4 ppb of the Bulk Silicate
Earth [11]. From a geochemical perspective, Warren and Rasmussen [10] be-
lieve that a regional representative lunar heat flow must be about 12 mWm™.
There are other studies (e.g., [12, 13]) demanding a downward correction to
the Apollo measured heat flow measurements.

However, the AHFE data demonstrated a clear warming trend at both
Apollo-15 and Apollo-17 sites over the operation period from July 1971 to
January 1977 at the Apollo-15 site, and from December 1972 to September
1977 at the Apollo-17 site. Nagihara et al. [14] attribute the warming to the
regolith compaction effect of astronaut exploration activities. Regolith com-
paction would lead to an albedo reduction that would allow for absorption
of more radiative heat into the subsurface. In addition to the regolith com-
paction effect, the Moon experienced a global warming trend due to the 18-
year lunar precession and an enhanced radiation from Earth over the AHFE
period [15]. The warming trend is visible in the temperature time series at all
depths of the AHFE boreholes. However, it was more pronounced at shallow-
er than at greater depths, leading to a decreasing trend in the thermal gra-
dients. This pattern of subsurface temperature variation is consistent with
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the downward propagation of surficial warming [16]. It is well known among
the heat flow community that a warming on the surface will distort the sub-
surface steady state geothermal gradient and result in a smaller apparent
heat flow [16, 17]. The surface warming transient effect demands an upward
instead of downward correction to the observed lunar heat flow.

Conventional wisdom believes that the Moon is a dynamically dead planetary
body, retaining little accretional heat and having ceased volcanism since
around 2.8 Ga. However, the recent results [3—6] from the Chinese Chang’E-5
lunar mission show that the Moon remained volcanically active at least until
2.0 Ga and the Moon’s youngest volcanism was not driven by high vola-
tiles nor by high heat-producing element contents in its mantle source. The
results from the Chang’E-5 Mission have opened new ground for the debate
on the internal heat source and thermal history of the Moon.

Lunar heat flow carries rich genetic, physical, chemical, and dynamical in-
formation of the Moon. A globally representative heat flow is a cornerstone
of any hypothesis and theory about the formation and development of the
Moon. We urge the lunar community to make heat flow measurement a high
scientific priority in the upcoming lunar missions.
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INTRODUCTION:

The Sun-Earth-Moon space environment is a complex coupled system dom-
inated by the Sun. Solar eruptions can directly cause disturbances to the
Earth’s space environment. The Moon revolves around the Earth about once
a month, passing through the interplanetary solar wind, the Earth’s bow
shock, magnetosheath, magnetopause, and magnetotail alternately (Fig. 1).
Therefore, it experiences the dual influence of solar and Earth’s magneto-
sphere activities, forming highly complex and changeable lunar surface en-
vironmental conditions, including electromagnetic radiation, particle radia-
tion, lunar dust, electric potential and magnetic field structure, etc.

A
!‘; i 3 (Moo Bow shock g

MagneEosheath

Magnetopause

Fig. 1. The Sun-Earth-Moon system.

The stable celestial geological structure, without dense atmosphere and
global magnetic field, periodic revolving around the Earth with suitable dis-
tance make the Moon a natural and excellent laboratory for the monitor-
ing and research of the Sun-Earth-Moon space weather. The establishment
of a Moon-based space weather station is of great scientific significance for
studying the mechanism of solar eruptions, the coupling of the Sun to the
Earth and the Moon, and the local variations of the Moon’s environment.
It will also promote the development of lunar space weather modeling and
prediction technologies and greatly improve the capability in providing space
environmental safeguard services for future lunar explorations. In the talk,
I will introduce the complex Sun-Earth-Moon coupling system, review the
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current research progress on space environment made by previous lunar
exploration missions, survey the key scientific issues and detection require-
ments for future lunar space weather exploration, propose the concept of
the Moon-based space weather station (Fig. 2), and finally introduce its sci-
entific objectives and initial payload configuration.

Fig. 2. The concept graph of the Moon-based space weather station, consisting of so-
lar activity monitors, soft X-ray imager of the Earth magnetosphere, and in-situ lunar
surface environment monitors.
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INTRODUCTION:

The future developing trend of crewed space exploration is crewed lunar ex-
ploration and lunar bases which accumulate technologies and experience for
explorations beyond the Moon, with a further target of crewed landing on
Mars. The Moon is the first station of crewed space exploration. To ensure
the survival and health of the personnel on lunar surface, it is necessary to
carry out biological research on lunar surface in advance to provide the sci-
entific basis for human residency. In addition, the influence of space environ-
ment on life activities is also an important area of life sciences. Therefore,
lunar life science is a very important aspect of lunar science.

“Building the Bioregenerative Life Support System (BLSS) with independent
intellectual property rights, and solving key theoretical and technical prob-
lems in establishing lunar base ecological environment” is one of the stra-
tegic goals of international space science and technology development, and
also a key question in life sciences. Based on principles of terrestrial eco-
system, BLSS organically combines biotechnology and engineering control
technology to build an artificial ecosystem composed of plants, animals and
microbes. Oxygen, water and food, which are necessary for human survival,
can be recycled in the system and provide an ecological environment simi-
lar to the Earth biosphere for humans. It is an independent, complete and
complex system that provides material support for astronauts’ life activities
[1]. Astronauts in the artificial ecosystem act as consumers of the ecosystem
and also play the function of the controller. The BLSS would greatly reduce
supplies from the Earth and thus the cost.

However, the integrated environment of 1/6-G gravity, low magnetic field in-
tensity, and long-time low-dose radiation in lunar surface closed cabin is very
different from the Earth. How the comprehensive environmental conditions
on lunar surface would impact the biological units of the system and their in-
teractions is unclear, which is critical to the realization of lunar surface BLSS.
In BLSS, plants provide fresh food, oxygen, water and psychological comfort
for astronauts and play a basic life support function, which is the core biologi-
cal unit of BLSS [2]. How to achieve sustainable and efficient plant production
and maintain the health and safety of plants on lunar surface is the key for
BLSS. It is urgent to carry out basic research on efficient and healthy plant
cultivation on lunar surface at the stage of lunar research station.

Previous space studies in low Earth orbit and ground simulation studies have
confirmed that microgravity, radiation, artificial atmosphere and artificial light
will all affect plant cell structure, photosynthetic physiology and material me-
tabolism [3]. These results suggest that for plants that have adapted to 1-G
gravity on the Earth over a long period of time, Extraterrestrial environment
is a stress factor for plant growth and development to a certain extent. There-
fore, it is necessary to carry out lunar surface experimental research to reveal
the principles of the plants’ perception and response to lunar surface environ-
ment, and provide an important theoretical basis for the construction of lunar
surface BLSS.

The efficient production of plants in lunar BLSS must make full use of in situ
lunar soil resources so as to reduce the transport supply of the Earth’s re-
sources. European and American research teams have proved the bioavail-
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ability and improvement potential of lunar soil simulant [4], and China’s
“Lunar Palace 1” team has also studied and confirmed the feasibility of the
bioimprovement of lunar soil simulant [5]. However, real lunar soil experi-
ments and mechanism studies are still lacking. To clarify the bioavailability of
lunar soil and the process of bioimprovement of lunar soil bioavailability will
provide theoretical basis for in situ utilization of lunar soil.

In BLSS, it is impossible to keep plants sterile. Plants will coexist with mi-
crobes. To ensure the health of plants in lunar surface environment, it is nec-
essary to clarify the interaction between plants and their symbiotic microbes.
Current studies have demonstrated that the interactions between plants
and their symbiotic microbes can maintain the health and safety of plants
by regulating some metabolic and immune responses. By secreting 21 % of
the photosynthically fixed carbon to the root interface, plants can provide
carbon sources for the survival of related microbes. Meanwhile, they can
also produce and secrete quorum sensing mimics to simulate the function
of self-inducer signaling molecules generated by microbes themselves to in-
terfere with or regulate microbial behavior [6]. However, plant microbes can
accumulate and colonize the corresponding locations of plants by responding
to the chemical tendency of root exudates. Through cooperation and compe-
tition, plant microbes form a stable community structure in the rhizosphere
of plants, which can enhance the host’s resistance to stress and disease by
improving the ability of plants to tolerate abiotic stress and inducing systemic
resistance to pathogenic microbes, thus promoting seed germination rate,
nutrient uptake, and growth and development [7].

Previous studies have confirmed that plants growing under space flight show
increased sensitivity to rhizosphere fungal diseases [8], and the health of
plants is at risk of rhizosphere fungal infestation. Lunar Palace 1 team found
that Pseudochrobactrum Kiredjianiae A4 was less effective against Fusarium
graminearum under simulated microgravity. The contents of JA and ETH, the
key regulatory factors of host ISR, which are closely related to rhizosphere
microbiome, are reduced [9]. In addition, Lunar Palace 1 team also demon-
strated significant changes in endophytic microbiome of wheat seedlings
under simulated microgravity effect, in which the contents of Pseudomonas
and Bacillus, which are closely related to plant disease resistance and resis-
tance, significantly decreased in wheat roots [10]. These studies suggest that
lunar surface environment may play an important role in the homeostasis
of interactions between plants and rhizosphere microbes, thereby altering
the host-microbial interactions at both genetic and physiological levels and
affecting the health and safety of plants. However, the study of plant-micro-
organism interaction in lunar surface environment is still blank.

At the system level, BLSS is a miniature model of closed terrestrial ecosystem.
Up to now, studies on the spatial effects of closed terrestrial organisms in the
world have focused on the spatial carrying experiments of single species of
plants or animals [11], while studies on the performance of terrestrial ecosys-
tems with binary or multiple biological components in space have not been
carried out. Only single plant seeds or individual animals have been carried
out in biological experiments in lunar environment [12]. No experiment on
carrying ecological systems on lunar surface has been proposed, nor has the
operation experiment of lunar terrestrial ecosystem with scientific signifi-
cance been carried out. Principles of material circulation and energy flow of
BLSS and lunar biological effect of each biological component are not clear.

In conclusion, four key scientific questions of lunar life sciences need to be
studied first: (1) How do plants perceive and respond to lunar surface en-
vironment? (2) How do plants and microbes interact in lunar surface envi-
ronment? (3) What is the bioavailability of lunar soil for plant cultivation?
(4) What are the effects of lunar surface environmental factors on energy
and material transfer and stable operation of closed terrestrial ecosystems?
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INTRODUCTION:

Mare Frigoris is the fifth largest and northernmost lunar mare on the near
side of the Moon. The mare extends from about 55°W to 45° E, with an av-
erage latitudinal extent of only 7.5° (Fig. 1). Therefore, ejecta from highland
craters reach its central portions and obscure the basalt deposits more easily
compared to large circular maria [1, 2]. This makes it difficult to infer the pris-
tine compositions of the basaltic deposits of Mare Frigoris using optical data.
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Fig. 1. A wide-angle camera image of Mare Frigoris. The black lines are the geologic
boundaries mapped by Kramer et al. [2].

To reduce the influence of the impact ejecta on the surface mafic contents
of basaltic units, Kramer et al. [2] proposed the small crater rim and ejec-
ta probing (SCREP) methodology, to evaluate the pristine compositions of
underlying basaltic units. Comparatively, the microwave radiometer (MRM)
onboard the Chang’e-1 and -2 (CE) satellites can reflect the dielectric proper-
ties of the lunar regolith at the corresponding penetration depths [3], which
provide a new potential choice to assess the basaltic units with heavy surface
contamination in Mare Frigoris.

METHODOLOGY:

From 15 October 2010 to 20 May 2011, the CE-2 MRM instrument measured
the lunar surface for more than 5000 earth hours and operated at 3.0, 7.8,
19.35, and 37 GHz [3]. The integration time of the CE-2 MRM instrument is
200 ms, the observation angle is 0°, and the temperature sensitivity is ap-
proximately 0.5 K. At an orbital altitude of approximately 100 km, the reso-
lution of the MRM data is about 25 km at 3.0 GHz and 17.5 km at 7.8, 19.35,
and 37 GHz. This study adopted the 2C level data after system calibration and
geometric correction, obtained from the Lunar and Planetary Data Release
System. For a description of the CE-2 MRM data, please see Meng et al. [3]
and Zheng et al. [4].

The hour angle is introduced to ascribe the observed MRM points into twen-
ty-four lunation hours. Then, the data points were employed to generate
the brightness temperature (TB) maps using the linear interpolation meth-
od with the spatial resolution of 0.25x0.25° (Fig. 2, 37 GHz). Here, the TB
performances of the surface deposits at noon and night were represented
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by the observation from 12:26 to 13:08 and from 0:00 to 0:39, respectively.
To clearly understand the thermophysical properties of the surface deposits,
the geologic boundaries mapped by Kramer et al. [2] were vectorized and
overlaid on the TB maps.

(K)
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Fig. 2. TB maps of Mare Frigoris at 37 GHz, noon
To weaken the N-S trend of the TB, normalized TB (nTB) mapping and TB

difference (TBD) mapping were proposed (Fig. 3 and 4). The procedure to
generate nTB and TBD maps provided in reference [5].
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Fig. 3. Normalized TB maps of Mare Frigoris at 37 GHz: (a) noon, (b) night
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Fig. 4. TB difference maps of Mare Frigoris at 37 GHz

RESULTS:

Figures 3 and 4 demonstrate how, in the study of the basaltic units on the
lunar surface, the overlay of the geologic boundaries mapped by Kram-
er et al. [2] on TBD maps high-lights the MRM data. Kramer et al. [2] di-
vided Mare Frigoris into four quadrants comprising Western Frigoris (WF),
West-central Frigoris (WCF), East-central Frigoris (ECF), and Eastern Frigoris
(EF), which include 21 basaltic units. Here, in the WF4, WF5, WCF4, WCF6,
ECF3, and ECF5 units, the TBD results correlate with the basaltic unit mapped
by Kramer et al. [2] (see Fig. 4). This correlation indicates that the TBD is high-
ly related to the SCREP-based pristine basalts.

DISCUSSIONS:

The nTB and TBD results are consistent with the basaltic units mapped by
Kramer et al. [2]. Among all 21 units, most unit boundaries (in the case of
17 units) agree with the TBD results, but the boundaries of the WCF1, WCF3,
ECF1, and ECF4 units do not. In particular, the TBD results for the WF4, WFS5,
WCF4, WCF6, ECF3, and ECF5 units strongly agree with the basaltic units ob-
tained by Kramer et al. [2]. These indicate that the SCREP methodology and
MRM data are consistent when it comes to characterizing basaltic units con-
taminated by impact crater ejecta.
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The average Pearson correlation coefficient (PCC) is calculated, which are
0.77,0.90, and 0.86 between the four-channel TBDs and the FeO abundanc-
es, the TiO, abundances, the (FeO + TiO,) abundance of all units. Generally,
the PCC results indicate that there is a very strong correlation between the
TBD and the pristine basalt compositions of the units.

Therefore, compared with the optical detection results, the TB, especially the
TBD, is highly related to the (FeO + TiO.) abundance of the surface deposits
and can represent the composmon ané distribution features of pristine ba-
saltic units contaminated by impact crater ejecta.
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Introduction:

Observing the radio astronomical signal at low frequency on the ground is
hindered by strong refraction, reflection and absorption by the ionosphere
of the Earth, especially at frequencies below 30 MHz. There is also a large
amount of naturally produced or man-made electromagnetic radiation on
the Earth in this frequency band, which is reflected in the ionosphere and
propagates in a wide range, further interfering with the observation of astro-
nomical signals. This frequency band is denoted as the MF and HF frequency
bands in radio engineering, but belongs to the lowest frequency band in ra-
dio astronomy (electromagnetic waves are difficult to propagate in the inter-
stellar medium at frequencies below 0.3 MHz). Here we refer it as ultra-long
wavelength. Ground observations are scarce in this band, and space obser-
vations are limited to the RAE-1, IMP-6, and RAE-2 satellites in the 1960s and
1970s, and some low frequency payloads on space probes such as WIND,
Cassini, Parker, etc., the angular resolution and sky coverage are very limit-
ed. So far, little is known about astronomical radio sources in this band, and
there is not a good full sky map available (see [1] for review).

In recent years, as we begin to probe the cosmic history at higher redshifts,
especially the dark ages and cosmic dawn, the low end of the radio spec-
trum attracts great interest. The dark ages of the universe refer to the time
from the end of the Big Bang and the recombination of protons and elec-
trons to form hydrogen atoms (the age of the universe is 380,000 years, red-
shift ~1100), until the formation of the first generation of stars and galaxies
(theoretical estimation of the age of the universe is about 100 million) year,
redshift ~30) an evolutionary stage. The dark age is the initial stage of the for-
mation of the cosmic structure. In this stage, the original density disturbance
gradually grows into the seeds of galaxy formation, which contains extremely
rich cosmological primitive information. Observation and exploration of this
evolutionary stage are extremely important for obtaining a complete picture
of the evolution of the universe, understanding the origin of the structure of
the universe, and exploring the basic physical laws of the universe. However,
since stars, galaxies and other celestial bodies have not yet formed during
this period, baryonic matter mainly exists in the form of atomic gas of hydro-
gen and helium. The only direct observation method known at present is by
the so called 21 cm line of the neutral hydrogen, which is generated by the
hyperfine structure transition of the hydrogen atoms at 1420 MHz. The 21 cm
spectral line in the dark age is redshifted to below 45 MHz, and the cosmic
dawn signal is redshifted to the 45-130 MHz band. However, compared with
foreground radiation such as galactic radiation, the redshifted 21 cm signal
from the dark ages and cosmic dawn is very weak, and its detection is a huge
challenge [2].

In order to detect the redshifted 21 cm signal, especially at the higher red-
shifts corresponding to lower frequencies, it is desirable to make observation
from space, especially from the far side of the Moon, where the radiation
from the Earth is blocked. Making radio observations from the orbit around
the Moon is especially convinient to realize in near term, the part of orbit be-
hind the Moon provides the perfect environment against the radio emissions
from the Earth. The orbital period is a few hours, so the energy can be easily
supplied with solar power. The data can be transmitted back to the Earth
when the satellite is on the near side, without the need of another relay sat-
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ellite, and the complicated landing and deployment are also avoided. Even
a single lunar satellite could measure the global average spectrum, i.e. the
spectrum of the radiation averaged over the whole sky. The image of the sky
can also be obtained by interferometry.

The lunar orbit ultralong wavelength observation can be realized as a stand-
alone mission. In the US, the DARE mission was proposed to probe the cos-
mic dawn by measuring the global spectrum, and later it has evolved to the
DAPPER mission which is to measure the global spectrum at lower frequen-
cies and to observe the cosmic dawn. A mission concept called PRATUSH
was proposed by Indian scientists. In China, we have a Discovering the Sky
at Longest wavelength (DSL) mission concept developed, which will not only
measure the global spectrum with a single satellite, but also to map the sky
at the ultralong wavelength band using interferometry with a microsatellite
array [1, 3, 4].

On a smaller scale, the lunar orbit observation can also be a part of a more
general lunar mission. During the Chang’e-4 mission, for example, two mi-
crosatellites, Longjiang-1 and Longjiang-2 were piggy-backed. Unfortunately,
Longjiang-1 had a malfunction and was lost. Nevertheless, Longjiang-2 de-
tected radio signals from the Earth. In the future International Lunar Science
Station program, there may be further opportunities for such orbital obser-
vations.

LUNAR ORBIT INTERFEROMETRY:

It is not necessary to maintain the satellites at precise orbital locations, which
would require much adjustment of their orbit. However, we do have to be
able to measure the relative positions of the satellites. This can be achieved
by a combination of microwave data link and optical star sensors.

The inter-satellite communication as well as ranging and clock synchroniza-
tion can all be realized with one microwave link by using the dual one-way
ranging (DOWR) principle, and simultaneous operation with all satellites can
be achieved easily with frequency division multiplexing. The distance be-
tween the satellites can be obtained by multiplying the real time differences
with speed of light. After this measurement, the clocks are also synchronized.

The direction of the vector between the satellites is determined by locating
the position of one target satellite against the star background using the star
sensor camera. An LED lamp is carried by the target satellite for identifica-
tion. This method of measurement is not affected by the mechanical instal-
lation error of the equipment and satellite attitude error as long as they are
within the range to allow normal operation. The angular accuracy is mainly
determinant by the angular precision of star sensor camera.

Data communication is a major limiting factor, especially for downloading the
data to ground. One of the satellites can be designated as a mother satellite,
which can be larger and equipped with a high gain antenna. It is generally dif-
ficult at present to transmit the whole band. However, it should be possible
to select certain frequency channels and send the interferometry data within
these channels back.

Interferometry between an orbiter and ground-based telescopes have been
performed before, but the lunar orbit interferometry at the Ultralong wave-
length has some different characteristics. On the one hand, for the long
wavelengths, it is easier to achieve stable interferometry.

The wavelength is typically longer than the antenna, so the antennas are typ-
ically electrically small, and the field of view (FoV) is large. In practice, we will
see the whole sky, so the technology for realizing the interferometry is gener-
ally different. Many methods have been developed to deal with large FoV for
ground based arrays, but these algorithms are not applicable. For example,
in ground based observation, there is always a ground-screen (either part of
the instrument or the Earth itself) that restricts the FoV to at most half of the
sky. Here sources on both sides of the orbital plane are in view, resulting in
a ‘mirror symmetry’ problem. However, as the orbital plane processes in the
gravitational field of the Moon and the Earth, a 3D distribution of baselines
will be formed. This will complicate the sky reconstruction process as the so
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called “w-term” cannot be neglected, but the mirror symmetry is broken.
Moreover, the baselines formed by the satellites depend on their position
on the lunar orbit, but the Moon also blocks part of the sky as the satellites
move along the orbit, so strictly speaking the visiblities for different baselines
correspond to a varying sky. New imaging algorithm needs to be developed,
which are likely to be computationally expensive as they will need to make
use of the full 3-D distribution of u, v, w points [5, 6].

CONCLUSION:

The ultra-long wavelength radio signals have great potentials for scientific
breakthrough, especially for the study of the cosmic dawn and dark ages.
Imaging the neutral hydrogen distribution during the dark ages can provide
valuable information about the primordial density perturbations and the in-
flationary origin of the Universe, but this requires extremely large arrays on
the far side of the Moon. A useful and practical first-step is to map the fore-
ground which is necessary for the design of future dark ages experiments,
and to measure the global spectrum with high precision, which gives a first
peek of the cosmic dawn and dark age. This first step can be made in the
coming decade with a lunar orbit array. The technologies required by such a
mission are being developed. International collaboration would enrich and
advance these researches.
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The fluxes of protons and nuclei of galactic cosmic rays (GCR) and solar cos-
mic rays (SCR) with energies from tens of MeV/nucleon to several GeV/nucle-
on have negative impact on the spacecraft’s electronic equipment and crews;
and at the same time carry the information about the physics of the Sun and
heliosphere.

Measurements of these fluxes by instruments onboard the automated
spacecraft were carried out during the last several decades. They allowed
determining the principal quantitative and physical characteristics of these
fluxes and provided the basis for developing their empirical and physical
models. However, until now we still do not have the high enough quality data
on the fluxes in the considered energy range, with few exceptions like mea-
surements of proton and He fluxes by PAMELA instrument, for developing
the accurate quantitative models.

To some extent, it has the objective reasons. Instruments have low series
due to high cost of the high-orbit launches, it is hard to model the conditions
of instrument functioning in space during its development on the ground,
and provide the instrument debugging and receiving the big amount of data
during its functioning onboard the automated spacecraft. Therefore, placing
the instrument on the long-term regularly serviced crewed station outside
the Earth’s magnetosphere gives the unique opportunity to provide the pre-
cise GCR and SCR flux measurements.

- 1072
)
2 e
S 10
[0
=3
< 10°°
@
T
7)) |
of 1078
€
4010 —-—>120ae.
10" 102 10° 10°
E, MeV/nuc

Fig. 1. GCR proton and He energy spectra outside the heliosphere and in the Earth’s
orbit during solar minimum and maximum. In the Earth’s orbit spectra have the bell-
like shape with maximum around 300-700 MeV/nucleon due to the solar modulation.

A particular problem of measuring GCR fluxes below 500 MeV is their con-
tamination by the higher energy fluxes passing through the sides of the in-
strument, which are considerable due to the shape of the GCR energy spectra
(Fig. 1). The high contaminated background fluxes also prevent accurate reg-
istration of the small solar proton events.

A method for distinguishing the contaminating particles is the “anti-coinci-
dence guard” — massive scintillation detector surrounding the main “tele-
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scope” (Fig. 2). But practically in many high-orbit spacecraft instruments for
measuring the considered particle fluxes the anti-coincidence guard was
not installed (e.g. GOES and Electro-L series geostationary satellites, proton
channels on ACE spacecraft) or not working properly (e.g. IMP-8).
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Fig. 2. IMP-8/MED and Helios/E6 instruments for measuring the fluxes of interplan-
etary proton and nuclei with energies of tens-hundreds MeV/nucleon. Instrument
consists of a “telescope” with several semiconductor, scintillation of Cherenkov de-
tectors, surrounded by “anti-coincidence guard”.

Another method is using the matrix detectors to determine the particle’s di-
rection. But it increases the instrument complexity.

The proposed instrument for measuring the fluxes of interplanetary protons
and nuclei with energies *10-500 MeV/nucleon for the suggested experi-
ment onboard the future lunar station can be developed on the basis of exist-
ing SINP MSU instruments, currently functioning onboard Russian Electro-L,
Meteor-M and Arctica-M Earth satellites (see e.g. [1, 2]), or a module of “NU-
CLON” instrument [3].
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THE NEUTRONIUM EXPERIMENTAL COMPLEX
FOR THE RUSSIAN LUNAR SCIENTIFIC
OBSERVATORY

A. Turundaevskiy, L. Kuzmichey, A. Panov, D. Podorozhny
Moscow State University, Skobeltsyn Institute of Nuclear Physics;
turun1966@yandex.ru

An original idea is proposed for energy measurements. The back scattered ra-
diation from hadron and electromagnetic cascades generated by the primary
particle in the lunar regolith is registered on the Moon surface. There are
three components of this radiation including gamma, neutrons and radio. It is
proposed to place 100 identical autonomous modules in an area of ~100 m?.

This technique gives new opportunities for perspective research:

e the direct study of CR in the energy range with individual particle charge
resolution up to 10*-10" ev;

e detailed study of superheavy CR nuclei behind the iron peak;

e the increase in sensitivity in the study of gamma astronomy is almost two
orders of magnitude higher than existing and planned projects.

The design and expected statistics were determined, the neutron and gam-
ma background values were estimated. The simulation results are presented.
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The NASA agency has identified 13 candidate landing regions near the lunar
South Pole. Each region contains multiple potential landing sites for Arte-
mis I, which will be the first of the Artemis missions to bring crew to the
lunar surface.

NASA identified the following candidate regions for an Artemis Ill lunar land-
ing: Faustini Rim A, Peak Near Shackleton, Connecting Ridge, Connecting
Ridge Extension, de Gerlache Rim 1, de Gerlache Rim 2, de Gerlache-Kocher
Massif, Haworth, Malapert Massif, Leibnitz Beta Plateau, Nobile Rim 1, Nob-
ile Rim 2, Amundsen Rim. Each of these regions is located within six degrees
of latitude of the lunar South Pole and, collectively, contain diverse geologic
features. Together, the regions provide landing options for all potential Arte-
mis Il launch opportunities. Specific landing sites are related to the timing
of the launch window, so the actual landing site will be selected when the
specific date is determined.

Besides the launch window criterion the criteria of a safe landing (terrain
slope, possibility of communications with Earth, lighting conditions) will be
considered.

To fulfill the scientific goals of the mission the study of volatiles should be
performed. The most promising areas within the selected candidate regions
will be evaluated based on the LEND instrument data onboard LRO.
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INTRODUCTION:

Recently, with the expansion of space programs, LRO (Lunar Reconnaissance
Orbiter) data is widely used in the selection of spacecraft landing sites. LRO
data consists of images with the maximum spatial resolution of 0.3—1.0 m/
pixel (with some possibilities of obtaining stereo) provided by the Narrow An-
gle Camera (NAC) and laser altimetry data obtained by the LOLA instrument.
Combination of these data provides complex information about the surface.
Long operation period of the LRO spacecraft (since 2009) has allowed us to
accumulate a significant archive of such data and it continues increase.

However, LROC NAC camera was not constructed to provide continuous ste-
reo cover of the lunar surface, so stereo images (which are needed to gener-
ate DEM) can be obtained only occasionally, when the spacecraft is specially
tilted. Such occasions are rather seldom as they need changes in LRO orbit
and influence other experiments onboard.

THE STUDY:

During the study we have made analyses of NAC stereo availability at lunar
South polar region (75—87° S and 40° W—60° E). At first, we have taken a list of
stereo images provided by LROC team [https://wms.lroc.asu.edu/Iroc/view_
rdr/SHAPEFILE_STEREO_OBSERVATIONS_SP]. It includes places with special
stereo survey provided by LROC team. It shows 76 stereo images at the se-
lected region and all of them are near 85° S and higher (see green footprints
in Fig. 1). But apart from these, there are a few more images which were
not planned as stereo but may have sufficient angle to provide information
about heights and have enough illumination for photogrammetric processing
(as it also can be a problem, especially in high latitudes). We have found 93
such images with potential stereo (red footprints in Fig. 1) in addition to ones
mentioned as special stereo (green footprints).

WEHH‘Whtn/?) 3706
i 8
me

“Low: 0

Fig. 1. Map of WEH abundance in the South polar region [2] and possible stereo cov-
erage of LROC NAC images.

Then we wondered how the (potential) stereo covering corresponds to areas
of the most interest for future exploration — regions with higher hydrogen
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concentrations. For this purpose we used map of WEH (water equivalent hy-
drogen) abundance in the South polar region [2], obtained based on the Lu-
nar Exploration Neutron Detector (LEND) data.

Figure 1 shows that stereo coverage at the South polar region is low even
with added potential stereo footprints, however there are several areas with
WEH > 0.1520.18 where we can expect to obtained detailed DEM.

CONCLUSION:

Additional stereo images are only most promising candidates for stereo pro-
cessing and do not guarantee construction of high-resolution DEM for all re-
gions. At this study we have taken into consideration images with tilts (stereo
angle) more than 5°, while special stereo survey suggests 10—20°. Such small
stereo angle will affect vertical accuracy of generated DEMs. This issue for
the selected images will be studies in further work.

Up to date, the presented map (Fig. 1) gives the most full information on
possible stereo coverage for the studying region.

REFERENCES:

[1] NAC Stereo Observations (60S to 90S) Shapefile https://wms.Iroc.asu.edu/
Iroc/view_rdr/SHAPEFILE_STEREO_OBSERVATIONS_SP.

[2] Sanin A.B., Mitrofanov I.G., Litvak M.L., Bakhtin B.N., Bodnarik J.G., Boynton W.V.,
Chin G., Evans L.G., Harshman K., Fedosov F., Golovin D.V., Kozyrev A.S., Liven-
good T.A., Malakhov A.V., McClanahan T.P., Mokrousov M.I., Starr R.D., Sag-
deevR.Z.,Vostrukhin A.A. Hydrogen distributioninthe lunar polarregions //Icarus.
2017. V. 283. P. 20-30. https://doi.org/10.1016/j.icarus.2016.06.002.



13MS3-MN-PS-12
POSTER

DRILLING OF ICE-RICH REGOLITH: VIBRATION
AND BLOCKING ISSUES

S.N. Ponomareval, A.A. Kiml, T.M. Tomilinal, Sh.A. Asfandiyarovl,
T.O. Kozlovaz, M.L. Litvak?
Mechanical Engineering Research Institute RAS, Moscow, Russia;
Space Research Institute, Moscow, Russia

KEYWORDS:
Moon exploration, lunar regolith, drilling process

Drilling instrument of lunar polar regolith is now included in the payload of
future mission Luna-27, which will land to the Moon in the vicinity of South
pole [1]). The task of this instrument is acquisition of samples of lunar mate-
rial from the 1-2 m deep shallow subsurface for further in situ investigation
onboard the lander.

Drilling of lunar regolith has already been successfully accomplished with hu-
man and robotic instrumentation in several past missions (e.g. see [2, 3]). How-
ever, they all have landed at moderate latitudes. The regolith at landing sites
was extremely dry material. The polar regolith is known might have water ice
in the porosity volume between grains, which is new specific property of this
material in comparison with regolith at moderate latitudes (e.g. see [4]).

Report presents the first results of studying the conditions of drilling process
of a such heterogeneous material, which the polar regolith is thought to be,
with the main attention to conditions of vibrational instability and blocking.
The laboratory experiment is proposed to test the drill prototype for deter-
mining the requirements to space instrument for avoidance of vibrational
instability and blocking during the drilling process of regolith with different
content of water ice.
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INTRODUCTION:

Currently, among all the geophysical methods that are used in the study of
the deep structure of the Moon, gravimetry is the mostly supported with
data for detailed analysis. The main source of information in this study was
the GRAIL (Gravity Recovery and Interior Laboratory) satellite gravimetric
mission, carried out in 2012 at an average altitude of 55 km from the surface
of the Moon with the largest intertrack distance of 31 km [1]. The standard
error of observations was estimated at +8.92 mGal for the GRGM900C field
model [2]. The accuracy and the level of details of the gravimetric data for
the middle latitudes, according to our estimates, corresponds to a scale of no
greater than 1:10 000 000. In the GRGM1200B model of gravitational field [3]
received during the GRAIL mission it is possible to distinguish isometric (mas-
cons) and linear (most likely of magmatic genesis [4]) anomalies, but the
width of the smallest valid anomalies does not exceed 50 km.

To solve problems related to the study of the internal structure of the Moon to the
depths of the first kilometers (search and exploration of minerals such as water
ice, regolith, helium-3 and rare earth minerals [5], as well as the selection and re-
search of areas eligible for the further construction of scientific bases and transfer
points of spacecrafts), the received gravimetric data is not sufficient. Based on
the current level of technology development, the authors believe that conducting
more accurate and detailed gravimetric observations in flight over the Moon’s sur-
face in the absence of atmosphere is possible only in the long term.

For a more detailed study of the gravitational field of the Moon, including
solving problems related to the study of tidal deformations, it is necessary to
conduct gravimetric observations on the surface of the Moon, for example, at
autonomous automatic scientific stations for long-term monitoring [6]. Mobile
gravimeter is also supposed to be used in the complex of scientific equipment
of the new generation lunar rover “Robot-Geologist” for lunar regional geolog-
ical and geophysical survey and exploration [6]. In the past, similar work was
carried out during the Apollo-17 mission, for which special gravimetric equip-
ment was developed. The gravimetric observations made using such equip-
ment by the Apollo-17 mission can rather be considered experimental and ex-
perimental-methodical. In this regard, there is an acute problem of developing
a modern lunar gravimeter, which one will allow to carry out the profile and
area gravimetric surveys, as well as long-term observations of variations in the
gravitational field, including those caused by tidal deformations of the Moon.

In this research, the authors studied the structure of the gravitational field of
the Moon and investigated the features of lunar gravimeters of the past years
and some gravimeters that are used on Earth. Their main characteristics are
presented in Tables 1 and 2. The last row of each table reflects which of the
gravimeters may be the best suited for further work on the lunar surface,
where number 1 means the most appropriate device.

Based on the information received, the following basic requirements for

modern lunar gravimeters were proposed.

1. To calibrate the gravimeter, a large range of gravity values is required, al-
lowing measurements to be carried out both on Earth and on the Moon.

2. Due to the large temperature difference, high-quality thermoregulation
is necessary, ensuring internal temperature stability with a change of no
more than 0.01-0.001 K.
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Table 1. The main characteristics of the lunar gravimeters of the past years.

Traverse Lunar
Gravimeter TG

Lunar Surface
Gravimeter LSG

Lunar Gravimeter
Sternberg
Astronomical
Institute MSU

Solvable problem

Measurements
of the Moon’s
gravitational field

Study of
gravitational waves

measurements of

Comparative

the gravitational

accuracy, mGal

field
Type of measuring .
system Metal string Metal test bulk Pendulum
Mass, kg 14,6 12,7 12
Measurement from £0,5 to +5 113 No data

Thermal insulation
case, two-level

Thermal insulation
housing, protection

further work

Thermoregulation O\fc?lr;:j:ssilrjgiing Su“?i'g}?gzcg':i‘c‘t”ng Thermostatic
¢ temperature with the desired container
anpaccurac of temperature with
0.01 Ky an accuracy of
' 0.01K
Ranking by
suitability for 1 b 3

Table 2. The main characteristics of the considered Earth gravimeters.

Strapdown
Scintrex CG-5, | Gas and liquid Quantum airborne
CG-6 gravimeters gravimeter gravimeter
iCORUS
Comparative Gravity
measurements | Measurement Absolute
Solvable of the of gravity gravity measurement
problem e . on a movable
gravitational increment measurements base
field
Type of Test mass on
measuring . Gas-liquid Free fall atoms |Accelerometers
quartz spring
system
Mass, kg 5,5-8 No data >35 14-30
Measurement +0,0001 fromt3to+5 | up to+0,001 0,2
accuracy, mGal
Thermostatic | Cold storage,
Therm.oregula- two-level Dewar vessel Vacuum . Thermostatic,
tion vacuum Revision thermostatic electric heaters
compartment required compartment
Ranking by
suitability
for further 3 2 4 1
work

3. When working in space conditions without the astronauts’ participation,
automation of all gravimeter operations or the possibility of remote con-
trol should be ensured.

4. Sufficient strength to withstand shock and vibration during the launch,
flight and landing of the spacecraft.

5. It should be possible to standardize the gravimeter in the conditions of
the Moon, or the possibility of reliable data extrapolation into the gravity
values ranges of the Moon for the instrument calibrated on Earth.

6. The small weight and size of the device.
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7. Measurement accuracy is not worse than 1 mGal while maintaining a fair-
ly simple and easy-to-use structure.

8. The possibility of carrying out measurements on a movable base.

9. Creation of an autonomous inertial navigation system in the design of a
gravimeter, allowing to determine the position of the body without using
of external landmarks, as well as the global navigation satellite system of
the Moon.

As a prototype, the best option at the moment is a strapdown airborne gra-
vimeter mounted on a lunar rover. This will allow to quickly perform area
surveys with an accuracy up to 0.2 mGal. A strapdown airborne gravimeter
can also be installed on autonomous jumping capsules [7], but due to the
lack of their prototype, it is difficult to say with accuracy which of these ve-
hicles is better. Gas-liquid gravimeters can be used for gravity measurements
on the surface of the Moon at rover stops. Even 100 years ago, they showed
measurement accuracy of about + 1 mGal in Earth conditions with a fairly
simple structure. However, whichever option is eventually chosen, it anyway
requires improvements.
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INTRODUCTION:

The surroundings of Mons Rumker were chosen as the most optimal territo-
ry for the study of geological-diverse structures and rocks of different ages
(from Lower Imbrian Series to Copernican System) for russian heavy rover
Lunar Robot-Geologist [2, 3]. This territory is located in the northeast of the
visible side of the Moon, in the northern part of the Oceanus Procellarum
(Fig. 1). The volcanic province of Mons Rumker is an isometric uplift with
a diameter of about 70 km. The excess relative to the surface of the Ocean
Storms reaches 1000 m. Also, this area is located in a zone of seismic activity,
which is an advantage due to the planned seismic studies carried out by the
lunar rover.
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Fig. 1. Hypsometric map of the volcanic province of Mons Rumker and the adjacent
plains in the Oceanus Procellarum. The map is based on data from NASA’s LOLA LRO
laser altimetry.

RESULTS OF MAPPING:

The source of the information was a geological map created by scientists
from the United States Geological Survey (USGS) in 1987 and the latest geo-
logical map created by scientists from the USGS in collaboration with NASA
and the Lunar and Planetary Institute, published in 2020 (Fig. 2).
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Fig. 2. Geologic maps of Mons Rumker region. A — Geologic map of Mons Rim-
ker region [4]; Im — Imbrian Series basalts; Em — Eratosthenian System basalts;
Cm — Copernican System basalts; Iv — volcanic province. B — Geologic map of
Mons Riimker region [1]; Im2 — Imbrian Mare, Upper; Em — Eratosthenian Mare;
Elp — Eratosthenian Imbrian Plateau; Ec — Eratosthenian Crater; Icl — Imbrian
Crater, Lower; Ic2 — Imbrian Crater, Upper; lif — Imbrian Imbrium Fra Mauro For-
mation; Ip — Imbrian Plains. The line shows the direction of the lunokhod’s route
of about 370 km in length.

After studying the data from different years, we chose a route for the study
that crosses all age groups of marine basalts from the oldest to the youngest
(Imbrian, Eratosthenian and Copernican).
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Fig. 3. Slope map of the surface of Mons Rumker and the surrounding area with the
proposed routes of the robot geologist based on 60 m.

Planning the lunar rover’s route should take into account a number of lim-
iting factors for its movement. Based on the technical characteristics of a
heavy geologist robot, this are the magnitude of the slope of the surface, the
radius of concavity and curvature of small mesoforms of the relief, for exam-
ple, craters, and the height of obstacles. The robot is able to overcome areas
with a slope of 30° with a connected ground, and with a slope of 20° with
an incoherent one. Variants of the proposed route of the lunar rover were
compiled based on the degree of surface slopes. So, priority was given to
relatively flat areas, as a result of which there were several options for laying
the route of the robot (Fig. 3). As a result of the work, terrain profiles were
created for each of the routes (Fig. 4).

Next, a more detailed map of the geological structure of Mons Rumker [3]
was used to recreate the most detailed picture of the geological structure of
the territory (Fig. 5).
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Fig. 4. A — terrain profile on route 1; B — terrain profile on route 2; C — terrain profile
on route 3.
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Fig. 5. A — relief map of Mons Rumker with a hillshade with the proposed routes
of the lunar rover. B — geological map of Mons Rumker according to [5] with the
proposed routes of the lunar rover; Im — Upper Imbrium Mare Materials; Em — Era-
tosthenian Mare Materials; IR3, IR2, IR1 — Upper Imbrian Rumker Plateau Materials;
Id — Upper Imbrian Dome Materials; sd — Upper Imbrian-Eratosthenian Dome Ma-
terials; csc — Copernican Crater Materials.
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The issues of studying the seismic activity of the Moon, its internal structure,
obtaining data on tidal fluctuations, etc. by measurements in the circumpo-
lar region belong to the category of fundamental tasks. The issues of con-
structing a three-coordinate seismic accelerometer for measurements on the
Moon (Luna Resource project) based on the SEM seismometer for measure-
ments on Mars (Exo-Mars project) are considered [1, 2]. The device consists
of 3 uniaxial sensing elements installed so that their axes of sensitivity are at
the same angle 54° to the local gravitational vertical. In each uniaxial sens-
ing element, along with mechanical rigidity, magnetic rigidity is introduced.
By moving the permanent magnet, it is possible to change the equilibrium
position of the test mass. This makes it possible, without changing the value
of the test mass (as in the first version of the lunar seismometer), to adjust
each sensitive element to the conditions of lunar gravity. The device must
be tilted so that the projection of the Earth’s gravity on the sensitivity axis
of each sensor is equal to the lunar gravity. After that, the device is ready
to perform measurements on the moon. The use of capacitive converters of
small mechanical displacements of test masses into an electrical signal makes
it possible to conduct measurements in the classical seismic frequency range
(0.1-10 Hz) and in the quasi-static spectral region to measure slopes and
variations in the acceleration of free fall. The ultimate sensitivity is limited
by equilibrium thermal fluctuations. The sensitivity of seismic measurements
by the amplitude of base vibrations in the vicinity of 1 Hz is ~4,5-10"*! m, the
sensitivity of slope measurements is ~3-10-8 rad in the range ofO 02rad, and
the variations in the acceleration of gravity are 1,8:10° m/s°. This makes it
possible to study tidal processes and libration fluctuations of the Moon. All
pre-flight tests were successfully carried out on the SEM device, on the basis
of which the SEISMIC-LR device is being created [3, 4]. The main difference
from the SEM device is the measurement on the lander, and not on the sur-
face of the Moon. Unlike Martian conditions, where intense winds do not
allow measurements to be made on the lander, there is no atmosphere on
the Moon. The high rigidity of the descent vehicle (the lower natural fre-
quency of mechanical vibrations of at least 40 Hz) ensures the transmission
of vibrations of the Lunar surface in the seismic frequency range practically
without damping them.
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INTRODUCTION:

Upcoming missions Luna-25 and Luna-27 are planned to be landed in the
South pole region of the Moon. One of the main aims of these missions is
the search of water in the regolith. The measuring of the water amount in
the regolith is supposed to be carried out using active neutron sensing (AD-
RON-LR instrument) [1]. At the same time, to fulfill this scientific task, the
possibility of using other instruments included in the complex of scientific
equipment of these missions is being considered. In particular, both space-
crafts have a LASMA-LR laser ionization time-of-flight mass spectrometer
onboard, whose main task is to analyze the elemental composition of lunar
regolith [2]. This instrument is designed for the analysis of solid samples and
is not intended for the analysis of volatiles [2, 3]. Nevertheless, we have con-
sidered some approaches for the analysis of samples during lunar missions to
assess the applicability of the LASMA-LR to reveal the water in the regolith.

EXPERIMENT:

At the first step, the fundamental applicability of the laser ionization mass
spectrometry method for direct analysis of a sample in the form of an ice ma-
trix was investigated. For it, a drop of water was frozen on a Peltier element
and placed in a vacuum chamber. Then a series of Nd:YAG laser shots (7 ns)
with energies from 17 mJ and below was made using a LASMA laboratory
instrument. When the laser radiation energy was reduced to 9—10 mJ, spec-
tra were recorded in which only mass peaks of hydrogen and singly ionized
oxygen were present. With a further decrease in the laser pulse power, the
energy was insufficient to ionize the ice matrix.

In the optical scheme of the LASMA-LR flight instrument, a neutral optical
filter is installed, which regulates the radiation energy to obtain an energy
range in the focusing spot that is optimal for the analysis of rocks and rego-
lith. When the energies of this range are exceeded, double and/or multiple
ionization of atoms occurs in the analysis of rocks, and the attenuation of ra-
diation only due to the attenuator is not enough to obtain spectra with single
ionization, which necessitates the installation of a neutral filter in the flight
instrument [2]. Thus, the energy range of the laser radiation of the flight in-
strument is 0.03—2 mJ. This does not allow analysis of pure water ice with a
flight instrument.

However, it is unlikely to find pure ice without impurities in course of the
missions [4, 5]. Impurities can play the role of sensitizers and reduce the ion-
ization energy of ice [6]. This was confirmed by us through the analysis of
water ice with an admixture of 1% TiH,. In this case, the energy required for
the ionization of the ice matrix was about 1.5 mJ, which made it possible to
obtain mass spectra containing hydrogen and oxygen ions using the instru-
ment in flight configuration.

We also carried out a series of experiments with isotope labels. Deuterated
water (D,0) was introduced into the Fe,0, powder at concentrations from
0.5 to 40 % (v/w), the sample was placedsin a vacuum chamber and analyzed
using the instrument in flight configuration. As a result, mass spectra were
obtained with deuterium and oxygen peaks, i.e. the instrument was capable
of detecting heavy water in the samples (Fig. 1). During the experiments, a
gradual decrease in the deuterium concentration was observed, which was
recorded by the instrument, which was due to the sublimation of ice in the
vacuum chamber. This creates the prerequisites for determining the state of
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water in a sample (chemically bound water vs mixtures of ice with regolith)
by analyzing the dynamics of the content of hydrogen ions in the sample.
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Fig. 1. Mass-spectrum of Fe,0, powder with 40 % D,0. The insert represents part of
the same spectrum in the least sensitive channel.

CONCLUSION:

It was found that the LASMA-LR instrument is capable of qualitatively detect
water ice in regolith. A quantitative assessment of the water content requires
further research and development of methods. It is important to note that
the possibility of carrying out such analyzes critically depends on the condi-
tions of regolith sampling and its delivery to the sample receiving device of
the instrument, since under the conditions of the lunar surface, sublimation
of ice is possible even before the sample analysis. Nevertheless, the exper-
iments performed testify to the fundamental applicability of the LASMA-LR
for searching water in course of the Luna-25 and Luna-25 missions.
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INTRODUCTION:

Diamond has ultimately high radiation and temperature hardness. This de-
termines its prospects for development space radiation detectors [1-3] effi-
cient for rugged service.

In previous investigations [3] new high-temperature detector has been shown
to efficiently register electrons, gamma radiation and neutrons up to 200° C.

The aim of this work is the experimental testing the modified detector and
the registration block that includes it under action of gamma radiation, elec-
trons, protons, neutrons and heavy ions.

EXPERIMENTAL METHODS AND RESULTS:

Diamond detectors have been fabricated using electronic grade dia-
mond plates with thin metal electrodes deposited on interfacial lay-
er. The bias voltage has been applied to the electrodes. The output
signals of the detectors have been applied to the charge-sensitive
amplifiers and further have been registered using Greenstar digital
processor.

A block of space radiation registration including the diamond detec-
tor has been developed. The registration block is designed to register
space radiation on outer surface of the spacecraft. It is fabricated us-
ing only domestic components. The block has two registration chan-
nels that include the diamond detector, charge-sensitive amplifier,
shaper and data processing unit. The output of the registration chan-
nel is determined by the spectrum of the energy deposited in diamond
sensitive element.

The diamond detector and registration block have been tested under ac-
tion of gamma radiation (GOCO), electrons (9°Sr+9°Y), protons, neutrons and
heavy ions. To obtain the neutron radiation the isotope source (Am:Be)
and deuterium-tritium generator have been used. The beam of accelerat-
ed carbon ions (400 MeV/nuclon) has been used to investigate the output
of the samples under action of heavy ions. The proton radiation has been
obtained by passing neutron radiation from Am:Be source through poly-
ethylene converter and as secondary emission of the beam of accelerated
carbon ions in distilled water.

The output spectrum of diamond detector under action of accelerated
carbonions is shown at the Fig. 1. The output spectrum of the registration
block obtained simultaneously is shown at the Fig. 2. One can see that
the spectra have similar form and we can conclude that the detector and
the registration block register carbon ions efficiently. The spectra include
the strongly pronounced peak associated with the ions registration and
a lesser peak at higher energies is related presumably to the action of
secondary particles including protons.
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Fig. 1. Detector output spectrum under action of accelerated carbon ions.
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Fig. 2. Registration block output spectrum under action of accelerated carbon ions.

The differences in spectra are explained by difference in channel width and in
the dimensions of diamond sensitive elements (i.e. the effective registration
cross-section) and different placing of the registration block and the detector
in the ion beam. The difference in first 30 channels is related to the noise
correction technique in Greenstar processor. One can scale up the abscissa
axis to graduate the scale of registration block. The result of scaling is shown
at the Fig. 3.

The tests of the detector and registration block under action of neutron, elec-
tron and gamma radiation have shown that the samples under investigation
register ionizing radiation efficiently. To register the output of the detector
under action of proton radiation we have used neutron radiation with and
without polyethylene converter between the source and the detector. So, the
output spectra under action of protons have been obtained by subtraction
of the spectra obtained without the converter from those obtained with the
converter.

FS

-2
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Fig. 3. Normalized spectra of the detector (1) and the registration block (2) output
under action of accelerated carbon ions. Abscissa axis for registration block has been
scaled up to match the peaks.

CONCLUSIONS:

The detector and the registration block for space radiation monitoring have
been tested under action of different types of ionizing radiation. The samples
under investigation are shown to efficiently register such ionizing radiation as
gamma, electron, neutron, proton and heavy ions.
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INTRODUCTION:

In many countries, for testing scientific and service space equipment, landing
spacecraft and all-terrain vehicles, natural test sites are used, which are char-
acterized by landscape and soil as close to the lunar (Martian) landscape and
soil, as far as possible in terrestrial conditions. There is no such test site in
Russia. Previously, they were - in Kamchatka and near Evpatoria at such test
sites, for example, they tested Soviet lunar rovers.

REQUIREMENTS FOR A NATURAL LUNAR TEST SITE ON EARTH:
The choice of areas suitable for creating a natural lunar test site on Earth was
carried out taking into account the following requirements:

1. The soil should be predominantly of volcanic origin, which, approximately
like the lunar regolith, was formed, accumulated and compacted during
effusive eruptions by falling particles from above.

2. Volcanic soil should be as fresh as possible without signs of geochemical
weathering and should not be displaced and redeposited by water flows.

3. The volcanic soil, like the lunar regolith, is characterized by a detrital
shape and poor sorting of particles by size.

4. Volcanic soil with a significant content of fine-grained tephra (ash) should
be close to the lunar soil in terms of particle size distribution.

5. The soil in terms of glass content and composition of the main rock-form-
ing minerals and chemical composition should be close to the lunar rego-
lith.

6. The volcanogenic landscape must be newly formed, without vegetation,
and as close as possible to the lunar landscape.

7. All test sites must be within transport accessibility.

EXPEDITION TO KAMCHATKA:

Based on the above requirements, the following areas of the Kamchatka
Peninsula were selected and explored in 2020: Tolbachik, Mutnovsky, Gorely
volcanoes, Mount Camel in the area of Karyaksky volcano and Khalaktyrsky
beach on the coast of Avachinsky Bay of the Pacific Ocean (Fig. 1).

The explored areas in Kamchatka have no vegetation, resemble a lunar land-
scape (Fig. 2), and have volcanic soil (tephra) with a high ash content. The
rocks of Tolbachik volcano are typical basalts, tephra (ash) consists mainly of
volcanic glass of basalt composition interspersed with rock-forming minerals
(plagioclase, pyroxene, olivine) and ore minerals (titanomagnetite, chrome
spinel). The mineral composition of tephra of Mutnovsky, Gorely, and Mount
Camel volcanoes is generally close to the composition of the soil in Tolbachik.

The granulometric composition is the most important characteristic of a dis-
persed soil, which affects the physical, mechanical and other properties of
the lunar soil [1]. The sand from the Khalaktyrsky beach turned out to be
too coarse (Fig. 3), while the samples from the Mutnovsky volcano and the
Gorely volcano had too low a content of particles smaller than 0.1 mm. The
particle size distribution closest to the lunar soil is observed in the soil from
the Gorely volcano from a height of 1390 m and from the Tolbachik volcano.

The sand of the Khalaktyrsky beach is characterized by a high degree of sort-
ing and is composed of dark-colored minerals (pyroxenes, hornblende, oliv-
ine), feldspars and quartz are less common. Ore minerals are represented by
magnetite, titanomagnetite, ilmenite, hematite, martite. The content of iron
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oxides is up to 14.5% and titanium dioxide (TiO2) is up to 9.2%. Magnetic
properties are strongly manifested.
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Fig. 1. Schematic map of the studied areas of Kamchatka.

Fig. 2. “Lunar” landscape on the Tolbachik volcano in the area of the Alaida hill, site
coordinates 55.720588° N, 160.268339° E.
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Fig. 3. Integral particle size distribution of lunar soil and studied samples from Kam-
chatka: 1 — Gorely; 2 — Khalaktyrsky beach; 3 — Gorely (1390); 4 — Tolbachik; 5 —
Mutnovsky; 6 — “Apollo—-11, -12, -14, -15, -16, -17” and “Luna-24" [4]; 7 — “Apollo
11” landing site [5]; 8 — “Apollo—-17” landing site [1].

The dielectric properties of the soil depend on the chemical and mineral com-
position, on the particle size distribution and density, on the temperature of
the soil and on the frequency of the electromagnetic pulse of the measuring
equipment [2]. The dielectric constant of dry lunar soil with similar mineral
and particle size distribution is almost independent of the frequency of the
electromagnetic pulse of the measuring equipment and mainly depends only
on its density [3].

SUMMARY:

The studied areas of Tolbachik, Mutnovsky, Gorely volcanoes and Mount
Camel meet all the basic requirements for test site and are characterized
by a landscape that is as close as possible to the lunar landscape. The volca-
nic tephra with a high content of ash and the presence of stones, does not
contain vegetation. The physical properties of the soil, the granulometric,
chemical and mineral composition of the soil are as close as possible to the
properties and composition of the lunar soil, as far as possible under terres-
trial natural conditions.

Unlike sites in the region of volcanoes, Khalaktyrsky beach is a perfectly flat
area composed of black well-sorted sand, and for some properties (density,
mineral composition containing magnetic minerals with iron oxide), it can
also be used to test a certain scientific and service equipment of lunar land-
ers. All the studied areas are within transport accessibility.
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INTRODUCTION:

The Laboratory of Geochemistry of the Moon and Planets of Vernadsky In-
stitute is developing a full-scale analogue soil, which will be close not only
in physical properties, but also in chemical and mineral composition to the
lunar regolith. Sampling sites are also viewed as full-scale test sites for space
rovers testing. The main purpose of this study is to examine the mechani-
cal properties of several types of ashes from the Tolbachik, Gorely and Mut-
novsky volcanoes, as well as the Khalaktyrsky beach and compare them with
the lunar regolith. The similarity criteria are the values of density, angle of
internal friction and cohesion. For this purpose, shear strength tests were
performed for loose and dense compactions of material and then the angle
of internal friction and cohesion were determined.

PROPERTIES OF LUNAR SOIL:

In terms of particle size distribution, a typical lunar regolith is a poorly sorted
sandy-silty soil with an admixture of rubble and boulders. The median parti-
cle size ranges from 0.04 to 0.130 mm with an average value of 0.07 mm [1].

Most of the lunar regolith samples are characterized by a predominance of
a coarse-grained fraction from fresh crater ejections and a finely dispersed
fraction of a mature regolith, which indicates insufficient sorting of the lunar
regolith in contrast to terrestrial loose soils [2].

The natural density of lunar regolith on the surface up to a depth of 15 cm,
according to data from the Luna-16 and Luna-20 spacecraft missions, varies
from 1.12 to 1.7 g-cm™ 3 with an average value of about 1.5 g-cm™.

The average value of the density of the regolith on the surface, according
to the data from the Apollo missions, is also 1.3 g-cm™3, but then sharply in-
creases with depth with hyperbolic-like dependence. Deeper than 60 cm, the
density of the regolith soil increases insignificantly, and at a depth of about
3 m it approaches 1.92 g-cm 3 [3].

An assessment of the strength characteristics showed that on the surface the
lunar soil in a loose state has insignificant cohesion and a small angle of inter-
nal friction. As the soil is compacted at a depth of up to 1.5 g-cm™3, the shear
resistance increases both due to an increase in adhesion forces and due to an
increase in the angle of internal friction. Scientists’ assessment [4] of bore hole
resilience against caving from Apollo-16 and Apollo-17 missions showed that
the specific adhesion at landing sites is 1.1-1.8 kPa and a ¢ value of 46.5°.

Lunokhod-2 in Lemonnier crater near the eastern coast of the Sea of Clarity
also measured the following parameters: specific cohesion - 0.40 kPa, angle
of internal friction — 40°° [2].

Experimental studies of the lunar soil delivered from the landing sites of the
manned Apollo expeditions also showed a strong dependence of cohesion
and the angle of internal friction on the density of the soil and, accordingly,
on the depth of occurrence [5]. When the density changed from 0.99 to 1.87,
the cohesion varied within 0.3-3.0 kPa and the angle of internal friction was
13-56° [5, 2].

Thus, the lunar regolith has a density range of 1.3—-1.9 g-cm™>, the angle of
internal friction, depending on the density, varies from 13 to 56°, and the
cohesion is 0 to 3 kPa.
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DESCRIPTION OF METHODS:

The density was determined in a cylindrical form with a known volume. The
minimum density was determined by free pouring into a container, and the
maximum density was determined by layer-by-layer filling and vibrocom-
paction. Mechanical properties were determined by shear testing (Fig. 1), it
based on the Mohr-Coulomb theory: the value of the shear stress (t) will
depend on the cohesion values (c), the internal friction angle (tgd) and the
applied normal stress (o).
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Fig. 1. Example of shear test for sand from Khalaktyrsky beach

The normal stress was set depending on the density of the samples in the
range from 10 to 50 kPa for loose and from 50 to 200 kPa for dense samples.
The strength value was defined as the maximum shear stress at which the
sample failed. The shear speed was 2 mm/min.

RESULTS AND DISCUSSION:

Samples of Kamchatka ash are sandy soils with an admixture of dust and
coarse-grained fractions in different ratios. There were 5 samples in total:
Gorely volcano (lower part of the slope), Gorely vocano (upper part of the
slope, 1390 m), Khalaktyrsky beach, Mutnovsky volcano, Tolbachik volcano.
The last sample had a large particle size, so it was divided into two samples:
screening through a sieve of 2.5 mm and a crushed part of less than 0.16 mm.
The samples had a different range of density and, therefore, strength charac-
teristics, as shown in Table 1.

Table 1. Density and strength characteristics of Kamchatka’s ashes.

Samples P, g-cm™ @, grad c, kPa
Tolbachik (<2,5 mm) 1.05-1.15 439 7.4-48.5

Tolbachik (<0.16 mm) 1.05-1.52 10-34 11-23
Mutnovsky 1.34-1.65 43.7-50.8 3.1-18.1
Gorely (foot) 1.36-1.66 34.8-33.1 3.9-16.9
Gorely (slop 1390 m) 1.27-1.57 33.8-36.1 1.7-12.8
Khalaktyrsky beach 1.68-1.87 29.9-40.3 1.7-14.6

Consideration of Kamchatka ashes as potential analogues of the lunar soil
showed that they will not be able to fully imitate the lunar soil.

Samples from the Mutnovsky and Gorely volcanoes can be used to simulate
the upper layer (up to a depth of 15 cm) of regolith, with a minimum density.

Preliminary studies of the mineral composition, on the contrary, show that
samples from the Tolbachik volcano and Khalaktyrsky beach are close in com-
position, but under natural conditions they are too coarse. Crushed Tolbachik
ash also does not fully correspond to the lunar one. Further research will
be directed to the study of crushed samples of these samples, and possible
options for mixing different samples will be considered, in order to achieve
a better result.
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INTRODUCTION:

All analogues of lunar regolith are made, as a rule, in order to simulate one
or two basic properties necessary for research, modelling and experiments.
It is practically impossible to create a complete analogue of lunar regolith
based on terrestrial rocks, corresponding to all the basic properties — phys-
ical and mechanical, thermophysical, electromagnetic, chemical and mineral
composition [1].

For lunar regolith analogues of the physical and mechanical properties one of
the most important characteristics is the grain size composition. The particle
size of the lunar regolith is close to that of terrestrial volcanic ashes. Also,
some volcanic ashes can be similar to the lunar regolith in chemical and min-
eralogical composition.

In this work, a comparative analysis of the grain size composition of the lunar
regolith and volcanic ashes of Kamchatka was carried out.

SAMPLES:

For the study, ashes samples were taken from the Gorely, Mutnovsky, Tol-
bachik volcanoes, as well as sand from the Khalaktyrsky beach (Fig. 1). Two

samples were taken from the Gorely volcano at the foot and from an altitude
of 1390 m.

158°48'E 158°59'E

Toukn ot6opa npob

Fig. 1. Sampling sites.
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All samples were examined in natural constitution, with the exception of the
sample from the Tolbachik volcano. Due to the fact that the material from the
Tolbachik volcano has low strength and is subject to light mechanical stress,
improvised means were used to grind the material. So, during the prepara-
tion of the soil, the following technique was used: 1) Crushing the materi-
al with a hammer; 2) Screening the crushed material through sieves with a
diameter of 1-0,16 mm; 3) Grinding the material with a roller-like object;
4) Sifting the crushed material through sieves with a diameter of 1-0,16 mm;
5) Abrasion of sieved material with fraction <160 um.

It should be noted that in the lunar regolith, the total content of particles
larger than 500 um and less than 20 um in a typical lunar regolith sharply
decreases [1]; therefore, fractions in this range should prevail.

METHODOLOGY:

To determine the particle size distribution, it is necessary to know the solid
particle density, which was determined using a pycnometer in accordance
with GOST 5180-2015. The particle size distribution was determined using a
hydrometer according to the method of GOST 12536-2014.

RESULTS:

The results of determining the density of particles are shown in Table 1. It
should be noted that the data obtained for the Tolbachik and Khalaktyrsky
beach samples have rather overestimated values, which is associated with
the peculiarities of their chemical and mineralogical composition.

The graph (fig. 2) shows that curves (3) and (4) are the closest to the curve
according to the averaged data of lunar regolith. Samples (1), (2) and (5) have
too low a content of particles smaller than 0.1 mm.

100
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—_— 2 34 == 5 == 6 === 7 awwee 8

Fig. 2. Integral particlesize distribution of lunar soil and studied samples: 1 — Gorely;
2 — Khalaktyrsky beach; 3 — Gorely (1390 m) ;4 — Tolbachik; 5 — Mutnovsky; 6 —
particle size distribution averaged of lunar soil (Apollo-11, -12, -14...-17 and Luna-
24) [4]; 7 — Apollo-11 landing site [5]; 8 — Apollo-17 landing site [1].

Table 1.
No. Sample Solid particle_s3 density,

g-cm
1 Gorely 2,60
2 Khalaktyrsky beach 3,00
3 Gorely (1390) 2,60
4 Tolbachik 2,93
5 Mutnovsky 2,72

More detailed studies of the physical and mechanical properties are needed
to evaluate these samples as a physical and mechanical analogue of the lunar
regolith.
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INTRODUCTION:

Determination the material mixing factor during the fallout of impact cra-
ter ejecta is one of the most important problems, the solution of which will
help to refine our understanding of the distribution of material on the Moon.
However, the existing models of ejecta emplacement and their mixing differ
greatly, and therefore the material mixing factor needs to be studied further.

MIXING FACTOR OF LOCAL AND FOREIGN MATERIALS:

There are a series of models [1-5] that give a representation of the thickness
of ejecta deposits, but do not take into account the inevitable mixing of ejec-
ta material with the underlying regolith. During the emplacement of ejecta
deposit, materials with very broad spectrum of grain sizes fall out, forming
secondary impact craters in a wide range of diameters. As the result, the
local regolith of the near-surface layers is mixed with the ejecta material. An
approach to the solution of the mixing problem was proposed by Oberbeck
et al. [6], who used the results of experimental studies to quantify evaluation
of volume ratio of the locally displaced to the introduced material of ejecta
(mixing factor u). Oberbeck et al. [6] proposed an empirical relation of the
change in the value of u as the distance from the crater increases:

1 =0.0183R%¥, (1)

where R is the distance from the middle of the crater radius to the point of
interest. Oberbeck et al. [6] brought arguments that this relationship can be
applied not only to determine the degree of mixing of ejecta from the Coper-
nicus crater, but also for other large lunar craters. The R value was chosen to
be equal to the distance from the middle of the crater radius to the calcula-
tion site because it is not possible to determine from which part of the crater
a fragment, which caused formation of a secondary crater, was ejected.

In their work, Petro and Pieters [7] compared the results of various ejec-
ta deposition models, including models with and without material mixing.
The authors determined that the results obtained using the mixing model
of Oberbeck et al. [6] are poorly comparable with the geochemical and pe-
trographic features of the Apollo 16 soil [8]. This discrepancy led Petro and
Pieters [7] to the conclusion that the mixing factor u calculated from formula
(1) should be reduced about by a factor of two.

ESTIMATION OF THE MIXING OF LOCAL AND FOREIGN MATERIALS

BY THE CONTENT OF IRON OXIDE IN THE RAYS OF THE LANGRENUS
CRATER:

At the moment, there is no exact confirmation of the correctness of the ma-
terial mixing models. In order to refine them, the models were compared
with data on the content of iron oxide in the lunar regolith, estimated from
the results of the Clementine mission [9].

The objects of our study were the rays of the Langrenus crater (Fig. 1), which
was selected because: (1) it is located on the border of the Mare Fecundita-
tis and the highlands, and part of its rays are clearly visible on the dark and
smooth mare surface; (2) the age of the crater, 3.44 Ga [10], almost coin-
cides with the age of the mare surface of the Mare Fecunditatis, 3.37 Ga [10],
which minimizes the ray formation factor due to mechanical reworking of
regolith by ejected particles. In our study, we used only those rays that lie on
the smooth surface of the mare. Within each ray, we have selected randomly
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distributed points, at which the model FeO content was determined from the
Clementine FeO-map.
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Fig. 1. Map of the FeO content in the area of the Langrenus crater and the rays used
in the calculations.
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Fig. 2. Change in the amount of iron oxide in the rays of the Langrenus crater depend-
ing on the distance from its center.

The obtained estimates of FeO content form a clearly defined trend of in-
creasing iron oxide (Fig. 2), as the distance (D) from the center of the crater
increases. This trend is described by a linear function (Fig. 2):

FeO = D-2.36E-005 + 9.62. (2)

At the distance of about 3 crater diameters (~¥300 km), the curve flattens out
and no increase in iron content in the rays is observed; the local variations in
the FeO content are associated with the presence of rays from Tycho crater.

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 determined
function (2) shows that directly outside the zone of continuous ejecta 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-mem-
174
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bers, corresponds to a mix of ~36 and 64 % of the highland and mare compo-
nents. 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 co-
incides with the average FeO content in the Mare Fecunditatis 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 material (L/F) in the range of distances from the
edge of contiguous ejecta to the zone where the local regolith absolutely
(~100 %) dominate at ~300 km:

L/F =0.2-exp(0.013D), (3)

the center of the crater in kilometers. Formula (3) is not an alternative for es-
timating the degree of mixing, but allows one to obtain an integral estimate
of the proportions of local and foreign material.
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INTRODUCTION:

Model distribution of the ejecta thickness in the southern subpolar region of
the Moon is essential for the interpretation of the geological structure at the
landing sites of Lunar missions, including the Luna-25 expedition.

This expedition is one of the highest priority projects of the Roscosmos cor-
poration at the moment. When interpreting the results obtained at one of
the selected landing sites (ellipses 1, 4 and 6, Fig. 1), it is vital to understand
the geological structure of the region and the sources of the material that
makes up the surface.

MAP OF THE EJECTA THICKNESSES OF LUNA-25 LANDING SECTOR:

The map of ejecta thicknesses (see Fig. 1) based on Hausen et al. [2] and
Sharpton [3] models. We applied the formula of Housen et al. for craters
larger than 45 km and Sharpton’s formula for smaller craters. In the model
of Housen et al. [2], the radial decrease in ejecta thickness is described by
the formula: T=0.0078R(r/R)">*, in the Sharpton model [3]: T = 3.95(+1.19)
R%3%°(r/R)™3. Borders of geological units (ejecta) based on the geological map
at the scale of 1:300,000 [1].

High-priority landin
O sit%s 1Sx30ykm] 5
System of ejecta
Era - Erathosthenian
Imb, - Upper-Imbrian
Imb, - Lower-Imbrian
Nec - Nectarian

Modeled Thickness of Ejecta, m
0 6 12 32 92 285 900

NN 1 1711 T T

POLAR STEREOGRAPHIC PROJECTION

Fig. 1. Ejecta map of the Luna-25 landing area.

These maps allow us to understand the source and thicknesses of the ma-
terial at the landing sites. We can calculate the source and thickness of the
material at each point. This investigation could be provided not only for the
exposed layer but also for overlapped. Exposed ejecta blanked overlaps a
pre-Nectarian basement. Small impactors could penetrate the shallow upper
layer, and older material could redeposit on the surface.

GEOLOGICAL STRUCTURE OF LANDING ELLIPSES:

Using Fassett, Housen and Sharpton models, it becomes possible to calculate
the thicknesses of overlapped strata and build the series of longitudinal and
transverse geological sections through the landing sites (Fig. 2).

Geological sections were built using laser altimetry data with LOLA, model
ejecta thickness and geological maps compiled in this study based on works
[4] and [6]. The nature of the distribution of the ejected material and data of
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the morphological structure of the surface were taken into account. For bet-
ter visualization of the sections, the ratio of the horizontal and vertical scales
was 1:5. The ejecta thickness was calculated for all craters affecting the geo-
logical structure of the landing ellipses.
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Fig. 2. Geological sections through landing ellipses 1, 4 and 6 [1]. uc — small craters.
A dashed line marks the area of influence of small craters located near the section.

ELLIPSE 1:

The SPA basin ejecta represents the base of the section with an estimated
thickness of about 870 m. The next layer sourced from the Manzinus cra-
ter (pre-Nectarian) with a thickness of 180 to 85 m from NE to SW, respec-
tively. Above, sediments of the Simpelius A (pNec) crater have 35-18 m
thick from the SW to NE. The near-surface zone is represented by undiffer-
entiated deposits of pre-Nectarian (Manzinus N, 6 to 1 m thickness, W-E;
Manzinus D, 22-5 m, SE-NE), Nectarian (Manzinus S, 19-2 m, S-N) and
Upper Imbrian (Manzinus E, 2-1 m, E-W) ages. Upper Imbrian blanked in
this ellipse have a thickness from 7 to 6 m. The section is complicated by
small craters, checked by the index (uc). The excavation depth of all large
craters, except for the craters Manzinus H (pNec) and Manzinus E (Up-
Imb), is greater than the thickness of the SPA sediments, and their ejecta
may contain material that comes under SPA ejecta blanked [1]. Moretus
crater diameter (115 km) and approximate excavation depth of it ~12 km
allow us to assume that impact could redeposit pre-SPA old material cov-
ered by SPA blanked [4] (800-1000 m, based on Fassett et al. [5] model:
T = 2900(+300)-(r/R)>81#0)),

ELLIPSE 4:

The thickness of the SPA deposit is about 850 m. The northwestern part of the
section is complicated by the uneven thickness of the ejecta from the Curtius
crater. The next layer is material from Curtius crater (pNec) with the variation
of thickness from 90 to 52 m from NE to SW. Above layers with pre-Nectarian
age: Simpelius E (95-8 m thick, from south to north), Simpelius A (48-21 m
thick (SE-NW). The upper layers in the eastern part of the ellipse may contain
material from Simpelius H and Simpelius F craters. Material from Pentland A
crater (Nec) formed ejecta 63—10 m with the thickness (NE-SW). The overly-
ing material of crater Pentland A (Nec) formed ejecta 63—10 m of the thick-
ness (NE-SW). The upper layer of the ellipse is composed of ejecta from the
Lower Imbrian Moretus crater with a thickness of 7-6 m from SW to NE.

ELLIPSE 6:

At the base of the geological section of ellipse 6 (see Fig. 2), there are SPA
deposits with a thickness of about 1 km. They are overlain by ejecta from the
Boguslawsky crater, with a thickness 74—32 m in the S—N direction. Above
located the deposits of the Boussingault E (pNec) (152-95 m, NE-SW) and
Boussingault (pNec) (210-85 m, E-W) craters. The Nectarian crater Boussin-
gault A deposits are probably fragmentary and have a thickness of 20-14 m.
The thickness of deposits of the youngest large craters: Boussingault F (Up-
Imb) and Boussingault K (Upimb), inside the ellipse, does not reach 2 m in
total and, apparently, did not have a significant impact on the geological
structure of the territory [1].
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INTRODUCTION:

Research of crater ejecta is important for understanding of cratering process.
Thickness of ejecta is crucial characteristics of ejecta and it is usually esti-
mated from experimental data, numerical modelling or semi-analytical di-
mensional analysis. Our approach is almost completely analytical, based on
simple assumptions and Kepler’s laws of motion. We used simple model of
ejecta, which assumes:

Point-source ejecta.

Simultaneous ejection.

Radial symmetry of ejecta.

rajectories of particles of ejecta are elliptic or hyperbolic.
The surface of the planet is spherical.

Interaction between particles of ejecta is negligible.

7. Constant angle of ejecta [1, 2].

Our approach allows to use various mass-velocity distributions. We used Z-model
[1], which assumes power law distribution. The best fit gives comparison of our
analytical dependence with scaling law obtained by Housen et al. [2]:
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Fig. 1. Dependence of ejecta thickness on angle between the center of crater and
some point on the surface of the Moon in logarithmic scale for radius of crater from
0.01 to 0.1 Moon'’s radius with step 0.01. Red lines are dependencies of ejecta thick-
ness on angle calculated according our model and black lines show scaling law de-
scribed in [2].

Advantage of our analytic approach is that it considers ellipticity of trajec-
tories of ejecta particles as well as sphericity of planet’s surface, therefore
our formulae for ejecta thickness can be used for very large craters like Mare
Orientale or Aitken basin on the Moon. In addition, our approach allows to
use different mass-velocity distributions and change other initial parameters
like radius or density of planet or ejection angle what makes our approach
universal and applicable for wide range of craters in the Solar system.
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THE MODEL OF THE MOON. GEOPHYSICAL CONSTRAINTS:
A model of the Moon consisting of a crust, upper and middle mantle, low-ve-
locity/viscosity zone (LVZ), outer liquid and inner solid core is considered.

THE MANTLE:

It is assumed that the upper—-middle mantle boundary marks the base of the
lunar magma ocean (LMO), below there is a primary undifferentiated man-
tle, not affected by partial melting processes. The depth of the boundary
between the upper and lower mantle (750 km) is set in accordance with the
seismic boundary from the model [1]. The physical properties of the mantle
(density, thermal conductivity, heat release) were set in accordance with the
chondrite model, taking into account the heat release estimates obtained
for the magma ocean model - corrections are introduced for the increased
content of radioactive elements in the crust.

TRANSITION LAYER LVZ:

The existence of a partially melted LVZ layer is evidenced by selenophysical
and electromagnetic data, seismic attenuation at the base of the lower man-
tle [2—-4], as well as reanalysis of seismic data [5]. The presence of a layer of
increased dissipation in the mantle base is consistent with the frequency de-
pendence of Q-factors [4]. The outer boundary of the LVZ is set at R =550 km,

since the sources of the deepest moonquakes lie at a depth of ~ 1200 km [5].

Viscosity in the LVZ zone is set according to the data [6] — 3- 10%° Pa-s.

THE CORE:
The core of the Moon consists of an outer liquid core, with a radius of
R uter core = 350 km and a density of p_ ... ... = 6700 kg/m?* and a solid inner

core with R, =240 km and a density of p = 7500 kg/m [7]. The

inner core inner core

heat capacity in the core was set Cp__ . = 800 J-kgtK?t

RADIOACTIVE SOURCES IN THE MANTLE AND LVZ:

The content of radioactive sources in the mantle was set in accordance with
the estimates obtained previously: in the range U = 80-240 ppb for a
magma ocean model with depth of 750 km, the possfble concentrations of
uranium in the upper (Uupper) and lower (U,ower) mantle were determined.

The restrictions on the optimal temperature gradient in the mantle
dT/dH=1.17 °C are fulfilled for T =350°Cat auranium concentration

crust-mantle

in the crust U, = 220 ppb. These parameters correspond to: U, , = 19 ppb

crust
(close to the value for silicate Earth), Uupper = 6 ppb.

In this statement, it is assumed that the total heat release in the lower mantle
and LVZ should correspond to the bulk value, and the heat release from the
ilmenite-rich LVZ can be from 4 to 12 times higher than in the lower mantle [8].

CALCULATION METHOD:

The temperature distributions from 500 Ma from the formation of CAl to
the present are found by numerically solving the one-dimensional non-sta-
tionary heat equation in the central symmetry approximation, which takes
into account both conductive and convective heat transfer, as well as the
processes of heating the mantle matter due to the energy of radioactive de-
cay. Additional radioactive sources are included into the LVZ to ensure partial
melting; there are no internal sources in the core — only conductive heat
transfer is possible in the core region. The temperature profile at the initial
time is set similarly [9].
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Calculations were carried out for a non-stationary thermal model at times
from 0.5 billion years to the present for the “cold” model of the Moon —
crust mantle = 023 K (350 °C). The temperature distributions obtained as a

result of calculations are consistent with geophysical data, as well as with

previous estimates of the temperature distribution in the Moon, calculated
from seismic data.

RESULTS:
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Fig. 1.

The maximum difference in heat release in the LVZ compared to the lower
mantle leads to a temperature change of ~30 K in the LVZ zone and core, but
does not significantly affect the temperature in the upper mantle. The tem-
perature calculated for the present time in the liquid core in the case of a
significant excess of the content of radioactive sources in the LVZ compared
to the lower mantle is consistent with the melting temperature estimates.
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INTRODUCTION:

Data on the variations of the slope steepness of the impact crater walls is an
important component of the general task of estimation of the rate of ero-
sional processes on the Moon. These data in combination with the estimates
of the model absolute ages (AMA) of craters provide the possibility to quan-
tify the dynamic of the crater degradation.

APPROACH:

The measurements of the steepness of the slopes is a very time-consuming
procedure. In order to facilitate it and to conduct numerous measurements
in craters, we have developed a simple computer program that constructs
an average topographic profile of craters under study. The program collects,
averages, and estimate the standard deviation of the topographic data in
zones concentric relative to the geometrical center of the crater. One of the
outcomes of the program is the mean value of the slope of the crater wall.
This value, however, is estimated between the deepest point on the floor
and highest point on the rim, which is could be a biased estimate because in
many craters the slope of the wall is changed from shallower at the bottom to
steeper at the wall and again to shallower near the rim. In order to be able to
use the automatically collected data we have to check how adequately they
describe the desirable property of the crater wall steepness.

VERIFICATION OF THE AUTOMATICALLY COLLECTED DATA:

In order to verify the data received from the automatic processing of the
crater topographic data, we have mapped out small craters in the Apollo-12
landing site area (684 craters in a diameter range from 20 to 468 m) and
in Apollo-15 SIVB impact areas (642 craters in a diameter range from 40 to
1000 m) using the available NAC images (spatial resolution is 2 m/px). For
these craters, we have constructed the averaged topographic profiles using
the NAC-based DTMs with spatial resolution of 2 m/px. During this proce-
dure, the averaged wall steepness values of these craters were received.

At the next step, we have selected at random 10 % of the studied population,
manually constructed their topographic profiles (orientation of the profiles
was also selected at random), and estimated the wall steepness of the steep-
est (it was also the longest) portion of the wall by the least square linear
approximation.

The results of the comparison of the automatic and manual measurements
are shown in Fig. 1. As expected, the automatic procedure underestimates
the steepness values, it is followed from the program algorithm. However,
the correlation coefficient between the automatic and manual results is
high. This ensures that the difference between the results has a systematic
character and provide the possibility to introduce a correction coefficient
for the automatically collected data in order to estimate the true steepness
value.

FUTURE WORK:

We plan to apply the automatic procedure of the measurements to the
secondary craters from the sources with known/inferred ages in attempt
to quantitatively estimate the dynamics of the slope degradation on the
Moon.
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INTRODUCTION:
The morphological characteristics of craters in the polar regions of the Moon
have been studied.

For the morphological description of craters located in the polar regions of
the Moon, we used the system for describing the morphological features
of craters developed at the SAl MSU, which was previously used to create
morphological catalogs of the craters of the Moon, Mars and Mercury [1].
The description of the crater includes coordinates and 9 morphological fea-
tures: degree of preservation or degree of preservation of the rim, the pres-
ence of terraces or collapses on the slopes, the nature of the crater rim, the
presence and type of the central rise (peak, hill or central ridge), the pres-
ence of fissures and chains of small craters at the bottom, the nature of the
crater bottom, the presence of lava at the bottom, the ray systems, type of
underlying surface. Each of these features has a number of sub-features.

Information about the coordinates and diameters of craters was obtained
from the catalogs of morphometric parameters of the craters of the northern
and southern polar regions of the Moon, created at the SAl MGU jointly with
the Ural Federal University [2, 3]. Morphometric catalogs were created on
the basis of a DEM with a resolution of 120 m/pixel according to the data of
the probe “Lunar Reconnaissance Orbiter” [4]. The catalog of morphometric
parameters of craters in the northern polar region of the Moon contains data
on 2302 craters with a diameter of 10 km or more. The morphometric cata-
log of craters in the southern polar region of the Moon includes 1320 craters
with a diameter of 10 km or more.

According to the data obtained, most of the craters in the polar regions of
the Moon (almost 40 and 30%, respectively) can be assigned to the 3™ and
4™ classes of degree of preservation according to our classification: they have
a smoothed or destroyed rim (Fig. 1). Approximately 20% of the craters can
be attributed to the 2nd class of degree of preservation (craters with a clear
ridge). The proportions of fresh craters (degree of preservation class 1) and
ruin craters (degree of preservation class 5) in the polar regions of the Moon
are approximately the same: 5 and 4.6%, respectively (Fig. 1).

50

e Bl

0+ — —

Proportion, %

Degree of degradation

Fig. 1. Distribution of craters of the polar regions of the Moon according to the degree
of preservation.
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Fig. 2. Distribution of average crater depth of the northern and southern polar regions
in dependence of craters diameters.

The graphs in Figure 2 show that the average crater depths in the southern
polar region are greater than in the northern one. This should probably be
explained by the presence of lava at the bottom of many craters in the north-
ern polar region. The greatest discrepancies are visible at diameters of 70-80
km (0.7 km) and 90-100 km (1.0 km).

An analysis of the graphs in Fig. 3 showed that the average crater depths in
the polar regions of the near side and the far side are almost the same. For
diameters of 50-60 km and 90-100 km, there is a discrepancy of 0.5 -0.7 km.
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Fig. 3. Distribution of average craters depth on the near and far sides of the polar
regions. The similar character is observed on both graphics.
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INTRODUCTION:

The Hermit A crater is located in the vicinity of the north pole of the moon.
Data from three lunar missions (Chandrayaan-1, -2, LRO) suggest that this
crater is one of the places where deposits of water ice or other volatile com-
pounds may be present.

The Hermite A crater (87.8° N, 312.9° E) is located in close proximity to the
north pole of the moon. The diameter of the crater is 20 km, the depth reach-
es 3 km. The average slope of the inner walls of the crater is ~37° [2]. There
are no terraces or collapses on the slopes of the crater. The crater has an
uneven bottom covered with slides. Figure 1a shows the height distribution
in the crater area according to [1]. Most of the inner surface of the crater
is never illuminated by the Sun. We calculated the illumination condition in
the region of Hermite A crater. According to our estimates, the area of the
permanently shaded region in the crater reaches 110 km? (Fig. 1b). The max-
imum temperatures in permanently shaded areas in the crater do not exceed
60-70 K according to our estimates. Thus, the Hermite A crater may be a cold
trap for water molecules and other volatile compounds.
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Fig. 1. Distribution of heights (a) and shading (b) in Hermite A crater

As is known, the main sources of water in the exosphere of the Moon are
collisions with its surface of asteroids, meteorites and comets. We used the
Monte Carlo method to estimate the amount of water that can be delivered
to the Hermit A crater as a result of asteroid or comet impacts [3]. Water
molecules migrated in the exosphere along ballistic trajectories. The time
and place of the beginning of the movement of the water molecule on the
surface of the Moon, the angle of the jump and the direction were chosen
randomly. The take-off speed of the molecule was calculated on the basis of
an estimate of the surface temperature at the launch site. During the flight,
molecules could be destroyed during photolysis, or could evaporate from the
exosphere if their speed overpassed the escape velocity for the Moon. If the
molecule wasn’t destroyed in photolysis and if its speed were not enough to
leave the exosphere, it went down back on the surface.

We assumed that the sizes of comets lie in the range of 1-20 km, and the
sizes of asteroids from 0.5 to 20 km. The proportion of water in comets is
50-70 %. The proportion of water in asteroids ranges from 5 to 40 % for car-
bonaceous chondrites [4]. When a comet from 1 to 20 km in size falls on the
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surface of the Moon, from 1.49-10° to 1.6:10" g of water can be preserved
in the North pole region. At the same time, from 8.3-10° to 9-10'° g of water
will fall into the Hermite A crater. When an asteroid collides with the size of
5 m to 10 km with the surface of the Moon, from 10° to 9.3-0% g of water
can be saved. Our calculations show that even with a single collision of an
asteroid or a comet with the Moon, from 0.8-10% to 5.3-10%° g of water can
be preserved in the Hermite A crater.
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INTRODUCTION:

Theoretical studies of the evolution of the Moon-Earth system, described
in some detail in the works of Goldreich [1] and MacDonald [2], show that
about 2 billion years ago the Moon approached the Earth at the smallest dis-
tance (of the order of 10R,), which led to an increase in tidal drag and to the
dissipation of kinetic energy inside the Earth due to friction in viscous layers
and to the heating of the Earth. All this could determine the processes that
began at the border of the Archaean — Proterozoic.

Our analysis shows that modern uplifts of the earth’s surface in the circum-
polar regions are mainly associated with a decrease in the compression of
the earth’s surface due to a decrease in the speed of the Earth’s rotation
because of tidal braking due to the gravitational influence of the Moon. The
Moon during the existence of the Moon-Earth system moves away from the
Earth (by virtue of the law of conservation of angular momentum for the
Moon-Earth system). The resulting variations in the rate of rotation of the
Earth can lead to corresponding variations in the rise and fall of the surface in
the circumpolar and equatorial regions of the Earth, especially noticeable in
ancient geological epochs. Thus, according to paleontological data, 440 mil-
lion years ago, the length of a day on Earth was 21.53 hours, i.e. the Earth
has slowed down its rotation significantly since then. A similar deceleration
of the Earth’s rotation is fixed on the basis of an estimate of the discrepancies
in the calculations of the dates of ancient eclipses, starting from the obser-
vation of an eclipse in Babylon 3022 years ago. The tidal drag increased at
that time (due to a decrease in the radius of the Moon’s orbit) also leads to
an increase in the Earth’s temperature, which contributes to the migration
of fluid masses to the surface. In more ancient times, some changes in the
surface of the Earth were also noted. For example, at the Archean—Proterozo-
ic boundary 3.2-2.5 billion years ago, intensive processes of crustal melting
and changes in the global fluid regime (processing of crustal material by deep
fluid) were noted, which led to the formation of the modern upper crust [3].
This main stage in the formation of the earth’s crust and the formation of
ancient platforms ended at the turn of the Lower and Middle Proterozoic
(1.9-0.1 billion years ago) [4].

Associated with a decrease in the Earth’s compression, the tendency of in-
ternal fluid masses to hydrostatic equilibrium leads to their migration to the
subpolar regions of the Earth, both from the deep regions of the Earth and
from the equatorial regions. Such migration leads to an uplift of the Earth’s
surface in the polar regions, as well as to a decrease in the surface area of
the equatorial regions. This can lead to compression of the crustal surface in
mountain regions and to an increase in the number of faults, which increases
the number of extreme events (earthquakes, tsunamis, volcanic eruptions)
in equatorial regions. All these processes cause climate change both during
periods of global warming (when the Moon moves away from the Earth) and
ice ages (when the Moon approaches the Earth after it reaches its maximum
distance (72.5R,), where the role of solar tides increases). These periods are
characterized by the appearance of continental ice sheets in the Lower Pro-
terozoic, Upper Riphean, Vendian, Carboniferous-Permian [4]. Our studies
based on modern data on the movement of the earth’s crust [5] lead to the
main conclusion that the cause of global vertical movements of the earth’s
surface (the rise of the polar regions and the lowering of the equatorial) is
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a decrease in the speed of the Earth’s rotation due to the tidal influence of
the Moon. A fairly detailed modern analysis of the relationship between the
Earth’s rotation and climatic processes is given in Zotov’s monograph [6]. The
main cause of local movements, apparently, are seismic events (earthquakes,
volcanic eruptions, etc.) associated with areas of maximum gradients of max-
imum stresses [7]. Thus, the evolution of the Moon-Earth system has a global
impact on climate.
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The return of the leading space agencies to the Moon brings closer the day
when regular long-term observations will begin from its territory. Regardless
of the location of the lunar observatory, as well as its scientific program, one
of the important tasks is to prepare ephemeris calculations for successful
observations. The ephemeris provision of a “lunar-based” observatory has
a significant difference from a “ground-based” observatory: the remoteness
of instruments and their management. Independent autonomous ephemeris
software will be required for the lunar observer.

In this regard, we have developed a general computer program of the elec-
tronic Yearbook as the standalone multi-purpose tool for the observer on
the surface of the Moon. The program was written in C# using WPF technol-
ogy. The calculations were based on the barycentric coordinates of celestial
bodies of the DE 440 JPL theory [1] for the time interval from 1550 to 2650.
When calculating the topocentric coordinates of celestial bodies, the physical
libration of the Moon was taken into account according to the algorithm from
[2]. The program includes a catalog of about 800 the brightest stars [3]. The
program took into account new theories of nutation and precession.

Software MOON-BASED

(" O Selenocentric_coordinates h
@® SelenoTopocentric_Horizontal_coordinates
O Eclipses_Transits_Occultations

\__© Rising_and_Setting J

Run selected program

Fig. 1. The general interface of the program for lunar-based observer

The general interface of the developed program is shown in Fig. 1. It includes
four subroutines. 1) Calculation of the selenocentric coordinates of celestial
objects (Sun, Earth, large planets and about 800 bright stars). 2) Calculation
of the horizontal coordinates of the azimuth and height of these celestial
objects for a given topocenter. 3) Calculation of local circumstances of solar
eclipses, transits of Mercury and Venus on the disk of the Sun, the coverage
of stars and large planets by the Earth for given topocenter. 4) Calculation
of the time points of sunrises and sunsets, upper and lower culminations of
celestial bodies for given topocenter.

Figure 2 shows the interface of subroutine 2 for calculating the horizontal co-
ordinates of celestial bodies in the lunar sky. A selection of celestial bodies is
provided, topocenter with selenographic coordinates is set in three formats.
Ephemerides are calculated with the selected step (day, hours and minutes).
The option of calculating ephemerides is necessarily selected — according to
dynamic or universal time. The output results are provided in two formats.
In addition, the distance to the objects of the Solar system, the angular diam-
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eter, the angular distance of celestial bodies from the Sun to the east or west
is calculated (this is a particularly important parameter so as not to illuminate
the light receiving devices of instruments). The phase and position of the
“sickle” of the Earth in the lunar sky are also calculated.

Theory  DE440(1550-2650) Target Body Earth

Observer Location:

Selenographic Longitude W - + DD.ddd
DD MM.mmm

Selenographic Latitude S Cl DD MM SS.sss

Altitude ( km) lo |

Time Specification

Beginning Time: Year (2022 | Month OQOctober - Day D Hour El Minute El Second El
End Time: Year |2022 | Month October - Day Hour El Minute El Second D
Step Size D hours - = TDT UT1  AT(in seconds) = TDT - UT1

Data output  Az(".ddd), Alt(".ddd)

Fig. 2. The interface of the subroutine for calculating the horizontal coordinates azi-
muth and height of celestial bodies for given lunar topocenter

We compared the results of our azimuth and altitude calculation program
with the web program of the NASA Horizon System website [5]. The results
of the comparison are presented in Table 1. As can be seen from the table,
the discrepancy is only 0.000 001 degrees or 0.004 arcseconds in both coor-
dinates.

Table 1. Comparison of the horizontal coordinates of the Earth in accordance with
the DE440 theory for three time points during one day on October 1, 2022 for the
topocenter: Longitude = 85° W, Latitude = 15°S.

Dynamic NASA Our calculations
Time Azimuth Altitude Azimuth Altitude
0h00mO00s 84.°942866 6.°580091 84.°942866 6.°580092
10000 84. 892286 6.534301 84.892285 6.534302
20000 84. 842077 6.488336 84. 842077 6. 488336

As a result, all calculations in the developed program are independent of
yearbooks. The autonomous electronic Lunar Yearbook makes it possible to
obtain the necessary information about the exact position of celestial bodies
in the lunar sky (the Sun, Earth, large planets and about 800 bright stars). As
well as the visibility of eclipses, coverings, sunrises, sunsets and culminations
for any point on the surface of the Moon and above the surface of the Moon
(from the orbiter satellites of the Moon) at any time in the interval from 1550
to 2650. This will help in organizing and carrying out the astrometric observa-
tions from the surface of the Moon and from near-lunar orbits.

Currently, the developed software package is used to search for images of
stars on the orbital images of the Moon delivered to Earth by the Soviet
spacecraft Zond-8, as well as on the metric camera images of the American
spacecrafts the Apollo series. In addition, a comparison with ephemeris cal-
culations of the star trajectories presented by a group of authors led by [4]
for a telescope mounted on one of the lunar poles will also give an idea about
the reliability of the developed software package.
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MOON-EARTH’ COMPARABLE FINE WAVE
STRUCTURES CREATED BY EQUAL ORBITS
(AROUND SUN AND IN GALAXY)

G.G. Kochemasov
Institute of Geology of Ore Deposits, Petrography, Mineralogy
and Geochemistry RAS, Moscow; kochemasov36@mail.ru
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Coupling orbital lunar frequencies (around Sun and in Galaxy) create fine
centimeter-scale ripples. “Orbits make structures”. In one circumsolar orbit
occur two bodies-Moon and Earth. Thus, fine structures must be on both
bodies. Having in mind different sizes of these bodies, fine structures in Earth
are “flysch”. This structure covers the whole planet, has various ages and
thickness 0.1-1.5 m repeating characteristic sandstone-argillite composi-
tions.

Orbits make structures -a main point of the new comparative wave planetol-
ogy. However, any body moves in several orbits with various frequencies si-
multaneously. Thus, coupling orbits is a fundamental action in nature where
exist together main and side frequencies and corresponding structures [1, 2].
The Moon has globally fine (centimeter size) side microwave structures
and undulations, as well as much larger (e.g., 2nR, iR and nR/2) harmon-
ic main structures. The Galaxy’s rotation leaves its trace in lunar structures
coupling with lunar rotations around Earth and Sun. Several Chinese lunar
probes (Chang’e-3, -4, -5) and Apollo-11 images show real existence of cen-
timeter-scale fine rippling desired explanation. The Galaxy rotation is known
in science however defined approximately. We use for further calculations
1/200 000 000 y frequency [2, 3].

There are rare chances to observe fine lunar surface structures on landing
sites of several probes. Among them the first was Apollo-11, and then in re-
cent years Chang’E-3, -4 and now Chang’E 5 (Fig. 1). Landing surfaces possibly
cleaned by thruster jets during landing sequences revealed clear cross-lin-
eation of a few centimeters spacing and produced granules. This very fine
granulation fortunately can be calculated by comparing it with a track of the
Yutu’ rover wheel (~10 cm wide) or the boot imprint of N. Armstrong (~20—
25 cm long) and now with the drill or leg of the Chang’E-5. “Orbits make
structures” — a main point of the wave planetology. Earth, as a scale, has a
1-year orbiting period and corresponding granule size of mR/4. Earth and its
satellite both move in the Galaxy with ~1/200 000 000 y. frequency.

Calculations for the Moon: (1 y:200 000 000 y) mR = (1:200 000 000)
3.14x1738 km = 5.46 cm wavelength for the circumsolar orbiting (or 0.46 cm
wavelength for around the Earth). These waves as crosscutting centimeters
long ripples one observes on the above-mentioned surfaces and, as a conclu-
sion, on the whole Moon.

Fine centimeter-scale lunar rippling must be find also in Earth, but in the
larger scale (The Moon’s equator radius is 1738 km, Earth’s —6378 km). To
find them on Earth is difficult because of the crust-atmosphere interaction
and active tectonics. Mountain flysch series (thick sea sediments with char-
acteristic repeating alternation of sandstones, aleurites and argillites) could
represent fine alternation of uplifts and subsidences in area of washing away
sediments (Fig. 2-5). “Fine” means decimeters-halves of meters. A solder
steps long about 0,5-0,8 m can bring to ruin bridges if to step together —
vibrations of the same scale.

Therefore, coupling lunar frequencies explain appearance of centime-
ter-scale rippling observed on the lunar surfaces. However, there is another
cosmic body in the same circumsolar orbit — the Earth. One expects some
structures on its surface comparable to mention above fine lunar rippling.
An inspection finds them but somehow larger according to the ration char-
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Fig. 2. Earth. Flysch-in-zumaia- Fig. 3. Flysch-itzurum-in-zumania-bask-
gipuzkoa-bask-Spain-29137506.jpg Spain-r-150810483.jpg

Fig. 4. Flysch-zumania-10[2].jpg Fig. 5. Rocks-51.jpg

acteristics of two bodies (see Fig. 2-5). It is famous but unexplained terres-
trial flysch. It is developed over all terrestrial surface, like the lunar one, but
have decimeter-meter sizes of repetition. It is discovered in Phanerozoic sed-
iments (Pz-Mz-Cz) and have sizes of sandston-aleurite-argillite repetitions
about 0.1-1.5 m. Sometimes aleurite is absent, sandstones are fine to course
grained. In sections appear conglomerates, breccia, and organic matter. Car-
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bonates and large fragments of ruined continental crust also present. Undu-
lation of surfaces of sediment origin (washout) are proposed to explain this
repetition observed on the whole terrestrial surface. Undulations of water
surface were also proposed [10, 11]. Flysch origin as turbidites exists in mo-
bilism. Characteristic features of this event is the whole Earth (compare to
the whole Moon) and numerous repetition of similar sediments [4—10]. Fly-
sch there is in Alps, Caucasus, Carpathian, Himalaya, Pyrenean, Iran, Turkey,
Balkans, Tientsin, Urals, Ands, Cuba, and so on.

SUMMARY:

Several lunar landing points, including Chang’e-5, have detailed surface imag-
es showing centimeter-size intercrossing ripples. They are results of coupling
lunar frequencies: around Sun and Earth and in the Galaxy. This frequency
modulation process is the most common as all celestial bodies move simulta-
neously in several orbits with various orbital frequencies. This process [1-3]
might explain various wave emissions throughout the Universe. As Moon and
Earth together move in one circumsolar orbit and in Galaxy, larger Earth also
has similar fine m-structures-ripples (but larger in meters).
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MOON-DICHOTOMOUS AS OTHER COSMIC
BODIES (FROM ASTEROIDS TO UNIVERSE)
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mental wave

Orbits make structures-main point of the comparative wave planetology. Not de-
pending sizes and compositions of celestial bodies they acquire tectonic dichoto-
my (two hemispheres) connected with warping action of the fundamental wave.

The main point of the wave planetology is: “Orbits make structures”. It means
that movement in non-round orbits makes waves creating structures (Fig. 1, 2)
However, any cosmic body moves in several orbits. They all participate in struc-
turing [1]. Their frequencies are divided and multiplied creating new frequen-
cies and corresponding them structures. They are (frequencies) very small and
very big. Very slow but very energetic rotation of large cosmic formations (gal-
axies and the larger assemblies) make very fine oscillations up to microwaves,
roentgen and gamma radiations infilling cosmos. From the other end, oscilla-
tions passed through fundamental wave and corresponding it tectonic dichoto-
my of any body. In figures are examples of bodies of various sizes from the ORC
(Odd Radio Circles) and Galaxy to small asteroids (Fig. 3-9).

The row is finished with small asteroids Itokawa and Eros. Both reveal tectonic
dichotomy; especially sharp in Itokawa with its convexo-concave shape (see
Fig. 9). The other end of this row include giant cosmic formations like OPCs
and galaxies and larger ones finishing at Universe. The Odd Radio Circles ob-
served by radio telescopes include several galaxies and have sizes about 1 arc-
minute (see Fig. 3). They are not visible in X-ray, optical or infrared wavelengths.
In Fig. 3 this strange radio circle shows opposition of flat and sharp ends.

The Universe also is dichotomist divided at uplifted and subsided halves. The
humankind occupies the uplifted halve-in the religious sense “paradise”, the
subsided halve thus is “hell”.
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Fig. 1, 2. Fundamental wave in line and circle.

Fig. 3. ORC. Odd Radio Circles. 50548408 9e433f69754ec97cde2d87581d946275.
jpg. MeerKAT observations.
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Fig. 4. A spiral Galaxy. ESO 510-613. PIA04213. Fig. 5. Sun. PIA22113.Coronal
hole all spread out.

Fig. 6. Earth. Hemispheric structure.

Fig. 8. Asteroid Eros. Convexo-concave  Fig. 9. Asteroid Itokawa. Convexo-concave
shape. shape.
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HYPERION (C7): CONTROL POINT
NETWORK AND SHAPE MODEL.
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INTRODUCTION:

All investigations of outer planets body starting from reference frame defi-
nition or selection, because all scientific results must be referenced to the
selected reference frame (one or a few with single-valued transferring). Hy-
perion (C7) is largest irregular satellite in Solar system and there isn’t a rota-
tion model for it yet [1, 2, 3] therefore a reference frame can’t be defined.
Such problem is typical for bodies with chaotic rotation. However, we can still
determine shapes, surface models and figures for such satellites. This study
will focus on developing a comprehensive solution to the shape of the body
determination based on the results of the photogrammetric processing of
space images and orbital data.

IMAGE DATA:

Frist spacecraft which had a flyby of Hyperion was Voyager in 1980-1981. This
flyby gives interesting information about the body form and it raises even more
questions about its rotation model. Unfortunately, Voyager's flyby was a far
away from surface and it was a short one (only 2 days of observations). Before
completing its mission in September 2017, Cassini spacecraft transmitted to
the Earth the latest images of Hyperion. The resolution of obtained images is
up to 26 m/px. Cassini was equipped with a narrow (NAC) and a wide-angle
(WAC) camera. During the mission Cassini has transmitted more than 2800 im-
ages of Hyperion and more than 50 images with medium and high resolution
(500 m/pix and better). All this data was obtained in period from 2004-2016.

RESULTS:

We have developed a control point network consisting of 1954 points using
116 Cassini images from 26 m/pix to 3.3 km/pix with average errors better
than 7 km. Body shape model was determined from control point network
using 3D coordinates of points. In this study we determine a body shape
model using two steps because there isn’t a rotation model yet and body
axes were determined only by the largest flyby. In the first step we pre-orient
body axis to the purpose of reducing a difference between an ellipsoid model
and 3D control point cloud. In the next step we process stereo pairs and im-
prove the shape and improve the density of the point cloud (~1.6 min points).
Finally, we use all available data to determine 6 parameters (a, b, ¢, w, ¢, k),
that define the size and axis of the shape.

Model a, km b, km c, km r, km
P. C. Thomas et al., 2010 180.1+2.0 133.0+4.5 102.7+4.5 1354
This study 177.6x0.2 128.5+0.2 105.6+0.1 141.7+0.3
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INTRODUCTION:

The increased interest in Galilean moons of Jupiter and especially in the larg-
est satellite of outer planets of the solar system, Ganymede, is associated
with the planned JUICE ESA mission, which is scheduled for launch in 2023.
The latest data of the surface of Ganymede was obtained during the Galileo
mission in 2001. In the end of August 2021, during the JUNO mission, the
new imagery data with a resolution of better than 1 km/pixel was obtained,
covering a significant part of the surface of Ganymede (up to 30%) and allow-
ing a more detailed study of the surface relief and to refine the control point
network [1]. Also at the end of 2021, NASA prepared and updated Galileo
mission’s navigation information in order to improve the accuracy of the mu-
tual coordinate reference of JUNO and Galileo missions [2].

RESULTS:

As a result of the combining of the images of JUNO, Galileo and Voyager-1, 2
missions, the control point network was updated and now includes more
than 2,050 points with mean accuracy of 0.35 pixel and a 3.5 km (RMS).
The body size of Ganymede has been updated [3]. As a result of preliminary
analysis of navigation information of spacecraft of different missions, it was
detected that the orbits of the Galileo spacecraft and the JUNO spacecraft
have good agreement at less than 10 km, however, the accuracy of the Voy-
ager-1, 2 spacecraft orbits have significant (about 80 km) systematic shifts
in the relative fixed position of the orbital data from the JUNO spacecraft.
These conclusions are preliminary, but the very fact that there are signifi-
cant systematic differences between Voyager missions suggests the need to
adjust the orbit taking into account all available information, as was already
done for Galileo. On the basis of the control point network, a mosaic was
built, combined with the already available data from previous years, and local
DEMs were obtained, with a vertical resolution of better than 1 km [4].
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ORGANIC MATTER IN THE STRUCTURE OF
PARTIALLY DIFFERENTIATED TITAN
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INTRODUCTION:

Organic matter (OM) is widespread in the Solar system, as well as far beyond
its limits. Space spectroscopy data indicate a significant (up to 45%) content
of the organic component in comets [1-4], in most main-belt asteroids and in
trans-Neptunian objects, including asteroids of Kuiper belt [5-7].

In meteorite matter, the highest concentration of organic compounds
(up to 4%) is found in carbonaceous chondrites Cl, CM, and CR [8]. Organic
matter is represented by both refractory kerogen-like material and numerous
soluble forms. Depending on the class of meteorites, the proportion of the
refractory organic component is 70-99% of the total OM content in chon-
drites [9].

Numerous astronomical observations indicate the presence of carbonaceous
dust in the interstellar medium [10]. An analysis of interstellar dust particles
(IDP) collected in the lower layers of the Earth’s stratosphere and formed by
short-period comets and main-belt asteroids [11] showed that the carbon
content in such IDPs is 2-3 times higher than in the most organic-rich Cl chon-
drites and is about 12.5% [12]. Theoretical models of rock-ice planetesimals,
which are the source material for most cosmic bodies, show that their con-
tent of organic matter can reach about 30% [13].

A varied range of organic compounds (from the simplest organic molecules
to complex macromolecular forms) has been found in the ice plumes of En-
celadus [14]. This indicates the presence of organic matter in the satellite’s
interior.

In addition to Enceladus, tholin-like organic compounds are detected on the
surface of Jupiter’s large icy moons, Ganymede and Callisto [15], as well as
on many of Saturn’s icy moons [16]. However, the largest reserves of organic
matter and hydrocarbons have been found on Titan in the form of organic
molecules of atmospheric aerosols, solid and liquid hydrocarbons that form
the satellite’s topography and fill numerous lakes on its surface.

Thus, the ubiquitous distribution of organic matter in space objects allows us
to consider it as a significant component of small bodies and satellites of the
Solar system. In particular, models of the internal structure of Titan and Gan-
ymede [17] show that the satellites may be composed of substance similar
to carbonaceous chondrites with an addition of 23% and 16% organic matter,
respectively. Models of the dwarf planets (Ceres) show that the composition
of Ceres can be described by a mixture of water-altered rocks of Cl-chondrite
composition with 7-16% of high-molecular organic substances [18].

In this paper, we consider the structure of partially differentiated Titan at
different contents of low-density organic matter. The influence of organic
matter on the size and density of the rock-ice mantle and the inner core of
the satellite is considered.

DESCRIPTION OF THE MODEL AND THE CALCULATION RESULTS:

The model of partially differentiated Titan assumes that the satellite con-
sists of an outer water-ice shell with an internal ocean, an extended rock-ice
mantle, and an inner rock-iron core. The rocky component of the satellite
was modeled as a mixture of L/LL-chondrite substance and refractory organic
material. The den5|ty of the chondritic substance under the T-P conditions of
Titan changed in the range of 3370-3870 kg/m>. The OM content varied in
the range of 0—20 wt. %. The organic matter in the Titan’s |nter|or was consid-
ered to be |ncompre55|ble with a constant density of 1400 kg/m [17]. Model
description, main parameters and calculation methods are given in [19].
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The calculation results show that an increase in the content of organic mat-
ter leads to a significant decrease in the density of Titan’s rocky material.
In particular, with an increasing in the OM content to 20%, the density of
the Titan’s inner core decreases by an average of 25%, and this leads to an
increase in the radius of the core by more than 2.5 times (Fig. 1). In doing so,
the thickness of the rock-ice mantle decreases up to 3.5 times, and its density
drops by 10%, with the thickness of the water-ice shell of the satellite practi-
cally unchanged (Fig. 2).
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Fig. 1. Effect of organic matter on the size and density of the inner core of Titan. Here

and below, the numbers show the content of the organic component in the rocky
substance of the satellite.
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Fig. 2. Influence of organic matter on the thickness of the water-ice shell and rock-ice
mantle of Titan. HPI is a layer of high-pressure water ices at the internal ocean and
rock-ice mantle boundary. Ih —is the outer ice crust of Titan.

The data obtained in this work allow us to conclude that the admixture of
organic matter significantly changes the structural parameters of Titan. In ad-
dition, being a low-density binder, organic matter should probably affect the
viscoelastic characteristics of the Titan’s rocky component, and, consequent-
ly, the rheological properties of its interior, which must be taken into account
when constructing thermophysical models of the satellite.

REFERENCES:

[1] Bardyn A., Baklouti D., Cottin H. et al. (2017). Carbon-rich dust in comet 67P/
Churyumov-Gerasimenko measured by COSIMA/Rosetta. Monthly Notices of the
Royal Astronomical Society, 469(Suppl_2), S712-S722.

[2] Jessberger E.K., Christoforidis A., Kissel J. (1988). Aspects of the major element
composition of Halley’s dust. Nature, 332(6166), 691-695.

[3] Fray N., Bardyn A., Cottin H. et al. (2016). High-molecular-weight organic mat-
ter in the particles of comet 67P/Churyumov—Gerasimenko.Nature, 538(7623),
72-74.

[4] Brownlee D. (2014). The Stardust mission: analyzing samples from the edge of
the solar system. Annual Review of Earth and Planetary Sciences, 42, 179-205.

[5] Gaffey M.J., Burbine T.H., Binzel R.P. (1993). Asteroid spectroscopy: Progress and
perspectives. Meteoritics, 28(2), 161-187.

[6] Seccull T., Fraser W.C., Puzia T.H. et al. (2018). 2004 EW95: A Phyllosilicate-bear-
ing Carbonaceous Asteroid in the Kuiper Belt. The Astrophysical Journal Let-
ters, 855(2), L26.



13MS3-GP-PS-01
POSTER

[7]1 Fernandez-Valenzuela, E., Pinilla-Alonso, N., Stansberry, J. et al. (2021). Compo-
sitional Study of Trans-Neptunian Objects at A> 2.2 um. The Planetary Science
Journal, 2(1), 10.

[8] Vinogradoff V., Le Guillou C., Bernard S. et al. (2017). Paris vs. Murchison: Impact
of hydrothermal alteration on organic matter in CM chondrites.Geochimica et
Cosmochimica Acta, 212, 234-252.

[9] Pizzarello S., Cooper G.W., Flynn G.J. (2006). The nature and distribution of the
organic material in carbonaceous chondrites and interplanetary dust parti-
cles. Meteorites and the early solar system II, 1, 625-651.

[10] Ehrenfreund P., Charnley S.B. (2000). Organic Molecules IN THE Interstellar
Medium, Comets, AND Meteorites: A Voyage.Annu. Rev. Astron. Astrophys, 38,
427-83.

[11] Flynn G.J. (1989). Atmospheric entry heating: A criterion to distinguish between
asteroidal and cometary sources of interplanetary dust. Icarus, 77(2), 287-310.

[12] Thomas K.L., Blanford G.E., Keller L.P. et al. (1993). Carbon abundance and sili-
cate mineralogy of anhydrous interplanetary dust particles. Geochimica et Cos-
mochimica Acta, 57(7), 1551-1566.

[13] Marboeuf U., Thiabaud A., Alibert Y., Cabral N., Benz W. (2014). From stellar neb-
ula to planetesimals. Astronomy & Astrophysics, 570, A35.

[14 PostbergF., Khawaja N., Abel B., Choblet G. et al. (2018). Macromolecular organic
compounds from the depths of Enceladus. Nature, 558(7711), 564-568.

[15] McCord T.A., Carlson R.W., Smythe W.D. et al. (1997). Organics and other mole-
cules in the surfaces of Callisto and Ganymede. Science, 278(5336), 271-275.

[16] Cruikshank D.P., Wegryn E., Dalle Ore C.M., Brown R.H. et al. (2008). Hydrocar-
bons on Saturn’s satellites lapetus and Phoebe. Icarus, 193(2), 334-343.

[17] Néri A., Guyot F., Reynard B., Sotin C. (2020). A carbonaceous chondrite and com-
etary origin for icy moons of Jupiter and Saturn. Earth and Planetary Science
Letters, 530, 115920.

[18] Zolotov M.Y. (2020). The composition and structure of Ceres’ interior. Icarus, 335,
113404.

[19] Kronrod V.A., Dunaeva A.N., Gudkova TV., Kuskov O.L. Matching of Models of
the Internal Structure and Thermal Regime of Partially Differentiated Titan with
Gravity Field. Solar System Research, 2020, Vol. 54, No. 5, pp. 405-419.



13MS3-GP-PS-02
POSTER

CONVECTION IN THE ROCK-ICE MANTLE OF
PARTIALLY DIFFERENTIATED TITAN

V.A. Kronrod, A.N. Dunaeva, O.L. Kuskov
Vernadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences

KEYWORDS:
Titan, rock-ice mantle, viscosity, convection

INTRODUCTION:

The possibility of the existence of an effective convective heat transfer in the
mantle of partially differentiated Titan is considered for two compositions
of the rocky component — without organic matter and with organic matter.
It is shown that the values of heat fluxes from the core and the calculat-
ed Rayleigh numbers suggest the possibility of the existence of a convecting
rock-ice mantle in Titan.

The values of the moment of inertia and the mass of Titan allow the con-
struction of two main types of models of the internal structure of the sat-
ellite. Fully differentiated models include a water-ice shell (with or without
an ocean), a hydrous silicate mantle, and possibly a silicate core. In partially
differentiated models, there is no complete separation of ice and iron-rocky
components. The mantle of the satellite consists of an undifferentiated rock-
ice mixture (1, 2). The efficiency of heat transfer is estimated by the Rayleigh
number, which in relation to the mantle of Titan can be written as follows (3):

apgqd*
Kkn

(1)

Ra=

where a is the coefficient of thermal expansion, p —the density of the man-
tle, k —the coefficient of thermal conductivity, kK —the coefficient of thermal
diffusion, n —viscosity, d —the thickness of the mantle, g —the total heat flux
passing through the mantle.

The problem of heat transfer in high-pressure (HP) ice in models of fully dif-
ferentiated icy satellites and Titan was considered in detail in [4, 3]. It was
shown that with heat flows from the core of g. < =7 mWm™ and the thick-
ness of the HP ice of d 2= 200 km, there is no melting of ice at the core—
rocky-ice mantle boundary, the thickness of the mantle does not change over
time. The average viscosity of high-pressure ice in the mantle for these esti-
mates js assumed to be n=10'° Pa s, the Rayleigh number is estimated to be
Ra~10"-10° [4].

In this study, we consider heat transfer in the rock-ice mantle of partially dif-
ferentiated Titan. Titan, according to the data on the moment of inertia and
mass [1, 2], consists of a water-ice shell, a rocky-ice mantle and an iron- core.
It is assumed that the mantle consists of a homogeneous mixture of rock and
ice. The rate of “Stokes” deposition of rock particles is negligible compared
to the rate of convective and turbulent motion of matter in the mantle. The
composition of the rocks in the calculations was set in the form of a homoge-
neous mixture of substances similar in properties to silicates and organics [5].
Calculations have shown that the volume concentration of stone (Cv) in the
mantle of Titan depends on the mass concentration of organic matter in the
rocks and can be in the range 0.38-0.8. The viscosity of the mixture of rocks
(silicates + organic matter) and ice depends to a certain extent on the volume
concentration of the rocks.

Experiments [6] showed that at Cv=0.4-0.5, the viscosity of a mixture of sand
and high-pressure ice is two orders higher than the viscosity of high-pressure
ice, and for Cv=0.56, the viscosity of the composite is close to the viscosity of
dry sand. As our calculations have shown, in the case of the presence of or-
ganic matter in the rocks (Cy= 0.33), the viscosity of the composite silicates +
organic decreases by three orders and the resulting viscosity of the compos-
ite ice + silicates + organic is close to the viscosity of ice. Table 1 shows the
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results of calculations of viscosity, Rayleigh numbers in the mantle for various
variants of the composition and viscosity of the components of mantle com-
posites.

The conducted studies suggest the possibility of the existence of a convecting
rock-ice mantle in Titan.

Table 1. The number of Ra in the Titan mantle for various mantle parameters

Viscosityof V'gio::?; of Viscosityof | Mantle Theor}uR?ber Theor}uRrgber
HP ices, g silicates, | viscosity, ith ith .
Pas matter, Pas Pas (W.It out (with organic,
Pas organic matter) Xorg=0.15)
1.3.10Y - 10* 1.26'10" 5.8'10’ -
1.3.10Y 21.8 10% 6.510% - 5.7:10°
1.3'10% 1.2'10° 10% 8.410% - 4.310%°
1.310" 1.2'10%° 10% 1.8'10" - 2'10°
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INTRODUCTION:

First 490 images of Ganymede’s surface (with resolution from 470 to 20 km/
pixel) were obtained by Voyager 1 and 2 in 1979 using the Narrow Angle
Camera (NAC) and Wide Angle Camera (WAC). Based on these images, the
first control point network of Ganymede was created, including 370 points
[1]. In 1995 Galileo spacecraft transmitted another 149 images of Ganymede
(with resolution < 20 km/pixel) during 15 flybys. After that the well-known
USGS mosaic was made, which can be found at The Annex of the PDS Car-
tography & Imaging Sciences Node [2]. A new control points network was
created from updated ephemeris in 2015 [3] and formed the basis of a new
mosaic [4]. At MExLab, we updated the control points network using data
obtained by Juno (JunoCam) in 2021 [5]. As a result, the latest mosaic was
created, which was used to map Ganymede at different scale levels.

DATA AND METHODS:

Our newest mosaic of Ganymede includes 126 Voyagers images (with resolu-
tion from 0.46 to 25.72 km/pixel), 108 Galileo images (with resolution from
0.02 to 9.14 km/pixel), and — for the first time — 44 Juno images (with resolu-
tion from 0.87 to 1.73 km/pixel).

Image orthorectification was performed in SpaceMosaic software on the
basis of the DEM obtained from the points of the new control points net-
work [6]. The radius of the sphere derived from the control points network
is 2633.3 km. Radiometric correction and construction of the whole mosaic
was done in the PHOTOMOD GeoMosaic software [7]. This made it possible
to obtain a photosynthesized and photometrically corrected mosaic of Gan-
ymede.

Mapping was done in ArcGIS software. We created both — a global map (with
equatorial and polar regions) and detailed large scale maps of selected sites
of interest — surroundings of Tros crater, Phrygia Sulcus and Enki catena. In
addition to common landforms (craters, chains of craters, furrows, etc.),
these sites contain more specific features: relaxed craters [8], strained cra-
ters [9], craters with central pits [10], palimpsests [11], dark terrains and ar-
eas with high albedo values [12]. The choice of sites is closely related to the
current scientific research of Ganymede and accessibility of suitable data sets
for DEMs creation.

RESULTS:

As a result, we present our new mosaic of Ganymede as well as DEMs and
maps. Such products and their analysis are very important for understanding
relief formation processes on satellites of the giant planets. The use of Juno
data for study and mapping, on the other hand, makes it possible not only
to supplement previous geomorphological studies, but also to compare our
results with them.
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Introduction:

The precession of the rotation axis of planets and stars, including our Sun, is
a fact beyond doubt. Another thing is the precession of Solar System ecliptic
plane as a whole. Previously, according to geology data, we found that such
precession exists, and estimated it period approximately of 2.7+0.5 Ga [1].
In [2], when analyzing the supercontinental cyclicity phenomenon, using an
optimized version of Galactic model [3, 4] we shown that precession of So-
lar System ecliptic plane is in resonance with rotation of the Galaxy and its
nuclear disk. Besides, this precession period of precession is exactly equal to
rotation period of Sun’s orbit line of apsides in Galaxy Tg = 2.0 billion years.

GALACTIC MODEL:

The galactic model has been developed by author for more than 40 years.
This model unambiguously connects the climaxes of geological processes on
the Earth and on other planets with bombardments of the Solar System by
galactic comets when Sun hits the jet streams and spiral arms of Galaxy. The
model is based on finding parameters of Sun’s orbit in Galaxy and calculating
the moments of Sun’s intersection of jet streams and galactic arms, which
best fit the data of geology and astronomy [5].

In the model [2], our Galaxy has 4 identical arms twisted in logarithmic spi-
rals that rotate as a whole around the center with a period of Tg=200 Ma,
and 2 gas-dust jet streams twisted into an Archimedean spiral (Fig. 1). Both
streams consume at a speed of 300 km/s from the rapidly rotating gas and
dust disk of Galaxy. The disk is inclined to the galactic plane at an angle of 20°
and precesses with a period of its rotation Tq = 50 Ma. The intersections of
jet streams with galactic arms are the main sites in Galaxy for formation of
young stars and comets. These processes are most active in galactic arms at
a distance of the corotation radius R* from Galaxy center, at which the curva-
ture radii of jet streams and galactic arms are equal.

From the moment of its formation in Crux-Scutum (IV) arm, Sun moves along
an elliptical orbit, the line apsides of which rotates around Galaxy center with
period T, =2 billion years. In this case, Sun either approaches the center at
a distance of 5.27 Kpc, then recedes by R* = 11.47 Kpc, making low-ampli-
tude oscillations across the galactic plane with a period T, = 50 Ma.

This movement is in multifrequency parametric resonance [6] with rotation
of Galaxy arms and nuclear disk. So, for one complete revolution of the line
apsides of its own orbit, Sun makes 8 orbital revolutions and 9 revolutions
around galactic center, and Galaxy itself and its nuclear disk make 10 and
80 revolutions. In this case, Sun makes 80 oscillations across galactic plane.

In the course of its movement, Sun episodically crosses galactic arms and jet
streams, and at such periods during of ~2-5 Ma, the Earth and other plan-
ets of Solar System are intense bombardments by galactic comets. All these
bombardments in Earth’s geological history are periods of the global natural
catastrophes (biotic, climatic and tectonomagmatic), the times of which are
clearly fixed by geologists in stratigraphic (geochronological) scale Phanero-
zoic in form of its boundaries of different ranks (Fig. 2).

It has been established that the most intense cometary bombardments de-
termine the boundaries of eras and erathems, the less intense ones deter-
mine the boundaries of systems, and the weaker ones determine the bound-
aries of epochs in the scale Phanerozoic. At this, the boundaries of epochs
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bit (ellipse) relative to 4 Galaxy arms
(Roman numerals) and 2 jet streams
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Fig. 2. The Sun’s position change in time
relative to Galaxy arms (bands) and dis-
tance to Galaxy center (sinusoid) in projec-
tion onto galactic plane. Roman numerals
indicate the numbers of Galaxy arms in
Fig. 1. Numbers show the time (in millions
years) of Sun’s is into jet streams (circles)
and simultaneously into Galaxy arms
(squares). The black icons are moments
when jet streams cross galactic plane in
which Sun moves. Dashed-dotted line is
Galaxy corotation radius R*. Below is a
time scale indicating boundaries of eras
and systems of Phanerozoic

correspond to Sun’s presence only in jet streams, the boundaries of systems
correspond to Sun’s presence simultaneous in jet streams and galactic arms,
and analogous events, that occurred at a distance R* from Galaxy center cor-
respond to the boundaries of eras and erathems.

Due to the resonant nature of the model, it was also found that since the
Solar System formation, the Galaxy spiral structure and Sun’s orbit have prac-
tically not changed. This circumstance made it possible to calculate with high
accuracy the times of cometary bombardments of different intensity and
construct a geochronological scale not only for Phanerozoic (Fig. 2), but also
for Precambrian (Table 1). In contrast to Phanerozoic scale, the boundaries of
Precambrian scale have the rank of eons and eras, since all they were initiat-
ed by very strong cometary bombardments when Sun was in galactic arms at
a distance R * from Galaxy center.

Table 1: Relationship boundaries of Precambrian with galactic arms

Galactic arm Eygnt time, Precambrian boundaries of eons and eras
billion years
. N 1.067 Neoproterozoic
I. Carina-Sagittarius 3067 | e
1.567 Mesoproterozoic
Il. Perseus 3.567 Paleoarchean
2.067 | -
lll. Norma-Perseus+1 4.067 Archaean (Eoarchean)
0.567 Phanerozoic (Paleozoic)
: 2.567 Proterozoic (Paleoproterozoic)
IV. Crux-Scutum 4.567 2nd cycle of planet formation [5]
6.567 1% Solar System formation cycle [5]
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Table 1 shows that from moment of its formation, Sun has repeatedly been
into galactic arms at a distance R* from Galaxy center, where Earth and other
planets were subjected to intense cometary bombardments. However, inten-
sity of these bombardments was varied in different galactic arms. In arms
Carina-Sagittarius and Norma-Perseus+1, bombardments were weaker than
in Perseus arm, and even more so in Crux-Scutum arm. The galactic model
also leads to conclusion [7] that bombardments by comets in Crux-Scutum
arm were not only more intense than in other galactic arms, but this arm
itself has twice the “width” than shown in Fig. 1 and 2.

Our other conclusion is that the cyclicity of global geological processes on
Earth depends not only on powerful comet bombardments in galactic arms,
repeating with a period of Tz = 500 Ma (Table 1), but also on precession the
ecliptic plane of Solar System. The ecliptic plane precession affects the spatial
orientation of Earth’s rotation axis of relative to direction of galactic comets
motion that leads to the cyclical nature of global tectonic and climatic pro-
cesses with a period Tg different from Tg. The first estimate of precession
period based on data of geology gave a value of Tz ~2700+£500 Ma [1]. At that
time, it was not possible to measure Tg value more accurately.

An analysis of the specifics of supercontinents formation and decay on basis
of galactic model makes it possible to solve this problem.

SUPERCONTINENTAL CYCLICITY:

It is known that formation of lithospheric plates and their association into su-
percontinents began on Earth, starting from Archean. Today, with varying de-
grees of reliability, 10 supercontinents have been identified that arose with a
period of Ts = 400 Ma [8]. In the life of each supercontinent, one can distin-
guish assembly stage lasting ~150 Ma, when it is formed from relatively small
plates, and decay stage ~250 Ma, when it breaks up into parts. The decay can
be complete or partial. In the latter case, strongly destroyed part turns out
in turn, either in Northern or in Southern hemisphere of Earth. That’s why
supercontinental period can also be taken equal to 800 Ma [9].

On Fig. 3, we compared the periods of supercontinents existence according
to [9] with periods of powerful cometary bombardments of Earth in galac-
tic arms Tg. It is clearly seen that majority of supercontinents were formed
under conditions when Sun was in Galaxy arms at a distance R* from its
center. Thus, supercontinents Kenoria and Pannotia originated in powerful
arm |V, Sebakwia and Gothia, in the arm I, and Vaalbara and Rodinia, in the
arm |. Supercontinents Yatulia and Pangaea also originated in arm IV, but at a
distance from the center R < R*.
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Fig. 3. Periods of supercontinents exis- Fig. 4. Glacioeras and glacioperiods in
tence (vertical axis) in comparison with interval from Late Archean to the pres-
times of cometary bombardments in Gal- ent [10]. Long period of glaciation ab-
axy arms (I —1V) at R = R* (circled) and R < sence between Huronian and African
R* (without circles). Black icons are data glacioeras is “Great Ice Pause”

according [9]
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We note that period of supercontinental cyclicity Ts = 400 Ma does not co-
incide with either Sun’s rotation period in Galaxy (Fig. 2) or with period Tp of
strongest comet bombardments in galactic arms (Table 1). The main reason
for this discrepancy is the change in Earth’s axis orientation due to precession
of Solar System ecliptic plane. Taking this factor as decisive, we find preces-
sion period as Te = (Ts —Tg ) = 2.0 billion years.

The obtained value Tg coincides exactly with period rotation T, of Sun’s orbit
apsidal line. This means that in resonance with Galaxy rotation and its nu-
clear disk, not only orbital Sun motion occurs, but also precession of Solar
System ecliptic plane. It also follows from this that supercontinental cyclicity
is a phenomenon primarily due to processes in Galaxy and Solar System. The
main role in this phenomenon is played by the falls of galactic comets, which
alternately bombard the Southern and Northern hemispheres of globe.

Taking into account the physical mechanism of high-speed galactic comets
interaction with Earth and other planets [11-13], our explanation [2] for this
phenomenon is that supercontinents are formed mainly in Earth’s sub-polar
zones at a very high falls density of galactic comets, and cease to exist at
middle latitudes under conditions of a much lower density of cometary falls.

Paleoreconstruction supercontinents of Pannotia, Kenoria, Sebakwia, and
Gothia indicate that during period their formation, Earth’s rotation axis was
oriented in direction of comets move. At that, supercontinents Pannotia and
Kenoria were in Southern hemisphere, and Sebakwia and Gothia in North-
ern, which is noted in Fig. 3 with icons (S) and (N). As for supercontinents
Vaalbara, Columbia, and Rodinia, they were in low and middle latitudes and,
apparently, did not form a single supercontinent.

The periods of supercontinents existence are closely related to the occur-
rence of global glaciations (Fig. 4). Glaciations were the most powerful when
Sun’s hit into Crux-Scutum arm. The first of such glaciations ~2.5-2.2 Ga
ago, which arose on Kenoria supercontinent, was called Huronian glacioera,
and second ~750-540 Ma ago, on Pannotia, was called African glacioera.
The time interval between these glaciations (Fig. 4) was called “Great Gla-
cial Pause”. During the “pause”, according to our model, Earth’s axis never
exactly coincided with direction of comets move, and their bombardments
in Galaxy arms, although they formed supercontinents, were much weaker
than in Crux-Scutum arm.
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Sohan Jheeta
Network of Researcher on the Chemical Evolution of Life, NoRCEL, Leeds, UK;
Sohan@sohanjheeta.com

ABSTRACT

Carbon dioxide (CO;) and ammonia (NH3) are two of the most abundant ices
to be found in the solar system (Table 1). CO, ice is prevalent on Mars; on
several Jovian satellites (eg Europa) and on Neptune’s moon, Triton. NHs ice
has recently been detected in the upper atmosphere of Saturn and on Pluto’s
moon Charon. Pluto has also shown a strong surface signature for NH; ice.
Comets contain ices of both of these compounds and, in some cases, the
levels of CO, could be as high as ~15-20% of that of water. In addition, ammao-
nia hydrate has been identified on the surface of several Kuiper belt objects
(eg Quaoar). The ices of CO, and NHj3 are also widespread in the interstellar
medium (ISM). Table 1 shows the quantity of these ices in protostars and
comets [1].

Table 1: Distribution of some common molecules in protostars and comets

Species Protostars Comets

100% 100%

co ~15 7-20
CO; ~23 3-6
NH; ~8 15
(o]} <7 <0.5
CH3OH ~6 ~2

HCOOH ~3 ~0.05
H,CO <3 ~3
CH, ~2 ~1
CyHe <0.4 ~0.5
0OCS <0.04 0.5

Measured in percentages relative to HO(=100%) [1]

The ices of these are regularly processed by many different types of radi-
ation. Solar bodies are subjected to solar UV light, as well as ions trapped
in the magnetosphere of large planets (eg Jupiter and Saturn). In addition,
solar bodies together with molecular clouds and ISM are pervaded by UV
light and cosmic rays containing a range of ions (H*, D*, He®, He?*). We report
here electron irradiation of a homogeneous mixture of ammonia and carbon
dioxide (NH3:CO,) ice at simulated planetary temperatures.

REFERENCE
[1] Roush, T.L. (2001). “Physical state of ices in the outer solar system.” Journal of
Geophysical Research-Planets 106(E12): 33315-33323.
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THE COSMIC CONTEXT OF PLANET EARTH -
DON’T BUY A ROADMAP THAT ONLY SHOWS
A SINGLE ROAD

Martin Dominik
University of St Andrews & Network of Researchers on the Chemical
Evolution of Life (NoRCEL)

The detection of about 5000 planets orbiting stars other than the Sun has
changed everything, and it has changed nothing. Everything about the con-
text of the Solar System planets, but nothing about whether there is life
beyond Earth or not. The structure and formation history of planets are far
more complex and diverse than those of stars, and our current planet sam-
ple appears tiny in comparison to probably hundreds of billions of planets in
the Milky Way alone. We are thereby far from having a planetary equivalent
to the rather simple Hertzsprung-Russell diagram, which links stellar demo-
graphics with evolutionary history. One particular feature of planet Earth is
the co-evolution of life with its environment; the Earth’s crust, oceans, and
atmosphere. But there are substantial gaps in our understanding of how any
observable features relate to life, and we might need to develop an elaborate
new terminology for guiding exploration and understanding. The “NoRCEL
gap map” is a community effort aiming at identifying crucial gaps of knowl-
edge on the universality of biology and the emergence of life, fostering struc-
tured discussions across researchers with various expertise. Removing some
existing road blocks probably requires inspiration and encouragement of out-
of-the-box thinking.
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LIFE ON VENUS: DIFFERENT CONCEPTS
OF ITS ORIGIN AND EVOLUTION
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For a long time, Venus attracted much less attention compared to Mars in the
concepts of the existence of extraterrestrial life because its modern surface
is heated to very high temperatures, which are unsuitable for any terrestrial
organisms. However, a recent rapid increase in interest in this planet for as-
trobiologists has occurred due to the active discussion of the hypothesis of
habitability of its cloud layer. In such an extraterrestrial ecosystem, the exis-
tence of the so-called aerochemo(photo)lithotrophic microbial community is
supposed to exist, using sulfur and iron compounds as the main elements for
energy production.

An important difference between the cloud layer of Venus and the Earth’s
cloud system is its absolute spatial isolation as a possible habitat for organ-
isms. If the microbial biomass in clouds on Earth is constantly replenished as
a result of the entry of microorganisms from the surface with air convection
flows, then such a mechanism is impossible on Venus due to the apparent
absence of any terrestrial-type organisms on its super-hot surface.

Despite the extremely low concentration of water vapor in the modern
clouds of Venus, it is assumed that living organisms can exist in aerosols, in
which the water phase can be concentrated in a small volume and contain a
certain number of microorganisms capable of active life.

To date, there are various concepts of the geological past of Venus, within
which the question of the existence of water on its ancient surface is dis-
cussed. This fact determines which of the hypotheses of the possible origin
of life on Venus may be dominant. Moreover, the clouds themselves can also
be considered as a system that meets the requirements for the emergence
and further evolution of living organisms.

In general, several different scenarios for the emergence of living organisms
can be considered on Venus. These include a surface or subsurface scenario
in which life emerges as molecular systems becoming more and more com-
plex, as well as a new scenario for the origin of life in clouds.

Presently, various compounds such as CO,, CO, N, SO,, FeCl, have been found
in the atmosphere of Venus. Under certain conditions it could be the basis for
the synthesis of various bioorganic macromolecules. Moreover, it is assumed
that iron and sulfur compounds may play an important role in lithotrophic
metabolism as the main source of energy. The cloud layer is characterized
by large temperature fluctuations, the presence of all the main biogenic ele-
ments, as well as energy sources for photo- and chemosynthetic life, and is a
kind of macro-scale fermenter for various biosynthesis reactions.

An alternative direction regarding the emergence of life on Venus is the con-
cept of panspermia, which transforms the question of the origin of life into
the question of its delivery to Venus from outside and its further adaptation
to conditions in the Venusian clouds and subsequent evolution.

In general, Venus is a unique cosmic body, on the example of which various
concepts of the origin of life and scenarios for its further evolution can be
simulated.
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THE SIMPLEST LAB-ON-CHIP FOR DETECTING
LIVING CELLS IN THE ACIDIC ENVIRONMENT
OF VENUSIAN CLOUDS
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The study of the Venusian clouds to find out whether they are sterile or not
is complicated by the extremely high acidity of the water present. We offer
using paper-based analytical devices (PADs) made of acid-resistant porous
material as a simple and weightless tools and biosensors well established
that rival conventional cells detection methods. Among them, gravimetry in
combination with a spectrometric strategy is the most promising, since the
results can be interpreted at the time of testing. Specially designed highly
sensitive chips that can quickly (before the interaction with environmental
acid occurs), selectively and reliably detect the only reliable evidence of the
presence of Life in the clouds of Venus.

Previously, we have already proposed a concept based on the fact that a liv-
ing thing is something that can be turned into inanimate by deliberately bio-
cidal treatment - for example, to destroy cell membranes. Treatment with
lysing solutions or ultrasonic irradiation have such properties. The use of pa-
per-based biosensors makes it possible to analyze moisture samples before
and after the destruction of cells presumably present in it. In particular, it
is possible to distribute insoluble particles by size with subsequent spectral
analysis of the corresponding chemical products of destruction.

s

sample moisture
of clouds

Automated multistep in a PADs format includes (A) a reservoir (2) for the
sampled liquid and distribution dividing channels (3, 10, 12); (B) a zone of
cell destruction by ultrasound in various modes (4, 6, 8), two type of chemical
lysis (13, 15) and a control untreated sample (11); (C) a zone of particle size
distribution; (D) spectrometry zone; (E) out pumping channel.

The structure of the chip allows a simple way to achieve its sealing by melting
along the contour. The possibility of repeated measurements or/and delivery
to the Earth remains.
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INTRODUCTION:

Discovery of nearby Supernova explosion at 2.5 million years ago and su-
perflares on solar-like stars [1,2] stimulated the interest to problem possi-
ble impact of high intensive cosmic rays events on terrestrial biosphere [3].
The ®Fe (r-process long-lived radionuclide) was measured in deep ocean
sediments with 2.5 million years age. It means the Supernova shock wave
crossed Solar system. Simulations of cosmic rays (CR) acceleration on such
waves [4] demonstrates, that great impulse of CR with hard energy spectrum
will irradiate the Earth atmosphere and increase radiation background within
several thousands years. Also, the great CR events could be produced the
hypothetical solar superflares but during the several hours period.

MODELLING OF EXTERNAL AND INTERNAL RADIATION INCREASE
Calculations of CR radiation doses and 4¢c productlon were carried on using
the GEANT toolkit. The long-lived **C radionuclide is incorporated in all or-
ganisms and produce mutations very effectively in biosphere.

Our modelling shows the lethal doses could be reached for SuPernova explo-
sions at 5-20pc distance and solar superflares with energy 10’ erg. The great
increase of mutations rate could be produced the Supernovas at several
tenths pc and more.
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KINETIC MONTE CARLO MODEL OF THE
AURORAL ELECTRON PRECIPITATION INTO
THE N,-O, PLANETARY ATMOSPHERE
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INTRODUCTION:

The study of the origin of atmospheric nitrogen and its stability gives an idea
of the uniqueness of the habitat on Earth. The simultaneous existence of N,
and O, in the Earth atmosphere has no analogues in the entire Solar System.
This combination is closely related to the existence of aerobic life forms. The
presence of nitrogen on the surface, in the ocean and in the atmosphere can
contribute or hinder the habitability of a terrestrial planet, since nitrogen is
vital to all known life forms. In the recent papers [1,2] the various sources
of atmospheric nitrogen, the stability of nitrogen-dominated atmospheres
and the development of the early nitrogen atmosphere of the Earth were
discussed. In particular, it has been shown that the presence of an N,-O,
atmosphere is a clear biomarker for aerobic life forms. The fact is that the
primary atmospheres of such planets are easily destroyed and a chemical-
ly stable mixture of N,-O, can only be formed by strong secondary sources
of these molecules. The only currently known complex capable of providing
such massive secondary flows are aerobic life forms. Thus, the detection of
an N,-O, atmosphere on an exoplanet orbiting in the habitable zone around
a solar-type star is a strong sign of the presence of a developed aerobic extra-
terrestrial biosphere [1,2].

The NO radical is a direct indicator of the atmosphere dominated by N, and
0,, since its formation is a consequence of the presence of molecular nitro-
gen and oxygen as the main components in the atmosphere of the planet. To
study the chemistry and dynamics of nitrogen oxide NO in the atmospheres
of terrestrial exoplanets it is necessary to use a set of numerical models (ki-
netic and MHD) which allow us to follow the evolution of the N,-O, upper
atmospheres of the sub-neptune and exo-earth families to estimate possible
manifestations of life.

Two mechanisms have been identified from observations as sources of nitric
oxide in the upper atmospheres of terestrial-type planets. At high latitudes,
the precipitation of auroral electrons (1-10 keV) produces ionization that
leads to the production of nitric oxide [3]. At low latitudes, the predominant
source is now thought to be solar soft X-rays [3]. In the Earth’s atmosphere
the largest density of nitric oxide which occurs at 106—-110 km is produced by
1-10 keV electrons precipitating into the auroral region (60°-70° geomagnet-
ic latitude). Kinetic Monte Carlo model [4] of auroral electron precipitation
was developed with an aim to interpret the UV emissions observed in the
upper atmospheres of terrestrial planets. Such model provides a statistical
solution of the Boltzmann integro-differential equation including sources and
sinks of electrons.

Numerical kinetic Monte Carlo model allowed us to study the processes of
precipitation of high-energy auroral electrons into the N,-O, atmospheres
of the rocky planets in the Solar and exosolar planetary systems. This model
was modified and updated with an aim to calculate the source functions of
suprathermal atoms formed in the electron impact dissociation of the main
atmospheric molecules — N, and O,. To validate model the calculations were
conducted for the Earth’s polar atmosphere. Calculations were performed for



13MS3-AB-
OR

two test cases of electron precipitation — a monoenergetic electron flux at
the upper boundary with a givenn — monodirectional or isotropic distribution
of the pitch angle. The energy spectra of downn — and upward fluxes of pre-
cipitating electrons, height profiles of the energy fluxes of auroral electrons
were calculated. These data allow us to estimate the energy spectra of source
functions for suprathermal nitrogen atoms formed due to the electron im-
pact N, dissociation (see Figure). This modification of kinetic Monte Carlo
model of auroral electron precipitation will allow us to calculate the steady-
state energy distributions of suprathermal nitrogen atoms in the polar re-
gions of the planetary atmospheres under study and to estimate the input
of hot fraction into the odd nitrogen chemistry in the N,-O, atmospheres of
terrestrial-type exoplanets with an final aim to search for habitable worlds.

Height, km
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Fig. 1. (top panel) Height profiles of the production rate of suprathermal nitrogen
atoms formed in the electron impact dissociation of atmospheric N, molecules. (bot-
tom panel) Calculated energy spectra of suprathermal N atoms formed at height of
148 km. Auroral electrons precipitate with energy Eo= 1 keV and are characterized by
monodirectional (black lines) and isotropic (blue lines) pitch-angle distributions at the
upper boundary.
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The study of liquid media and the determination of the presence of microbi-
ological objects in them is possible with the help of biological sensors based
on the acoustoelectronic principle. In this case, the changes in the charac-
teristics of the environment, for example, as a result of a biospecific reac-
tion lead to the changes in the parameters (phase, amplitude, frequency)
of acoustic waves propagating in a piezoactive waveguide. These devices
can be implemented both on delay lines based on various types of acoustic
waves, and on resonators with a lateral electric excitation field. Previously, a
similar approach was used to register bioobjects in hydrogels [1], determine
the presence of viruses in a liquid medium [2], and detect and identify bac-
teria [3]. Obviously, these devices can be adapted for research in aggressive
liguid media. There is also the possibility of conducting studies without the
use of sensitive films or specialized reagents. In this case, the anisotropy of
piezoactive solids can be used, in which various types of acoustic waves can
propagate (Fig. 1). Depending on the direction of propagation, the charac-
teristics of these waves are different, and when the properties of the en-
vironment change, they can also change in different ways. This will make
it possible to create appropriate maps for liquid media and carry out their
identification.
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Fig. 1. Schematic view a) and photo b) of experimental sample with 4 acoustic delay
lines arranged on same piezoelectric plate.
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THE FUNCTIONING MICROBIOME AS

LINK BETWEEN GENES AND MICROBIAL
ENVIRONMENT

D. Smith
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The world first noticed problem of non-communicable disease in the late
1940s, when significant numbers of people, initially mostly American, started
to suffer from sudden heart attack or stroke. As the medical community be-
gan to understand this puzzling new phenomenon, an influential researcher,
Ancel Keys (see below and ref. 1), threw his weight behind saturated fat as the
cause. Later, an equally influential British nutritionist, John Yudkin, began to
demonise sugar. Whatever the cause, such disease is clearly associated with
increased obesity, and subsequent researchers split into two irreconcilable
camps: those that said we eat too much (too greedy), and those that said
that we rely too much on mechanical aids (too lazy). Unfortunately, neither
of these adequately explain the concomitant rise of immune system prob-
lems and of poor mental health. By the year 2000 the concept of the microbi-
ome was firmly in the hands of social media influencers, with scientists refus-
ing to engage seriously. More recently, however, both science and industry
are beginning to take note of the related expression microbiota-gut-brain
axis. Sadly, however, modern scientific endeavour is best characterised as a
Darwinian struggle for funding, with little real opportunity to take a look at
the bigger picture, and the old dietary assumptions have not been seriously
challenged. Interestingly, Keys’ earlier “Minnesota Starvation Experiment”
described a standard food intake for a young, active, male American that
averaged 3,200 kcal/day in 1944, which was reduced to 1,800 in a semi-star-
vation regime with significant consequences [1]. Compare this with the mod-
ern reference intake of 2,000 kcal/day — with many people safely limiting
themselves to 1,500 or fewer — and it can be inferred that calorie intake has
indeed decreased significantly in recent decades. Alongside this, a definitive
study has shown that physical activity energy expenditure has not declined
between the 1980s and 2008 [2]. This dilemma can be understood by the fact
that faecal weight, and therefore faecal energy excretion, has dropped by
a staggering two thirds during the move from a traditional to a modern life-
style [3], presumably a natural consequence of the lack of microbial growth
within the intestine. The primary industry response has been to generate
a series of probiotic products, enthusiastically received by the general public
but, as Briissow has recently described, with little validated science [4]. The
aim of this talk is to provide an evolutionary and ecological rationale for the
existence of the intestinal microbiome, and for its widespread failure under
the influence of anti-microbial agents in the industrialised environment of
the modern age. One notable point is the necessity for a double inheritance —
the standard parental genetic inheritance supplemented with a maternal
microbial inheritance. Both need to be working well together for the avoid-
ance of non-communicable disease.
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In today’s word, precision agriculture is one of the practical solutions in in-
creasing agricultural products and timely monitoring to increase food security
in today’s world. Today, remote sensing technology and GIS are used for this
purpose. Classification of various crops, especially wheat, in order to monitor
its growth stages in multispectral images due to limitations such as depen-
dence on weather conditions and lack of night imaging. At the same time,
SAR images are capable of capturing images in all weather conditions, as well
as day-to-day imaging, overcoming the limitations of optical images. Due to
the identification of the phenomenon based on the geometry, hardness and
orientation of objects, it provides us with a lot of information. Therefore,
the main purpose of this study is to evaluate the feasibility of using RADAR
images to monitor the growth cycle of wheat. For this study, a bipolar ra-
dar image of Sentinel 1 with polarization (VV and VH) will be used to obtain
plant growth parameters such as height and biomass. Then, the parameters
obtained in order to analyze the time series to understand the plant growth
cycle will be performed unsupervised in the Google Earth Engine system. The
results will show that band C in the early stages of wheat growth is most sen-
sitive to wheat height and have appropriate information. Field data will then
be used to assess accuracy. Final result demonstrate that VV polarization is
far better indicator of Wheat growth in early stage, however, VH polarization
is more sensitive to middle stage of plant growth cycle. Moreover, neither
VV nor VH can detect Wheat growth cycle in their last stage. Both VV and VH
showed high connection with the peak of Wheat growth in early May. In fact,
it is said that it would be better way to use L band and longer wavelength for
Wheat growth in its last stages.
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Main factors of the Noachain, Hesperian, and Amazonian periods are consid-
ered from a point of view of their influence on potential contamination/or-
igin, protection, and evolution of microorganisms (Fig. 1). During Noachian,
Mars evolved in a way that likely resembled the early evolution of Earth. This
potential similarity allows origin of life on Mars. Relatively short Hesperian
period was marked by intensive volcanism, fluvial, and glacial activity but
conditions on the surface largely left the survival potential and microorgan-
isms were either conserved in permafrost or migrated to deeper water-rich
horizons. In Amazonian, Mars represents a frozen desert with very harsh con-
ditions on the surface that is constantly sterilized by the cosmic radiation. The
generally unfavorable conditions for the life evolution suggest that primitive
organisms, which potentially could be formed on early Mars, were unable
to evolve up to complex, multicellular organisms. Ecological niches of mod-
ern Mars are considered. Among these, the deep subsurface water horizons
and cryopegs have the highest potential for survivability of microorganisms
because conditions in these settings are independent from the condition on
the surface.
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Fig. 1. Correlation of geochronological tables, main events of paleontological history
of Earth and geologic history of Mars.
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INTRODUCTION:

The study of arid zones and landscapes is of great importance for environ-
mental sciences due to rapid climatic changes. Such zones are good objects
for astrobiological research. A new object for astrobiology may be the Sary-
kum sand complex, Dagestan. The peculiarity of this complex is its gradual
overgrowth. Due to this, it is possible to use this object to study biogeochem-
ical processes of formation and development of ecosystems.

XRF methods were used to study the chemical composition of soil from dif-
ferent heights at different levels of vegetation. The CIA geochemical index
was used to study weathering processes. However, this index is used to mea-
sure the rate of weathering of the palaeosol, so another index based on the
comparison of biogenic and nonbiogenic elements, which is also given, is
proposed to study the processes of overgrowth. A comparison of pH is also
considered and some changes in mineralogy are described.
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ABSTRACT

Microbial fuel cells (MFC) — devices for generating electric current using mi-
croorganisms — have been widely used in recent years in research for alterna-
tive energy sources search from renewable organic raw materials [1].

The origination of increased interest in this topic is connected also with an
important discovery in microbiology, namely: the discovery of electrogenic
bacteria that generate electric current in the process of life [2].

In the course of studying the processes occurring in MFC, new variants of
“microorganism-substrate” combinations in biofuel cells are constantly be-
ing created, which is why the term “bioelectrochemical systems” has been
increasingly used lately, because. it better describes the variety of designs of
bioelectric cells than the classical MFC scheme.

Following the increase in the number of ways to use microorganisms that
generate electricity as a by-product of their vital activity, the scope of possi-
ble application of MFCs in biotechnological processes is expanding. Currently,
in particular, attempts are being made to introduce MFC in wastewater treat-
ment technologies.

Biofuel cells that treat wastewater can also be a component of biological life
support systems (BLSS) of spacecraft designed for long flights and advanced
planetary bases. Such units should be of the regenerative type, i.e. to ensure
the highest possible closing coefficient of the system for biogenic elements,
to create a cycle of basic substances necessary for human survival. MFCs as
part of the liquid organic waste treatment unit can accelerate the decompo-
sition of organic substances, followed by the extraction from wastewater and
the return to the system of such essential elements as nitrogen, phosphorus
and sulfur [3].

One of the most common methods for removing phosphorus from wastewa-
ter is its precipitation as magnesium ammonium orthophosphate (struvite)
NH4MgPO, at high pH values. The method requires an additional consump-
tion of reagents to maintain the required pH level. With the help of MFC,
phosphorus precipitation is possible without pH correction and, therefore,
additional costs [4][5]. Orthophosphate is reduced by electrons at the MFC
cathode from iron phosphate; combining with magnesium and ammoni-
um ions, it precipitates as a salt (NH;MgPO,4*6H,0). Thus, this technology
makes it possible to simultaneously achieve both the extraction of nitrogen,
phosphorus and organic substances from wastewater and the generation of
a weak electric current [6].

The removal of sulfide from wastewater is still an urgent problem in eco-
biotechnology (Pikaar et al., 2011). Standard physicochemical and biological
methods are energy intensive. Sulfur multivalency — from (+6) to (-2) — cre-
ates additional difficulties in its removal [7]. A number of researchers sug-
gest using MFC to remove sulfur from liquid media [8]. The mechanism of
sulfur conversion in the MFC anode chamber is based on the interaction of
sulfate reducing and sulfide-oxidizing bacteria. The former reduce sulfate to
S%-, while the latter oxidize sulfide to molecular sulfur by transferring elec-
trons to the anode [9].

Another promising area of MFC application is their use to remove nitrogen
from wastewater. On Earth, the removal of nitrogen from wastewater is nec-
essary to avoid eutrophication (oversaturation of nutrients, in particular ni-
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trogen and phosphorus). Excess nitrogen in LSS can interfere with the min-
eralization of wastewater by biological methods; moreover, its mineral form
must be available for the autotrophic link of the BLSS.

As a rule, in wastewater, nitrogen is present in the form of ammonium, and
the process for its removal usually includes successive nitrification and de-
nitrification. Standard treatment methods require a large amount of organic
matter and energy to supply oxygen (nitrification process) through aeration
and a large amount of activated sludge [10]. Several mechanisms of nitrogen
removal in MFCs are known [11][12]:

1) Active and passive transport across the membrane, in which the ammo-
nium ion moves through the cation-exchange membrane to the cathode
passively in the uncharged form (NHs) and/or actively in the form of an
ion (NH4+). An increase in the pH level in the cathode chamber leads to a
shift in the chemical equilibrium towards the formation of ammonia and
its removal from the system;

2) Microbial nitrification and denitrification at the cathode, in which am-
monium is transformed into nitrate (NO3-) and then into molecular nitro-
gen (N2);

3) Conversion of ammonium into gaseous nitrogen by microorganisms in the
anode chamber;

4) Absorption of ammonium by microorganisms and its accumulation (in the
form of nitrogen-containing organic compounds) in microbial biomass.

For application in BLSS, nitrification at the cathode is of particular interest,
since it allows you to get nitrogen in the form of nitrates dissolved in water,
which are then easily absorbed by plants. A series of experiments was carried
out at the Institute of Biomedical Problems of the Russian Academy of Sci-
ences to study the processes of biological nitrogen removal occurring in MFC
cells during the biodegradation of liquid organic waste. The main objectives
of the experiments were:

e assessment of the electrogenic activity of the microflora of the activated
sludge of wastewater and bottom sediments of fresh water bodies;

e assessment of the potential of bottom sediment microorganisms and acti-
vated sewage sludge as biological agents that transform ammonium nitro-
gen into nitrates and nitrogen oxides in cells of microbial fuel cells;

e assessment of the potential of bottom sediment microorganisms and ac-
tivated sewage sludge as biodestructors of organic waste in cells of micro-
bial fuel cells;

The main research methods were:

e monitoring of the power of the electric current in the external circuit of
the MFC;

e measuring the pH of solutions in the cathode and anode chambers of the
MFC;

e measurement of the optical density of the MFC anode chamber solution;

* measuring the concentration of nitrates and ammonium in the anode and
cathode chambers of MFC cells;

The object of study and the source of electrogenic microflora for MFC were ac-
tivated sewage sludge and bottom sediments of fresh water natural reservoirs
(rivers, dikes) of Moscow region. The nutrient medium for activated sludge
bacteria was a peptone solution. The duration of the experiments was 30 days.

According to the results obtained, the voltage in the external circuit of the
MFC increased exponentially for one and two weeks for activated sewage
sludge and river sludge, respectively. Subsequently, the voltage stabilized at
the level of 350-370 mV until the end of the experiment. The optical density
of the anode chamber solution also increased exponentially for 6-12 days,
and then gradually decreased. The initial weakly alkaline pH of the anode
chamber solution decreased within 5—6 days to slightly acidic (6.6), after
which it gradually increased again (to the initial level?) until the end of the
experiment. The concentration of ammonium nitrogen measured at the end
of the experiment was approximately 100 mg/l. Under aeration conditions,
nitrate nitrogen was detected both in the anode and cathode chambers at
a concentration of 20 mg/I.
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Based on the results of the study, the following conclusions can be drawn:

1) The maximum voltage generated by the MFC is reached after the max-
imum increase in the biomass of activated sludge particles in a slightly
acidic medium (pH value close to 6.0);

2) The electrogenic potential of activated sludge floccules does not depend
on the source of microflora (river silt or activated sewage sludge) and the
presence of oxygen in the anode chamber.

3) The presence of ammonium ions in the anode and cathode chambers of
the aerobic MFC indicates the diffusion of these ions through the cat-
ion-exchange membrane with subsequent conversion into a gaseous form
in the cathode chamber at slightly alkaline pH (1st way of nitrogen remov-
al using MFC);

4) The presence of nitrate ions in the anode chamber of the aerobic MFC
indicates the occurrence of the nitrification process in the anode chamber.
Nitrification requires a slightly alkaline reaction of the medium (pH in the
range of 7.5-8.5), a reduced concentration of organic substances and a
constant supply of oxygen. All these conditions are observed at the initial
stage of activated sludge exposure in aerobic MFC;

5) The mechanism of electron transfer to the MFC anode, apparently, is
based on the property of activated sludge particles to accumulate a nega-
tive charge on the surface at a pH of the medium from 6 to 9.

REFERENCES:

[1] Katz E., Shipway A.N., Wilner I. Biochemical fuel cells // In Handbook of fuel
cells — Fundamentals, Technology and Application / Ed. by Vielstich W., Lamm A.,
Gasteiger H.A., John Wiley & Sons, Ltd. 2003.

[2] Bond D.R., Holmes D.E., Tender L.M., Lovley D.R. Electrode-reducing microorgan-
isms that harvest energy from marine sediments // Science. 2002. V. 295. P. 483-
485.

[3] Gowthami Palanisamy, Ho-Young Jung, T. Sadhasivam, Mahaveer D. Kurkuri, Sang
Chai Kim, Sung-Hee Roh. A comprehensive review on microbial fuel cell technol-
ogies: Processes, tilization, and advanced developments in electrodes and mem-
branes // Journal of Cleaner Production 221 (2019) 598e621

[4] Zang, G.L., Sheng, G.P, Li, WW.,, Tong, Z.H., Zeng, R.J., Shi, C., Yu, H.Q., 2012.
Nutrient removal and energy production in a urine treatment process using mag-
nesium ammonium phosphate precipitation and a microbial fuel cell technique.
Phys.Chem. Chem. Phys. 14, 1978e1984. https://doi.org/10.1039/C2CP23402E.

[5] Fischer, F., Bastian, C., Happe, M., Mabillard, E., Schmidt, N., 2011. Microbial fuel
cell enables phosphate recovery from digested sewage sludge as struvite. Biore-
sour. Technol. 102, 5824e5830. https://doi.org/10.1016/j.biortech.2011.02.089.

[6] Huang, H., Zhang, P., Zhang, Z., Liu, J., Xiao, J., Gao, F., 2016. Simultaneous
removal of ammonia nitrogen and recovery of phosphate from swine wastewa-
ter by struvite electrochemical precipitation and recycling technology. J. Clean.
Prod. 127, 302e310. https://doi.org/10.1016/].jclepro.2016.04.002.

[71 Sun, M., Mu, Z.X., Chen, Y.P,, Sheng, G.P,, Liu, XW., Chen, Y.Z,, Zhao, Y., Wang,
H.-L., Yu, H.-Q., Wei, L., Ma, F., 2009. Microbe-assisted sulfide oxidation in the
anode of a microbial fuel cell. Environ. Sci. Technol. 43, 3372e3377. https://doi.
org/10.1021/es802809m.

[8] lzadi, P., Rahimnejad, M., 2014. Simultaneous electricity generation and sulfide
removal via a dual chamber microbial fuel cell. Biofuel Res. J. 1, 34e38. https://
dx.doi.org/10.18331/BRJ2015.1.1.8.

[9] Lee, D.J,, Liu, X., Weng, H.L., 2014. Sulfate and organic carbon removal by micro-
bial fuel cell with sulfate-reducing bacteria and sulfide-oxidising bacteria anodic
biofilm. Bioresour. Technol. 156, 14e19. https://doi.org/10.1016/j.biortech.2013.
12.129.

[10] Arredondo, M.R., Kuntke, P., Jeremiasse, A.W., Sleutels, T.H.J.A., Buisman, C.J.N.,
Ter Heijne, A., 2015. Bioelectrochemical systems for nitrogen removal and recov-
ery from wastewater. Environ. Sci.: Water Res. Technol. 1, 22e33. https://doi.
org/10.1039/C4EW00066H.

[11] Kuntke, P., Geleji, M., Bruning, H., Zeeman, G., Hamelers, HV.M., Buisman,
C.J.N.,2011. Effects of ammonium concentration and charge exchange on ammo-
nium recovery from high strength wastewater using a microbial fuel cell. Biore-
sour. Technol. 102, 4376e4382. https://doi.org/10.1016/j.biortech.2010.12.085.

[12] Cheng, K.., Kaksonen, A.H., Cord-Ruwisch, R., 2013. Ammonia recycling enables
sustainable operation of bioelectrochemical systems. Bioresour. Technol. 143,
25e31. https://doi.org/10.1016/].biortech.2013.05.108.



13MS3-AB-PS-02
POSTER

LIFE ON MARS: WHAT CAN THE USE OF
BIOSIGNATURES TELL US?

Sévio Torres de Farias™?
Laboratdrio de Genética Evolutiva Paulo Leminski, Centro de Ciéncias
Exatas e da Natureza, Universidade Federal da Paraiba, Jodo Pessoa,
Paraiba, Brazil; https://orcid.org/0000-0002-2997-3629

2 Network of Researchers on the Chemical Evolution of Life (NORCEL), Leeds
LS7 3RB, UK

KEYWORDS:
Biosignatures, Life concept, prebiotic chemistry.

INTRODUCTION:

Astrobiology is one of the fastest expanding scientific fields today. Among the
various issues that this area of knowledge faces, the search for life outside
our planet proves to be especially challenging. When it comes to identifying
life beyond our planet, one of the most difficult challenges is the use of bi-
osignatures. The choice of biosignatures that may reveal signs of life must
comply with several criteria that seek to eliminate or minimize the possibility
of false positives. In this essay, | hope to discuss the implications of using bio-
signatures considering recent advances in prebiotic chemistry, as well as new
conceptual frameworks for the phenomenon of life and its implications for
the development of biosignatures in a non-typological way, which could open
a new way to discover life structurally distinct from what we know.
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Introduction:

Currently, Mars and the ice satellites of Jupiter and Saturn — Europa and En-
celadus — are considered the most promising in terms of searching for traces
of extraterrestrial life in the Solar System. On ice satellites, the existence of
oceans under the outer ice shell is assumed. At the same time, the surface
of Europa is relatively “fresh” ice, which is renewed due to the rise of water
from the ocean along the observed cracks in the ice shell, and on Enceladus,
water geysers were found ejecting into space not only water vapor, but also
organic molecules. In the expeditions planned for these objects, one of the
main tasks is to search for biomarkers (organic molecules of biogenic origin)
that come to the surface in these processes — traces of hypothetical life in
the subglacial oceans. One of the main factors determining the rate of deg-
radation of biomarkers in the surface layers of ice is intense irradiation with
high-energy particles (protons and electrons). In this regard, it is important to
study the rate of radiolysis of biomolecules under conditions similar to those
of ice satellites.

Previously, only the stability of individual biomolecules with rather small
molecular weights (amino acids, nucleotides) was studied in pure form and
in mixtures with model regolith. However, if there is life in the subglacial
oceans of the icy bodies of the Solar System, it is likely that biomolecules
will be released to the surface within microbial cells, and not in the form of
pure substances. The specific composition of biomolecules and complex in-
teractions between them (including during radiolysis) can significantly affect
their stability and, consequently, the duration of their preservation and the
possibility of their detection by space missions.

MATERIALS AND METHODS:

we irradiated bacterial cells (Deinococcus radiodurans, Bacillus subtilis, Esch-
erichia coli) in water ice with accelerated electrons (~1 MeV) at doses up to
10 MGy under low pressure (~0.01 Torr) and low temperature (-180°C). Fur-
ther, the survival of peptides after irradiation was evaluated using MALDI-TOF
mass spectrometry (peptide extraction in 50% acetonitrile with 0.5% trichlo-
roacetic acid, matrix — alpha-hydroxycinnamic acid, m/z range — 1-17 kDa).

RESULTS AND CONCLUSION:

For water ice samples with bacterial cells irradiated with accelerated elec-
trons under low pressure and low temperature in a dose gradient 100 kGy,
1 MGy, and 10 MGy, with increasing radiation dose, a gradual decrease in the
peak areas of peptides with high masses was observed. After exposure to the
highest dose of radiation (10 MGy), peptides with masses up to 7.7, 6.7, and
2.4 kDa were detected in ice containing cells of D. radiodurans, B. subtilis,
and E. coli, respectively (peptides with masses up to 15 kDa were detected in
control non-irradiated samples) (Fig.1). The data obtained indicate the possi-
bility of preserving complex organic molecules (peptides with high molecular
weights) for a long time on various space objects. Thus, a dose of 10 MGy in
the ice of Europe accumulates over 100 and 10,000 years at a depth of 1 cm
and 10 cm, respectively, and on the surface of Mars — over 150 million years.
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Fig. 1. MALDI-TOF mass spectra of the ice containing D. radiodurans cells:
top — control sample; bottom — the sample, irradiated with 10 MGy dose.
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INTRODUCTION:

Water plays an important role in cell metabolism and microbial communities’
activity. In the extraterrestrial environments, lack of water is an important
limitation factor for life expansion. However, different organisms could sur-
vive and proliferate at different levels of water availability. Moreover, not only
lack of water molecules limits microorganisms’ colonization of substrates,
but the high concentrations of water-soluble substances (salts, sugars, amino
acids etc.) also negatively affected bacteria by reduction of water availability
for life support.

To estimate the potential of culturable soil bacterial communities to metab-
olize at different values of water availability the following experiment was
performed: soil bacteria associated with Sahara (Tunisia) and Negev (Isra-
el) deserts soils were cultured on the Reasoner 2 A medium supplemented
with glycerol to set up the water activity (Aw = water vapor pressure upon
distilled water/ water vapor pressure upon solution) at level of 1.0 to 0.9
(step by 0.01 Aw). After incubation unique cultures were isolated, described,
identified by 16S rRNA sequencing and tested for growth at gradient of water
activity (Aw) in pure cultures. After incubation and isolation 355 strains were
identified and tested.

Culturable bacteria were detected down to Aw 0.95, no growth was detected
on the media with lower water activity values. Numbers of culturable bacte-
ria were decreased from 10° and 10’ colony formingl units per gram (CFU/g)
in Sahara and Negev desert soils, respectively, to 10° CFU/g in both samples
investigated (Fig. 1).

Representatives of Arthrobacter, Kocuria, and Pseudoarthrobacter genera
were dominant in both samples analyzed at different Aw values. In total, repre-
sentatives of 34 bacterial genus, predominantly from the Actinobacteria phyla
were isolated during the culturing procedures. On the medium with Aw=0.95
representatives of Arthrobacter, Corynebacterium, and Kocuria genera were
isolated. These bacteria are frequently found in the desert and permafrost
environments and well-known as multiple-stress tolerant bacteria (Fig. 2).
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Fig. 1. Numbers of bacteria cultured from Sahara and Negev deserts soils at
different water availability levels.
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During the isolation and identification of drought-tolerant bacteria from the
samples studied 38 strains with low nucleotide sequence similarity with the
databases were found. These strains could be the representatives of previous-
ly undescribed species of genera Agrococcus, Arthrobacter, Bacillus, Brachy-
bacterium, Cellulomonas, Conyzicola, Kocuria, Microbacterium, Okibacterium,
Rathayibacter, Sphingomonas, so it should be further investigated.

Isolated strains testing for growth in pure culture in gradient of Aw values
revealed that the most strains are able to grow on the medium with Aw lower
than Aw of the media, on which this strain was isolated from the native sam-
ple. In general, majority of isolated cultures were able to grow on the media
with Aw from 0.1 to 0.96. At Aw = 0.95 severe reduction of strains, which are
able to grow was observed. In Aw diapason 0.94-0.91 just representatives
of Arthrobacter, Kocuria, Brachybacterium, Serratia, and Leucobacter genera
were able to grow.

Thus, in laboratory conditions predominantly Actinobacteria demonstrates
the ability to grow in conditions of water deficiency. Regarding their high tol-
erance to UV- and ionizing radiation, desiccation, oxidative and salt stress,
fluctuations of temperature, pH, and the other environmental factors, repre-
sentatives of this phyla could be considered as one of the key-taxa for further
astrobiologically-oriented research. Besides, further research on the meta-
bolic activity in native soil conditions should be performed to reveal the taxa,
able to metabolize in situ in conditions of low water activity.
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INTRODUCTION:

One of the main tasks of astrobiology is the search and study of the possi-
bility of life beyond the Earth. The most promising extraterrestrial object in
terms of habitability is Mars. In the regolith of this planet, perchlorates with
a high oxidizing ability were found, which are considered as an important
factor limiting the spread of living organisms. At the same time, in addition
to high oxidizing ability, perchlorates are characterized by have high hygro-
scopicity and the ability to reduce the water crystallization temperature of
water. Due to these properties, in the conditions of Mars, perchlorates can
absorb the surrounding moisture and form liquid brines, which could serve
as a habitat for microorganisms.

In previous studies of the effect of perchlorates on the crystallization tem-
perature of water, only the freezing points of pure solutions of perchlorates
of various concentrations were found [1], but this does not give a complete
information about how the solutions will behave in a heterophase system.
Also, the survival of microorganisms in such solutions is not clear, since the
limit of their tolerance to perchlorates in situ has not yet been determined.
The tolerance of microbial communities to the effects of high concentrations
of perchlorates is still poorly understood, and the limits of the resistance of
microbial communities have not been determined. According to the results
of a number of studies, it turned out that the presence of perchlorates in a
concentration of 0.5-0.6% (the concentration of perchlorates in the surface
layer of Martian regolith) weakly inhibits the growth and development of
many bacteria. However, perchlorates in higher concentrations (few percent
and above) may eliminate diverse of microorganisms.

Identification of the limits of tolerance to perchlorates and the regularities
of crystallization of perchlorate solutions in heterophase systems will allow:

e to complement the understanding of the stability of biosystems and will
provide valuable information for determining the most promising poten-
tially habitable regions on Mars

¢ apply the data obtained to develop planetary quarantine measures and
supplement existing astrobiological models.

e to use some of the research results from the point of view of studying the
processes of water crystallization in saline soils.

To study the dependence of the crystallization temperature of aqueous
solutions of perchlorates depending on their concentration and the granulo-
metric composition of mechanical analogues of regolith, experiments were
conducted on freezing-thawing of 4 mechanical analogues of the Martian
regolith, which are quartz with particle sizes 500—1000 pum, 250-500 um,
100-250 um, and <53 um. The samples were saturated with sodium per-
chlorate (NaClO4) solutions with concentrations of perchlorate: 3.7%, 11.2%,
18.6% and 37.2%. The freezing-thawing cycle was accompanied by a record-
ing of the temperature course in a low-temperature freezer at a temperature
of —85°C. After taking measurements, the temperature of the phase transi-
tion was determined from the data obtained, since it is accompanied by the
release or absorption of energy.
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To assess the tolerance of microbial communities to perchlorates, culturable
heterotrophic aerobic bacterial communities were characterized, confined to
native soil samples of various arid regions of the Earth (Cyprus, Tenerife, Viet-
nam, Russia (Voronezh Region)). According to the results of culturing proce-
dures, a sample containing the most tolerant perchlorate-resistant microbial
community was associated with Tenerife foothill soil. This soil was further
used to study the effect of perchlorates on soil microbial communities in situ.
After the experiment, the viability of microorganisms was evaluated by mul-
tisubstrate testing and plating on nutrient media.

The experimental results show that bacterial communities in a heteroge-
neous environment are able to survive oxidative stress caused by the pres-
ence of perchlorates, and, under favorable conditions, grow, proliferate and
metabolize. Also, the dependence of the water crystallization temperature
on the granulometric composition of the soil was established: the crystalliza-
tion temperature decreased with increasing particle size.

At the moment, the number of studies on the effects of perchlorates on mi-
croorganisms in situ is few, and in the course of these studies, the effect of
perchlorates on prokaryotes in concentrations up to 5% has been studied [2].
The effect of higher concentrations has not been studied yet. In our study,
it was found out that microbial communities, when exposed to sodium per-
chlorate in concentrations up to 10%, showed high tolerance and retained
a high number of viable cells. This, on the one hand, is a weighty argument in
favor of the possibility of survival of terrestrial-type microorganisms in per-
chlorate solutions on Mars, and, on the other hand, indicates that this is not
the maximal concentration at which microbial communities are able to sur-
vive in situ, and further studies are needed to study the effect of perchlorates
in higher concentrations.
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V. 20.—Ne. 1. - P. 36-47.
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INTRODUCTION:
The Phoenix mission found perchlorates on the surface of the Great Northern
Plain in concentrations of 0.4-0.6% by weight [1]. It is suggested that per-
chlorates can contribute to liquid brines formation under Martian conditions
due to high hygroscopicity of perchlorates and low freezing temperatures of
its solutions [2, 3].

In recent years, a several perchlorate-resistant microorganisms have been
discovered, but the limiting concentrations of perchlorates at which their
growth is possible have been determined only for a relatively small set of
species [2, 3, 4]. The most resistant organisms known so far have been dis-
covered within the last few years [5, 6]. In this regard, the search for micro-
organisms that are more resistant than currently known is relevant, which
contributes to identify habitable regions and deposits on Mars. At this, it is
promising to study microorganisms of extreme habitats, since it has been
shown that many bacteria from such ecosystems are highly resistant to the
effects of Mg(ClO4), at concentrations of up to 5% [7, 8].

Bacteria (208 strains in total) isolated from the brown soil of the Sarpinskaya
Lowland (Russia) and the mountain soils of the Teide volcano (Spain) were
the object of the present study. Bacterial strains were cultured in liquid R3A
medium supplemented with sodium perchlorate in concentrations of 0, 0.5,
1,2.5,5, 7.5, and 10% (w/v). Culturing was carried out at room temperature
for 14 days, and the growth was determined visually.

As a result,, it was found that the majority (99.1%) of microorganisms studied
was tolerant to sodium perchlorate in concentrations of up to 2.5% in the
medium, and 41.8% of the strains were able to grow at the presence of 5% of
perchlorate. The number of tolerant strains was 10.5% and 1.9% of all strains
tested at a concentration of perchlorates in the medium equal to 7.5% and
10%, respectively.

Another part of our work was to study the tolerance of microorganisms from
various microbial communities to high concentrations (7.5 and 10%) of sodi-
um perchlorate. The object of study was bacteria (735 strains) isolated from
the soils of the northern part of the Sahara Desert (Tunisia), central part of
the Mojave Desert (USA), Sarpinskaya Lowland (Russia), Khrenovsky pine for-
est (Russia), and the mountainous soils of the Teide volcano (Spain).

The proportions of the most resistant strains for different microbial commu-
nities ranged from 3 to 17% for 7.5% sodium perchlorate and from 0 to 3%
for 10% sodium perchlorate (Fig. 1). The highest tolerance to 7.5% NaClO,4
was observed in the microbial community of the Sarpinsky Lowland soil.
Soil salinization is widespread in the ecosystem under study [9], which can
contribute to the formation of halotolerant communities. The most of per-
chlorate-tolerant microorganisms are halotolerant [6], suggesting that the
number of halotolerant microorganisms in a community correlates with the
number of perchlorate-tolerant ones.

Bacteria of the genera Nocardia, Pseudomonas, Bacillus, Rhodococcus, Ar-
throbacter, Massilia, Micrococcus, and Paracoccus demonstrated the highest
tolerance to perchlorates. High perchlorate-tolerance of the genera above,
excluding Paracoccus, was reported previously [2].
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Fig. 1. Tolerance of culturable microbial communities isolated from arid ecosystems
to perchlorates at various concentrations: a — soil of Khrenovsky pine forest, b — soil
of the northern part of the Sahara desert, ¢ — brown soil of the Sarpinskaya lowland,
d and e — mountain soils of the Teide volcano.

Additional testing revealed that representatives of the genus Paracoccus
are able to grow at a concentration of perchlorates in the medium equal to
10.5%.

Thus, the study has shown that a fairly large number of prokaryotes are re-
sistant to sodium perchlorate even at a concentration of 10%. It testifies in
favor of possibility of some representatives of the Earth’s prokaryotic life (or
hypothetical Earth-like extraterrestrial organisms) to survive in perchlorate
brines in the Mars regolith.
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INTRODUCTION:

Mankind aspires to become an interplanetary civilization. Roscosmos, NASA
and ESA have set a goal of carrying out a manned flight to Mars in the
21° century. However, currently, Mars is not suitable for human habitation
by its conditions. Therefore, it is necessary to create a source of food for
a colony on Mars [1].

Therefore, work will be needed to increase the fertility of the Martian rego-
lith. Experimentally, plant growth has been shown on lunar and Mars regolith
analogues [2]. Previously, researchers conducted experiments on cultivation
of Martian regolith analogues using clover and introduction of symbiotic ni-
trogen fixers [3]. As a result of the research, the scientists concluded that the
growth of roots and shoots of legume plants increased by 95% under inocu-
lation with symbiotic microorganisms.

During the experiment, pea (Pisum sativum) plants were grown in a chem-
ical and mineralogical analogue of Martian soil VI-M2 with the addition of
free-living nitrogen-fixers Beijerinckia fluminensis. As a control, the samples
were grown in the Martian soil analog VI-M2 without the addition of micro-
organisms. Pea samples were grown in the Umbric Albeluvisols organogenic
horizon to establish the efficiency of such cultivation compared to terrestrial
conditions. At the end of the cultivation period, assays were performed to
determine the differences in the microbial communities formed.

Important biogeochemical characteristics were determined using XRF anal-
ysis.
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INTRODUCTION:

The problem of asteroid activity arose about 20 years ago. It started from
discovering a few small objects in the Main asteroid belt (MAB) with clear
but temporary cometary features originated possibly from impact events [1].
Shortly after that, the presence of active bodies among asteroids with pre-
dominantly silicate composition was explained by supposing these bodies to
be comets from the neighboring comet family of Jupiter [2, 3]. However, the
result of the 20-year search for new active objects was that about half of
~40 found bodies actually are classic asteroids [4]. Therefore, the solution of
this problem may be more complicated and likely associated with the pres-
ence of ice on the asteroids themselves.

OBSERVATIONS AND DATA PROCESSING:

With the aim to try answer the question posed, UBVRI-photometry of
29 main-belt primitive asteroids (including 4 ones of X type) was performed
with the 0.6-m telescope with a CCD-photometer at the Caucasus Mountain
Observatory of SAI MSU in December 2021 — February 2022. These asteroids
were specially selected to have the eccentricity of orbits not less than 0.1 and
to be near perihelion at the time of observations. The obtained photometric
data of the asteroids were converted to reflectivity at the effective wave-
lengths of UBVRI-filters by means of observations of close solar analog stars.
Then approximated normalized (at 0.55 um) reflectance curves for each of
the asteroids were calculated (some of them are presented in Fig. 1 with
their available SMASS reflectance spectra [5] for comparison). Also, spectra
of stable stars close to the asteroids were registered to control the stability
of photometric conditions before and after the time of asteroid observations
(see inserts in Fig. 1).

NEW DETECTION OF SUBLIMATION ACTIVITY OF ASTEROIDS

AND DISCUSSION:

To determine which of the asteroids has signs of sublimation-driven activ-
ity, we used the spectral method. Its high effectiveness in detecting even
thin dust envelope around an asteroid was substantiated in our previous
papers based on observations and numerical simulations. The method al-
lowed us to discover simultaneous sublimation activity of four primitive-type
asteroids (145, 704, 779, and 1474) in September 2012 [6] and three ones
(24, 449, and 704) in March 2019 [7]. Here, we analyzed new reflectance
curves of 29 main-belt primitive asteroids and found spectral signs of a sub-
limation-driven exosphere on 7 of them: (145) Adeona, (302) Clarissa, (322)
Phaeo, (435) Ella, (521) Brixia, (690) Wratislavia, and (779) Nina (302, 322,
435, 521 and 690 for the first time), which amounts to 24 % of the objects
observed. So, the normalized reflectance curves only for these asteroids are
given in Fig. 1. As numerical simulations show [7, 8], an unusual maximum
near ~0.45 pum or/and an overall change of spectral gradient from negative
to positive in spectral curves of these asteroids could appear due to the scat-
tering of solar light by particles (including those composed of H,0 ice and
with aggregate structure) in a dust exosphere. The latter could result from
sublimation of ices (mainly H,0 and CO,), which becomes more intense at
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Fig. 1. The normalized approximated spectral reflectance of (145) Adeona, (302) Cla-
rissa, (322) Phaeo, (435) Ella, (521) Brixia, (690) Wratislavia, and (779) Nina indicating
sublimation-driven activity near perihelion in December 2021 — February 2022; in the
insets: the spectra of close stars as reference stable standards (obtained before and
after observations of asteroids)

elevated subsolar temperatures near perihelion. If so, why only about a quar-
ter of the observed primitive asteroids demonstrate sublimation activity? If
these asteroids have similar origin, e.g. beyond the snow line [9], then H,0
ice could present and survive in their interiors and active objects should be
more numerous. But a very long time (~4 billion years) of depletion led to
a larger occurrence depth of volatiles on primitive asteroids. On the other
hand, a high porosity of the surface layers could considerably worsen their
thermal conductivity [10]. Another frequent, although random, physical fac-
tor, which could make ices more exposed on main-belt asteroids, is their mu-
tual collisions and impacts of meteoroids. High intensity of these events in
the MAB at present was confirmed by detecting steady dust belts associated
with it [11].

Additionally, we compared physical and dynamical parameters of asteroids
observed here as active and inactive, but no features or correlations specific
only to the first group were found.
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CONCLUSIONS:

A search for sublimation activity signs among 29 main-belt primitive aster-
oids being near perihelion has shown that a dust exosphere exists around
a quarter of them. This probably points to the sublimation-driven nature of
an exosphere and, respectively, the presence of ices in interiors of these as-
teroids. A comparison of physical and dynamical parameters of the aster-
oids detected here as active and inactive revealed no noticeable differences.
It seems that the differences, if they exist, are connected with secondary
(evolutionary et al.) factors rather than the origin of the bodies.

This study is supported by the Russian Science Foundation (grant No. 22-12-00115).
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it is shown in [1, 2] that the sublimation-dusty activity of a number of Main
Belt asteroids (MBAs) of primitive types correlates with the location of these
asteroids in the perihelion section of their orbits. This leads to the assump-
tion that such activity is caused by a cometary mechanism, i.e. the emission
of dust particles due to sublimation of ices from the surface of ice-containing
layers. It was assumed that these layers are excavated by collisions between
MBAs. However, expelling of dust matter can also occur during collisions
themselves. We examine both mechanisms by analyzing size and velocity
distributions of MBAs and considering parameters of collisional crater for-
mation at asteroids. Fig. 1 shows size-velocity distribution of 1178752 MBAs
(data of Minor Planet Center).
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Fig. 1. An assessment of the frequency and effectiveness of collisions was carried
out. It is shown that the frequency of collisions of asteroids-impactors with sufficient
kinetic energy to expel a detectable amount of dust from a target asteroid (~100 km
in size) is rather high, not less than 1-10-1072 per year. Here a size distribution of dust
grains was assumed to be dN w a~*/da, where a is a grain radius. The “philosophical
reasons of this were presented in [3]. Life time of expelled dusty cloud is relatively
short (few days to weeks).

There are about 200 MBAs larger than 100 km and current collision rate can
explain dust emission in 1-10 % of all such asteroids. This estimate is consis-
tent with the statistics of observations of ~50 studied asteroids, since mani-
festations of sublimation-dusty activity were detected for 4 of them.

However, this mechanism does not explain the correlation of activity man-
ifestations with the location of asteroids in the perihelion section of orbits,
which is quite natural for a cometary (sublimation) mechanism. To ensure
the cometary mechanism, collisions should open ice-containing layers over
a sufficiently larger area (up to several tenths of square kilometers). These
collisional events seem to be much more rare. The parameters of this mech-
anism are discussed and it is shown that, under certain conditions, it can
also explain themphenomenon of sublimation-dusty activity of some MBA
asteroids.
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INTRODUCTION:

The ESA Mars Express orbiter carries the DLR High Resolution Stereo Camera
that contains the Super Resolution Channel (SRC). Early in 2021, the SRC ob-
served the main belt asteroid Psyche 33 times against a star field. These im-
ages were used to produce astrometric data of Psyche, the primary target of
the NASA Discovery Psyche mission [1]. The astrometric data were used as an
independent validation dataset to the Earth-based data that are being used
to improve the Psyche orbit, that will be needed to navigate to this asteroid.

MEX SRC DATASET:

Between 23 February and 3 March 2021, 33 SRC images were taken of Psyche
with a star background. A snippet of one of these images is shown in Fig. 1.
Typically there were 3—4 stars within these images. Psyche and the stars are
circled with a P identifying the Psyche image and stars identified by their
visual magnitude and B-V color.

Fig. 1. Psyche imaged against a star field by the ESA MEX SRC

RESULTS:

The pass-through residuals of the reduced right ascension and declination
astrometric data had a zero mean and a 1-sigma spread of about 300 km in
the orbit of Psyche, giving an independent validation of the current orbit.
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INTRODUCTION:

Comet C/2021 A1 (Leonard) (hereafter Comet Leonard) is a long-period com-
et discovered on January 3, 2021. This comet was studied by means of pola-
rimetry in November-December of 2021, when the comet was approaching
Earth at A=0.234 au [1].

The polarimetric response and modeling suggest relative stability of the dust
population in the coma of Comet Leonard [1]. On 11 out 14 epochs, the ob-
servations were successfully reproduced with the model of agglomerated
debris particles (see six examples on top in Fig. 1). These model particles have
a Mg-rich silicate composition (complex refractive index m = 1.6 + 0.0005i)
and organic-matter composition particles (m = 1.855 + 0.45i). Their mixture
at relative volume abundance of the silicates Vj; = 35.5 % and carbonaceous
materials Vi, = 100 % — Vg = 64.5 % is capable of reproducing measurements
of Comet Leonard on 11 epochs. Note, such chemical composition appears
in accordance with what was found in comets in situ (e.g., [2]), as well as,
in ground-based observations of other comets (e.g., [3—-6]). It also is worth
noting thzat the agglomerated debris particles obey the power-law size distri-
bution r.

However, Comet Leonard also has revealed noticeable deviations in its dust
population on 3 out of 14 epochs. What is even more important is that the
dust population changed quite fast. For instance, in December of 2021, it
occurred during only a day. In this work we simulate the motion of dust par-
ticles emanated from the nucleus of Comet Leonard in order to provide clues
for better understanding the nature of the quick variations in its dust popu-
lation.

MODEL:

We model the motion of particles ejected from the Leonard nucleus using an
iterative time-domain approach. This approach makes it possible to account
rigorously for three forces acting on a small dust particle: gravity of the nu-
cleus Fy, gravity of the Sun F;, and the solar-radiation pressure F,,. Within
this approach, a dust particle is placed at the surface of the Leonard nucleus
whose location with regard to the Sun is described in terms of the position
vector Sq. At the initial time tg = 0, the particle acquires an initial velocity Vg
that is set to be 20% of the gas-expansion velocity [7] at given heliocentric
distance r,, and oriented along the normal from the surface. At this initial
moment in time, we calculate the resultant of all three forces acting on the
dust particle. Over the increment of time At, the resultant force is assumed
to remain constant, implying also a constant acceleration of the dust parti-
cle ag. At the end of this increment, we update all three forces and their resul-
tant for the current location of the particle and repeat the entire procedure.
Clearly, at At - 0, the model trajectory should converge to its exact profile. In
practice, At = 1 s provides sufficient accuracy in determining orbits of ejected
dust particles. It also is worth noting that this code has been exploited in the
analysis of astronomical observations of several comets [7, 8].

RESULT AND DISCUSSION:

We apply our model to Comet Leonard on two epochs, October 7 and De-
cember 4 of 2021. In former case, the comet was located at a heliocentric
distance r,=1.757 au and it appeared in ground-based observations at phase
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Fig. 1. On top: Six examples of agglomerated debris particles. On bottom: Fraction of
particles departing from the aperture p = 6000 km in ground-based observations of
Comet Leonard as of October 7, 2021 (left) and December 4, 2021 (right), which is
shown as a function of time since their isotropic ejection from the nucleus. Blue solid
line shows results for agglomerated debris particles having Mg-rich silicate compo-
sition (m = 1.6 + 0.0005/) and radius r = 1 um, whose parameter B = 0.349. Dark-red
dash line shows results for organic-matter particles (m = 1.855 + 0.45/) with r =1 um
and p=1.188

angle a = 24.8°; whereas, in the latter case, it was observed at r, = 0.875 au
and a =94.4°. The velocity of the expanding gas in a cometary coma is deter-
mined by the equation: Vg,s = (850 m/s)/sqrt(rs) [9]. In application to Comet
Leonard, it yields Vyqs = 641.3 m/s for October 7 and Vg, = 908.5 m/s for
December 4. Taking into account ~20 % efficiency of the momentum transfer
from the expanding gas to dust, we constrain the terminal velocity of parti-
cles to be 128.3 m/s and 181.7 m/s, respectively. Since the light-scattering
response in comets is governed by micron-sized particles [10], we attribute
these terminal velocities to particles with radius r=1 pm.

The effect of solar-radiation pressure on the motion of dust particles through-
out the Solar System is characterized with the parameter B = F,./F4 (e.g., [3]).
We adapt from [3] values of the B parameter for the agglomerated debris
particles having refractive indices m = 1.6 + 0.0005/ and 1.855 + 0.45/. At
r=1um, B =0.349 and 1.188, respectively.

There is a lack of information on the nucleus of Comet Leonard and, there-
fore, we put forth an assumption that it has a spherlcal shape with radlus of
500 m, and the bulk material density is 0.6 g/cm>. We suggest that the em-
anation of dust happens only from the hemisphere illuminated by the solar
radiation.

Under these circumstances, we compute the fraction of dust particles re-
leased from the nucleus of Comet Leonard, which managed to leave the cir-
cular aperture having radius p = 6000 km (similar to what is utilized in [1]) as
a function of time since their ejection. Results are shown on the bottom in
Fig. 1. Here, the left panel corresponds to ejection on October 7, 2021, and
the right panel on December 4, 2021. The blue solid line shows results for the
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Mg-rich silicate particles with B = 0.349 and the dark-red dashed line for the
organic-matter particles with p = 1.188.

As one can see, on October 7, no particle was capable of leaving the field of
view during the first 12 hours. However, over the next 12 hours, up to 2/3
of all ejected particles appear already beyond the circular aperture. There
is some difference here between the Mg-rich silicate particles and the or-
ganic-matter particles. This is because the effect of solar-radiation pressure
is slowly accumulated at long heliocentric distances. However, at the short
heliocentric distance such as on December 4, 2021, the particles move much
faster. The organic-matter particles require only 16 hours in order to depart
from the circular aperture. Due to a factor 3.4 smaller value of the B pa-
rameter, the Mg-rich silicate particles need a longer time (37 hours) to fully
leave the aperture. Thus, it seems plausible that day-to-day variations of the
polarization in Comet Leonard observed in December 2021, were caused by
discontinuous emanation of the carbonaceous particles from the nucleus.
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INTRODUCTION:

Comet C/2021 A1l (Leonard) (hereafter Comet Leonard) is a long-period com-
et discovered on January 3, 2021. One year later, on January 3, 2022, the
comet passed perihelion at r, = 0.615 au. In November-December of 2021,
the comet approached Earth, passing by at only A = 0.234 au on Decem-
ber 13, 2021, and making possible its observations at large phase angles a.
We conducted a polarimetric survey of Comet Leonard aimed at studying
its maximum of linear polarization P.y. This light-scattering characteristic is
long utilized for classification of comets [1]. It is significant that Pp,ay in com-
ets is immediately interrelated with the volume ratio of Mg-rich silicates and
carbonaceous materials in dust population of their coma [2] and, hence, one
can retrieve chemical composition in the Leonard coma.

OBSERVATION AND DATA REDUCTION:

We observed Comet Leonard on 14 epochs between October 7 and Decem-
ber 7, 2021. The observations were conducted using the RC500 telescope
(D =0.5m, F=4m) located at the Ussuriysk Astrophysical Observatory, a
division of the Institute of Applied Astronomy of Russian Academy of Science
(code C15). The telescope was equipped with CMOS detector ZWO ASI 6200
pro (resolution —9576x6388, size of pixel —3.76 um) exploited in the 2x2 bin-
ning mode, the R filter of the Bessell photometric system (A = 0.64 um,
FWHM = 0.16 um) and a dichroic polarization filter (analyzer). The analyz-
er was rotating through three position angles evenly distributed around the
optical axis, allowing us to calculate the degree of linear polarization (e.g.,
[31): P = (FL— F})/(FL + F)), where F, and F)| stand for flux of the scattered
sunlight that is polarized perpendicular to the scattering plane and within
that plane, respectively.

At each analyzer position, we take a short exposure (from 20 to 60 s, depend-
ing on the epoch). These measurements were repeated for 8-25 complete
cycles of the analyzer rotations. Each image was later processed with the
Image Reduction and Analysis Facility (IRAF) software, including bias subtrac-
tion, removal of cosmic-ray events, and flat-field correction. Within a circular
aperture having radius p = 6000 km centered at the photometric center of
Comet Leonard, we compute the average value of the degree of linear polar-
ization, its standard deviation and standard deviation of the mean for each
epoch.

Dark red points in Fig. 1 show the average values of the degree of linear
polarization in Comet Leonard, and the error bars here correspond to their
standard deviation of the mean. It is worth noting that a large number of
cycles of polarimetric measurements significantly increases reliability of the
results, as the standard deviation of the mean in our observations does not
exceed 0.5 %.

RESULT AND DISCUSSION:

As one can see on the bottom in Fig. 1, the polarization of Comet Leonard re-
veals a strong dependence on phase angle a that is similar to what was found
in other comets. In particular, in Fig. 1 we also show the phase dependence of
the degree of linear polarization measured in red light in three other comets:
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Fig. 1. Aperture-averaged degree of linear polarization as a function of the phase an-
gle a in four different comets. Dark red dots show results of our observations of Com-
et Leonard with the aperture p = 6000 km; other symbols correspond to data adapted
from the literature

C/1989 X1 (Austin), C/1995 O1 (Hale-Bopp), and C/1996 B2 (Hyakutake); these
data are adapted from [4]. Near opposition, a < 30°, comets tend to reveal the
phenomenon of the negative polarization, P < 0 (i.e., F1 < F||); whereas, at
larger phase angles, the degree of linear polarization P acquires a positive sign
(i.e., FL > F})). Furthermore, P monotonically grows with increasing o until it
achieves its maximum value P, located at omax = 80—100°.

What also emerges from Fig. 1 is that comets may reveal noticeable differ-
ence in their P4y For instance, Comet Leonard can be unambiguously dis-
criminated from the three other comets shown by their P, This clearly
indicates difference in the microphysics of dust emanated from comets.

As demonstrated in [2], the phase dependence of polarization observed in
a comet is necessarily produced by a mixture of weakly absorbing particles
whose imaginary part of refractive index Im(m) does not exceed 0.02 and
of highly absorbing particles with Im(m) > 0.3. The former case is compliant
with Mg-rich silicates; whereas, the later one with carbonaceous materials,
such as organics and/or amorphous carbon (see, discussion in [2]). Then,
the dispersion of P, in comets can be explained by different volume frac-
tions of the Mg-rich silicate particles Vs, and of the carbonaceous particles
Vear = 100 % — V;i in their comae. This is the simplest approach that is capable
of simultaneous quantitative fitting of polarization in comets with various
Pmax, Using a sole free parameter, V. The simplicity is largely caused by a
highly realistic approach to modeling the shape of cometary dust, which is
simulated with the agglomerated debris particles [2]. Six examples of these
model particles are shown on top in Fig. 1. It is worth noting, however, that
numerical simulations of polarization in comets involve a minimum 500 ran-
domly generated samples of the agglomerated debris particles.

We apply the model developed in [2] to analyze our polarimetric obser-
vations of Comet Leonard. We consider a mixture of Mg-rich silicate with
m =1.6+0.0005/ and refractory organics with m = 1.855 + 0.45i. The radius of
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particles of both chemical compositions spans the range from 0.1 to 3.26 um,
which is known to dominate the light-scattering response, including polariza-
tion [5]. The response is averaged over available sizes with a power-law size
distribution r . These model parameters were chosen to be compliant with
in situ finding in comets; see [2] for more details.

These parameters provide fits of the model to the angular profiles of polar-
ization in all four comets considered in Fig. 1 (see solid and dashed lines).
For instance, polarization in Comet C/1995 O1 (Hale-Bopp) is reproduced at
the relative abundance of the Mg-rich silicate particles Vi; = 15 % (corre-
spondingly, V4 = 85 %); in C/1996 B2 (Hyakutake) at Vi = 25 %; whereas, in
C/1989 X1 (Austin) at Vi; = 55%. When the same two-component mixture is
applied to Comet Leonard, it yields a best fit (within 30) to 11 out of 14 data
points at V;; = 35.5 %; see dark-red solid line in Fig. 1. Thus, our modeling not
only constrains the chemical composition of dust in the Leonard coma, but
also reveals its relative stability over the course of our observations.

On the other hand, polarization measured in Comet Leonard on 3 out of
14 epochs obviously deviate from the modeling curve, suggesting different
microphysics of its dust. For instance, excess of positive polarization at the
smallest phase angle can be reproduced by the model at V,; = 0.07; whereas,
two points below the modeling curve at = 94.4° and 105.3° can be fitted at
Vs = 0.41. Therefore, the chemical composition of dust in Comet Leonard
likely was subject to some temporal variation. This phenomenon was pre-
viously seen in other comets [3, 6]. It is worth noting, however, that other
comets may reveal high temporal stability in their dust [7, 8].

Finally, unlike the sparse set of observational data, the numerical simulations
allow us to characterize better the polarization maximum in Comet Leonard:
Prax = 22.5 % occurred at oynay = 94°.
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INTRODUCTION:

Fundamental scientific problems are the problems of the formation and
evolution of Solar system and other star systems, dynamics, evolution and
control of planetary satellite systems of natural and artificial origin, asteroid
hazard to the Earth, with ensuring the safety of flights into space due to the
presence of clouds of artificial debris in near-Earth orbits.

Among the natural satellites of the planets of the Solar system, two groups
can be distinguished: the first, the largest in composition, are satellites of
approximately spherical shape, the second, relatively small, are irregularly
shaped satellites that can be considered as fragments of large bodies. We
consider a possible mechanism for the formation of satellites of the second
group. Let us assume that during the evolution of the Solar System a compact
family of debris bodies was formed, consisting of a massive large body and
several small debris bodies moving in its gravitational field. With a fairly close
flyby of a planet, a situation is possible when one or more fragments leave
the sphere of gravitational influence of a massive body and move into orbits
around the planet, that is, become its satellites. We will call this phenome-
non satellite interception.

PROBLEM SETTING:

We consider the possibility of capturing space objects into near-planetary
space and further movement of these objects and suggest a mathematical
model for the formation of non-spherical (Phobos-type) satellites of the plan-
ets. The model justify our hypothesis for the emergence of such planetary
satellites. In our study, we are talking about the possible capture of cosmic
masses in the framework of the plane hyperbolic three-body problem, as
well as the plane parabolic three-body problem.

The results of numerical simulation within the framework of the planar re-
stricted hyperbolic three-body problem are shown.
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ABSTRACT:

In spite of difficulties to obtain a satellite orbit around Mercury, there were
the space missions Mariner-10 and MESSENGER which have performed some
studies of Mercury. Furthermore, the European Space Agency and Japan
Aerospace Exploration Agency prepared the BepiColombo mission which was
successfully launched on October 20, 2018. One of the purposes of this mis-
sion is to study production mechanisms of the exosphere of Mercury. In Rus-
sia the mission Mercury-P including lander is proposed. The purpose of this
work is to discuss properties of dusty plasmas near the surface of Mercury.

The illuminated surface of Mercury becomes charged as a result of the action
of the solar radiation and solar wind plasma. The surface of Mercury emits
electrons upon interaction with the solar wind due to the photoelectric ef-
fect, which leads to the formation of a layer of photoelectrons above the sur-
face. Photoelectrons are also emitted from the dust particles soaring above
the surface of Mercury due to the interaction of the latter with the electro-
magnetic radiation of the Sun. Dust particles on the surface of Mercury or in
the near-surface layer absorb photoelectrons, photons of solar radiation as
well as electrons and ions of the solar wind. All these processes lead to the
charging of the dust particles, their interaction with the charged surface of
Mercury, their liftoff, and their motion.

The distribution of dust and electrons in the near-surface layer of the illu-
minated part of Mercury can be calculated based on the theoretical model
developed for the Moon [1, 2] that describes the dynamics of noninteracting
dust particles. A significant difference between the approach applied to the
Moon and that developed for Mercury is the necessity to take into account
Mercury’s orbital eccentricity which is the largest of all known planets in the
Solar System: at perihelion, Mercury’s distance from the Sun is only about
two-thirds (or 66 %) of its distance at aphelion. Correspondingly, properties
of dusty plasmas at Mercury differ for perihelion and aphelion. The calcula-
tions of distribution functions of photoelectrons and altitude-distributions
characterizing dusty plasmas under conditions of perihelion and aphelion are
performed. The contribution of dusty plasmas to the exosphere of Mercury
is discussed.
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Several theories that have been developed to date to explain the evolution
and stability of Saturn’s rings postulate that the orbits of the ring particles
are close to the equatorial plane of the planet, but none of these approach-
es consistently explains this peculiarity and separation of the rings particles
[1]. There are few known models of the origin of Saturn rings: a moon of
the planet could have been disrupted by a passing celestial body; the rings
could have been generated by the particles separated from moons of the
outer planets by collision with comets or meteorites; the ring particles can
be debris of a large comet tidally broken by the planet; the rings can be the
relic of a protosatellite disk; the particles can be continuously forming as a
result of volcanic activity on a moon of the Saturn. But none has provided a
convincing explanation for rings observed peculiarities among Solar System
bodies [2]. Cassini measured that the particles of rings mostly consists of
water ice, 93 % [3] and 90 to 95 % [4] Also Cassini found the ratio of deuteri-
um and hydrogen isotopes for the ice of Saturn’s rings is the same as for the
Earth’s ice [5]. This fact indicates the similarity of ice in the rings and Earth’s
ice. There are 20 known types of the Earth’s ice. We can choose ice Xl [6],
which is suitable for the environment of Saturn’s rings. It has stable param-
eters below 73 K and is diamagnetic [7]. Taking into account these facts, we
found a solution to the problem of the interaction of the gravitational field
and the magnetic field of Saturn with the ice particles of the protoplanetary
cloud [8]. An interesting fact is taking into account the magnetic field of
Saturn explains the transformation of a protoplanetary cloud into a disk of
rings as well as it accounts for strong planar structure of rings located at the
magnetic equator of Saturn which is almost coincide with geographical one.
Then it became clear that Saturn can create rings from the ice particles of
the protoplanetary cloud with its own magnetic field due to the action of
an additional third force of diamagnetic expulsion and the mechanism of
magnetic anisotropic accretion [9]. An interesting fact is that under the in-
fluence of the planet, the particles of the rings remain separated, while the
particles themselves try to stick together using their own gravity [10]. In this
presentation we discuss how Saturn’s magnetic field can contribute to the
separation of particles of the rings even under the influence of periodically
changing gravity of Saturn.
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Nowadays there is a high interest in Mars exploration. Such spacecraft as
Mars Express, ExoMars Trace Gas Orbiter, etc, operate successfully. In March
of 2021, the rover Mars Science Laboratory Curiosity recently took photos
of dusty clouds in the Martian atmosphere. These clouds, presumably, con-
sist of solid carbon dioxide particles and are located at altitudes more than
60 km. They are similar to the noctilucent clouds (NLC) of the ionosphere of
the Earth. Therefore, investigation of the Martian atmosphere is rather chal-
lenging and, furthermore, adapting Earth’s theoretical models to the Martian
conditions can be very effective and productive.

We perform a self-consistent model of dusty plasmas in the Martian iono-
sphere in our work. This model is based on theoretical models from [1-5] and
is supported with comprehensive experimental data from [6-8]. We inves-
tigate formation and evolution processes of dusty plasma clouds as well as
pay more attention on condensation processes near the condensation zone
boundary. The solid carbon dioxide particles initially located at the upper
part of the condensation zone (the zone where carbon dioxide vapor is su-
persaturated), gather (on their surfaces) the vast majority of carbon dioxide.
Particles of different dusty layers absorb different amounts of carbon dioxide
molecules. This results in a possibility of layer mixing and dusty clouds forma-
tion. The average sedimentation time is of about 400-600 seconds. All dust
particles in the cloud reach sizes of about 0,3-3,5 micrometers. Our theoret-
ical results are in agreement with the data of observations.

We also explore temporal variations of electron and ion number densities in
cases of presence and absence of photoelectric effect as well as calculate the
typical values of dust particle charges. Under the night conditions dust grains
acquire negative charge and the electron and ion number densities decrease.
Under the day conditions (in case of metal impurities in dust particles) dust
grains acquire positive charge. The electron number density in this case in-
creases because of photoelectron current appearance, the ion number den-
sity as before decreases.

ACKNOWLEDGEMENTS:
This work was supported in part by the Theoretical Physics and Mathematics Ad-
vancement Foundation “BASIS” (Grant “Leader”).

REFERENCES:

[1] Reznichenko Yu.S., Dubinskii AYu., Popel S.I. On dusty plasma formation in Mar-
tian ionosphere // J. Physics: Conference Series. 2020. V. 1556. Art. No. 012072.

[2] Reznichenko Yu.S., Dubinskii AYu., Popel S.I. Formation and Evolution of Dusty
Plasma Structures in the lonospheres of the Earth and Mars // Plasma Physics
Reports. 2019. V. 45. Art. No. 928.

[3] Klumov B.A., Morfill G.E., Popel S.I. Formation of structures in a dusty iono-
sphere // J. Experimental and Theoretical Physics. 2005. V. 100. P. 152-164.

[4] Klumov B.A., Popel S.I., Bingham R. Dust particle charging and formation of dust
structures in the upper atmosphere // J. Experimental and Theoretical Physics
Letters. 2000. V. 72. P. 364-368.

[5] Dubinskii AYu., Popel S.I. Formation and evolution of dusty plasma structures in
the ionosphere // J. Experimental and Theoretical Physics Letters. 2012. V. 96.
P. 21-26.



13MS3-SB-09
ORAL

[6] ForgetF. et al. Density and temperatures of the upper Martian atmosphere mea-
sured by stellar occultations with Mars Express SPICAM // J. Geophys. Res. 2009.
V. 114. Art. No. E01004.

[7] Bertaux J.-L. et al. SPICAM on Mars Express: Observing modes and overview of
UV Spectrometer data and scientific Results // J. Geophys. Res. 2006. V. 111.
Art. No. E10S90.

[8] Delgado-BonalA.,Zorzano M.-P., Martin-Torres F.J. Martian Top of the Atmosphere
10-420 nm spectral irradiance database and forecast for solar cycle 24 // Solar
Energy. 2016. V. 134. P. 228-235.



13MS3-SB-10
ORAL

HYPERION (C7) CARTOGRAPHY: CHALLENGES
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INTRODUCTION:

Based on the images obtained during the Cassini mission, the first map of the
seventh satellite of Saturn, Hyperion, was created at the MIIGAIK MExLab.
Hyperion is the largest non-spherical satellite with chaotic rotation [1, 2].
Thus, there are difficulties with not only the data processing, but also with
defining the coordinate system of the body.

IMAGE DATA:

On the basis of the reference network (3d control point network) and DEM
[3, 4], a global orthomosaic was created, including 43 images obtained by the
Cassini narrow-angle camera (NAC) in the period from 2005 to 2016, with
a resolution from 23 to 3 km. The orthorectification of the original images
was performed with respect to the sphere of R 136.1 km [4] in the Space-
Mosaic software (special MIIGAIK software). Global mosaic of Hyperion was
created in the PHOTOMOD GeoMosaic software [5]. Next, in the ArcGIS soft-
ware, the mosaic was transformed into a Mercator projection. The polar caps
are given separately in the polar stereographic projection. 4 craters were
mapped according to the IAU gazetteer [6]. Additionally, a hypsometric map
with hillshade is shown.

CONCLUSIONS AND DISCUSSION:

There are two main problems in mapping bodies in a state of chaotic rota-

tion:

1. Data processing: standard algorithms for creating reference networks can-
not be used for such cases, the lack of initial conditions, the complexity of
measurements and the subsequent creation of a basis for orthorectifica-
tion and mapping;

2. Axis orientation and the position of the origin of the coordinate system
(body frame) uncertainty for mapping.

In this paper, mapping is performed on the basis of a new model of the Hy-
perion figure [3], where the X, Y, Z axes coincide with the axes of the triaxial
ellipsoid a, b, c, where a > b > ¢, and its center is placed in the center of the
triaxial spheroid that best describes the body shape [4]. The plane containing
the a, c axes defines the initial meridian plane, the plane containing the a and
b axes is the “equator plane”. The intersection points of the planes have coor-
dinates (0°, 0°) and (0°, 180°). Here we can state several points of discussion:

1. According to [7], for small satellites of planets that are in chaotic rota-
tion, the major semiaxis a is predominantly directed towards the planet.
However, whether this condition is satisfied here or not, we do not know.
Longitude 0 is taken as the direction of the a axis in the “longest” flyby of
the Cassini spacecraft (OBSERVATION_ID = ISS_015HY).

2. The coordinates of the craters do not match with those given in the gazet-
teer. This is due to the issues of orientation of the body, there is no fixed
position of the axes.

3. The Cassini mission allowed us to obtain many images that give a better
idea of relief structures on the surface of the body. At the same time, no
new names have been assigned to the relief forms since 1982. The new
global DEM [3, 4] and orthomosaics will make it possible to better study
the surface of the body and make suggestions for naming objects. How-
ever, the issue with establishing the coordinate system and its orientation
remains open.
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INTRODUCTION AND INITIAL MODEL:

The motion of bodies ejected from the Earth at collisions of bodies-im-
pactors with the Earth was studied in [1, 2] during time interval equal to
30 Kyr. Considered initial velocities were perpendicular to the surface of the
Earth. Mass m,; of ejected material is smaller at greater velocity v, of ejec-
tion. According to [3], m,; is proportional to vesi Therefore, more materi-
al leaves the Earth with smaller velocities (but greater than the parabolic

Ve|OCIt3/ equaled to 11 2 km/s) Integrating veslc65 one gets v;“ . Considering
11.22 065 - 18706° , one can get x = 14 km/s. So, it is needed
to con5|der not onIy velocities very close to the parabolic velocity. According
to [4], the values of ejection angle i¢j are mainly between 20 and 55°, espe-
cially between 40 and 50°. In my calculations, the motion of bodies ejected
from the Earth was studied during the dynamical lifetime T,,, of all bodies,
which was about 200-350 Myr. Such ejection was often at the stage of ac-
cumulation of the Earth. During this time interval, all bodies collided with
planets or the Sun or were ejected into hyperbolic orbits. In each calculation
variant, the motion of 250 bodies ejected from the Earth was studied for
the fixed values of an ejection angle i,; (measured from the surface plane or
from other parallel plane, perpendicular to the direction from the Sun to the
Earth), a velocity ves of ejection, and a time step t, of integration. The grav-
itational 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 [5] was used for integration of the motion equations.
The considered time step ts equaled to 1, 2, 5, or 10 days, and the results of
calculations with different t; were compared. For this code, a time step of
integration is reducing considerably at a distance less than 3.5 Hill radii. The
probabilities of collisions of bodies with the Moon were calculated based
on the arrays of orbital elements of migrated bodies (stored with a step of
500 years) similar to [6-9].

In series vf, the motion of bodies started from the height h from the point of
Earth’s surface located most far from the Sun in the direction from the Sun to
the Earth. In series vc, the motion of bodies started from the height h from
the point of Earth’s surface located most close to the Sun in the direction
from the Earth to the Sun. In most calculations, h = 0, i.e. bodies started
directly from the Earth. Also, some calculations were made at h = 10 and
h =100 km. There were also calculations at h = 38500 km = 60rg, where r¢ is
the radius of the Earth, and 60r¢ is the semi-major axis of the orbit of the
Moon. Such calculations correspond to the motion of bodies ejected from
the Moon, though the gravitational influence of the Moon and its motion
about the Earth were not taken into account. In this case, real velocities of
ejection of bodies from the Moon differed a little from those used in calcu-
lations. The calculations at h = 37r¢ correspond to the case when the Moon
have not yet reached its present orbit. By mistake, results for h = 37r¢ were
presented in some my earlier abstracts as those for bodies ejected from the
Earth. In different variants, the values of i.; equaled to 30, 45, 60, and 90°.
Vesc €qualed to 11.22, 11.5, 12, 12.7 or 16.4 km/s. At h = 60rg, calculations
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were made also for v,s equal to 2.5 and 5 km/s. For the Moon, the escape ve-
locity is 2.38 km/s. The probabilities p¢ of collisions of bodies with the Earth
were about the same for calculations with different t;. For some values of i;
and v, the probabilities of collisions of bodies with Venus, Mercury, and the
Sun were about the same for calculations with different t;. For some other
variants, the probabilities could differ a little for different t;, but there was
no a tendency for the probabilities of been greater or smaller at smaller t..

PROBABILITIES OF COLLISIONS OF BODIES WITH THE EARTH:

The values of the fraction pr of bodies collided with the Earth were typically
greater by a factor up to 2 (for h = 0) and by a factor up to 3 (for h = 37r¢) at
T=100 Myr and at T = T4, than at T = 10 Myr. This factor is typically great-
er for greater vqs. The ratio of the probability of collisions of bodies with
the Earth to the probabilities of collisions of bodies with other planets and
the Sun typically decreased with time. In series vc, the values of pr could be
equal or greater or smaller (by a factor less than 1.7) than for series vf, but
on average for various variants of calculations were about the same. Below
the results for series vf are presented. If it is not mentioned specially, the
values of pg are presented below at 7= 10 Myr. For h=0and 30 < i,; < 60°, pg
was about 0.28, 0.15-0.17 and 0.06 at v, equal to 11.5, 12, and 16.4 km/s,
respectively. The values of p¢ at ie; = 90° were greater by about a factor of
1.3-1.4 than those at 30 < j,; < 60°. For v, = 11.22 km/s in calculations,
bodies quickly collided with the Earth at h <20 km, and about 43% of them
collided with the Earth at h = 100 km and T = 10 Myr. For ves. = 11.22 km/s,
T =10 Myr, 30 < i, < 60°, and h = 37r¢, pe was about 0.04-0.13. The mean
value of pr depends on distribution of bodies over v,s and i¢;. Probably it is
about 0.15-0.2 at h=0and T = Tepg. For h = 60rg, T =10 Myr, and 30 < /,; < 60°,
pe was about 0.2-0.25 at Ves = 2.5 km/s, 0.13-0.14 at ve,c = 5 km/s, and
0.06—0.07 at 12 < veq < 16.4 km/s, respectively. These values of pg show the
fraction of bodies that could collide with the Earth after their ejection from
the Moon moving in its present orbit. This fraction is about the same as that
for the bodies ejected from the Earth if we take into account smaller mini-
mum ejected velocities for the Moon.

PROBABILITIES OF COLLISIONS OF BODIES WITH OTHER PLANETS
AND WITH THE SUN AND PROBABILITIES OF EJECTION OF BODIES
INTO HYPERBOLIC ORBITS:

For h=0,30</,;<60° and T= 10 Myr, the ratio p\/p¢ of the probability py of a
collision of a body with Venus to its probability pg of a collision with the Earth
was about 0.6, 1-1.2, and 0.7-1.6 at v, equal to 11.5, 12, and 16.4 km/s,
respectively. The total amount of bodies delivered to Earth and Venus prob-
ably did not differed much. For h = 60rg, T = 10 Myr, and 30 < j,; < 60°, py/
pe was about 0.6-0.9 at Ve = 2.5 km/s, 0.9-1.3 at Ve, = 5 km/s, 1.3-1.5 at
11.5 < Vo5 <12 km/s, 0.6—0.8 at v = 16.4 km/s, respectively. In my other se-
ries of calculations with initial semi-major axes of heliocentric orbits of bod-
ies-planetesimals between 0.9 and 1.1 AU, the ratio p\/pg was about 0.8 and
2 at initial eccentricities equal to 0.05 and 0.3, respectively. At small eccen-
tricities of heliocentric orbits, more bodies collided with Earth than with Ve-
nus, but at greater eccentricities many bodies moved from the feeding zone
of Earth to the vicinity of the orbit of Venus and collided Venus. About 1 %
of ejected bodies could collide with Mercury and Mars at T= 10 Myr. In most
variants of calculations, the probability of a collision of a body with the Sun
was about 0.05-0.2 at T = 10 Myr, and it could be up to 1/2 at T = T,,4. The
probability pe; of ejection of bodies into hyperbolic orbits during T =10 Myr
varied from less than 1 % at (Vesc = 11.5 km/s, 30 < i,; < 60°, h = 0) to 0.24-0.38
at (Vesc = 16.4 km/s, 30 < igj < 45°, both at h = 0 and h = 60rg).

PROBABILITIES OF COLLISIONS OF BODIES WITH THE MOON:

The Moon was not included in the integration of motion of bodies. Based
on the arrays of orbital elements of migrated bodies, | calculated the prob-
abilities 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. This ratio
was mainly between 20 and 30, and the values of the probability with the
Moon were often about 0.006—0.008. In considered calculations of the mo-
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tion of bodies ejected from the Earth, bodies left the Hill sphere of the Earth
and moved in heliocentric orbits. At some collisions of planetesimals with the
Moon, the mass of the Moon could not increase due to ejection of material.
With the present orbit of the Moon, the probability of collisions of the bodies
ejected from the Earth with the Moon for the bodies that did not leave the
Hill sphere of the Earth was even less than that for the bodies that got helio-
centric orbits. Bodies ejected from the Earth could participate in the forma-
tion of the outer layers of the Moon. In order to contain the present fraction
of iron, the Moon had to accumulate the main fraction of its mass from the
mantle of the Earth [10]. Bodies ejected from the Earth and fallen onto the
Moon embryo probably were not enough for the growth of the Moon from
a small embryo in its present orbit. This result testifies in favor of the forma-
tion of a large Moon embryo close to the Earth.

CONCLUSIONS:

Bodies ejected from the Earth and the Moon at impacts of bodies-impactors
could move in the zone of the terrestrial planets for up to a few hundred
million years. The fraction of such bodies that fall back onto the Earth was
about 0.15-0.2. The probability of collisions of such bodies with the Moon
in its present orbit was about 0.006—0.008. A large Moon embryo should be
formed close to the Earth in order to accumulate material rich in iron.
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INTRODUCTION:

Impacts of cosmic bodies on the Earth lead to hazardous effects that can
immediately after the impact or subsequently have a harmful effect on hu-
mans, animals and plants, and on economic objects. Damage on the ground
produced by pressure pulses of shock waves and radiation fluxes are most
important dangerous effects of asteroid and comet impacts. The Chelyabinsk
airburst resulted in little structural damage, other than broken windows, win-
dow frames and doors [1]. The thermal radiation can be strong enough to
be dangerous to people, to ignite fires and even to melt rocks [2]. It may be
recalled that the Chixculub crater-forming impact of an asteroid 10-15 km in
size generated global wildfires, and the famous 1908 Tunguska event, caused
by the entry of an object about 50 m in diameter, generated a forest fire
within a radius of 10-15 km [3]. The shock wave is also the cause of seismic
effects [4]. The Richter scale magnitude and Mercally scale intensity are used
for determination of the instrumental characteristics of a seismic disturbance
in the observational point. Atmospheric plume resulting from impact rises to
high altitudes (100-300 km) and generate atmospheric disturbances expand-
ing to distances up to thousands of kilometers [5, 6]. For crater-forming im-
pacts, important characteristics are the size of the crater and the parameters
of the layer of ejecta from crater (thickness of the ejecta blanket and fraction
of melt in ejecta) [7].

A serial numerical modeling of the interaction of cosmic objects with the
atmosphere has previously been performed for a large number of different
scenarios under the hydrodynamic model [8, 9]. Based on these simulation
results scaling relations for the most important parameters of the shock
wave, radiation and seismic effects and atmospheric disturbances are con-
structed. Suggested scaling relations are dependent only on the properties
of the entering object (size, density, velocity and entry angle). Precise impact
risk assessment is a significant computational challenge. This motivates the
usage of simplified approaches and fast assessment of effects, which can be
based on suggested scaling relations [10]. Such calculator have been devel-
oped and is available at http://AsteroidHazard.pro/.
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INTRODUCTION:

Observations of near-Earth asteroids (NEA) is important to determine the
orbits more accurately. But it is difficult problem for objects with low magni-
tude. So, during June session on Terskol observatory we put task to test new
technique connected with moving of telescope with asteroid velocity.

OBSERVED ASTEROIDS:

We choose two objects with small perihelion distances ((399457) 2002 PD43
and 2008 MG1) and one asteroid with ill-defined orbit 2003 MW?7. Accord-
ing to Minor Planet Center (https://minorplanetcenter.net/) magnitudes of
these asteroids were 21.8, 20.5, and 20.8 correspondently. It is interesting
that 2002 PD43 has been observed last time in 2018 year, and 2008 MG1
has been seen in 2015 year. The orbit of (399457) 2002 PD43 is well-de-
fined but it is potentially hazardous asteroid that is why it need to be ob-
served. 2003 MW?7 was discovered in 2003 but after that had not observed
until June, 2022.

OBSERVATIONS’ CONDITIONS:

Terskol observatory is located on the Terskol peak, near Elbrus Mountain. Un-
fortunately, weather allowed us to observe only two nights in the second half
of June: June 28 and June 29 after midnight when humidity was decreasing to
45-55°. In the second night the conditions were worse than in the first one.
It should be noted that 2008 MG1 was visible just before sunrise that make
observations more difficult.

OBSERVATIONS’ TECHNIQUE:

The telescope Zeiss-2000 have opportunity to work in different modes. For
not bright objects we use mode associated with moving of telescope with
asteroid velocity that permit to accumulate light during 3—4 min.

RESULTS:

Table 1 contains statistics about observations and CCD-images’ processing.
Here N, is number of received measurements, Ny is number of CCD-images
with found asteroid, (O—C)4-cosb and (0O—C)s are mean square errors in right
ascension and declination, respectively. The first string for all object corre-
sponds to June 28 and the second matches to June 29. The images were
processed with Apex Il software [1].

Table 1. The results of observations and processing

Asteroid No Ny (0—C)q-cosb, (0-C)s, "

10 5 0.44 0.28

2003 MW7
9 8 1.13 1.18
0.30 0.25

(399457) 2002 PD43 5

4.06 3.91
3 0.05 0.15

2008 MG1
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From Table 1 we see that in the first night residuals less than 0.5". In the
second night the weather conditions were worse, so the accuracy of obser-
vations is not such good: approximately half of received observations are ac-
ceptable. Nevertheless, our observations of (399457) 2002 PD43 and 2008
MG1 asteroids allows to increase arc length significantly and to decrease the
uncertainties.

CONCLUSION:

Thus, our results showed that modified technique permit to observe aster-
oids up to magnitude 22" put residuals depend on weather conditions. It is
important that our observations for two objects are the first in the new series
for the last years.
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INTRODUCTION:

The direct observations of the lunar horizon glow that made more than
50 years ago by the Surveyor-7 automatic spacecraft [1] and Apollo-17 astro-
nauts [2] are one of the most mysterious observations related to Moon and
are still under debate. [3—-5] and other authors stated that the electric poten-
tial of the lunar surface in the terminator region and in the lunar nightside
can highly vary and reach as low as minus 4000 V. [6] estimated the possible
electric field on the Moon up to 3000 V/cm. Levitation mechanism explana-
tion is based on the idea that the electrically charged surface and electrically
charged dust grains repel each other. A very similar phenomenon is proposed
for most of the celestial atmosphereless bodies. Due to much lower gravity
force, the increasing of the dust dynamics on the asteroids [7, 8] and Martian
satellites Phobos and Deimos [9, 10] is predicted. [11] estimated the electric
field on asteroids in the range of 500—1500 V/cm. Alongside the theoretical
works, there is an experimental simulation approach [12, 13] that can help to
solve the dust dynamics mystery.

In this work, we describe the experimental simulation approach to the airless
dust particles dynamics.
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INTRODUCTION:

Comets and protoplanetary disks often reveal a series of peaks in their mid-
IR spectra between 8 and 13 um that are attributed to stretching of the Si-O
bonds in silicates. In the literature, this phenomenon is referred to as the
10-um silicate feature [1, 2]. The position and shape of these peaks may
provide important clues for better characterization of chemical composition
and structure of silicates (e.g., [3]). While the 10-um silicate feature was long
attributed either to the compact silicate particles whose radius does not ex-
ceed 1 um [2] or to an extremely fluffy aggregate consisting of submicron
grains [3], recent experiments reveal the phenomenon may also appear in
very large, submillimeter compact silicate particles [4]. It is worth noting that
the constraint drawn in [2] emerges from using an oversimplified, spherical
model of particle shape. Our modeling of the mid-IR spectra using a more
realistic model of the cometary dust, the so-called agglomerated debris par-
ticles, unambiguously suggests the 10-um silicate feature appears even when
the particle radius exceeds 10 um [5]. It also is significant that the agglomer-
ated debris particles are capable of fitting polarimetric observations of vari-
ous comets in the visible and near-IR [6, 7].

An important problem arising in interpretation of the 10-um silicate feature
is that the phenomenon is better reproduced with the Mg-rich silicates com-
pared to Fe-rich silicates (e.g., [3]). It is worth noting that the Mg-rich silicate
particles also play a crucial role in shaping the phase dependence of polar-
ization in comets [6]. Due to their extremely low material absorption |n the
visible and near-IR, imaginary part of their refractive index Im(m) ~10~, the
Mg-rich silicate particles acquire 3-5 times lower temperature compared to
other species in a cometary coma [9]. However, the thermal-emission flux
is strongly dependent on the temperature of particles, ~T*, and, hence, the
relative contribution of the cold Mg-rich silicate particles should be a factor
of 81-625 weaker compared to the hot Fe-rich silicate particles and/or car-
bonaceous particles. In other words, there is little chance that the Mg-rich
silicate particles would be detected in a cometary coma by means of the mid-
IR spectroscopy. Yet, the 10-pum silicate feature was found in various comets.
Our work is aimed at resolving this inconsistency.

MODELING THE THERMAL EMISSIVITY:

Wavelength dependence of the thermal emissivity of a target can be convert-
ed from its wavelength dependence of absorption by means of Kirchhoff’s
law of thermal radiation. Using the discrete dipole approximation (DDA), we
compute the cross section of absorption C,ps in the agglomerated debris par-
ticles.

The algorithm generating the agglomerated debris particles is as follows.
A spherical volume is filled with a cubic lattice. All cells are divided into two
subgroups, those lying in the inner volume (i.e., having 26 neighbors) and
those located at the surface of the spherical volume (otherwise). Among the
surface cells, 100 cells are randomly chosen to be seeds of empty space. In the
inner volume, 21 cells are randomly chosen to be seeds of a material and 20
cells are seeds of empty space. Each cell is assigned the optical properties of
the nearest seed cell, either empty space or material. Six examples of the ag-
glomerated debris particles are shown on top in Fig. 1. For more details on the
algorithm of their generation and on the DDA computations, we refer to [6].
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Fig. 1. Six samples of agglomerated debris particles (top) and the thermal-emission
spectra of these particles having three types of chemical composition (see legend) at
r=1pum (left)and r =5 um (right)

Caps is determined by the ratio of the particle radius r to wavelength A and by
the complex refractive index m. In our modeling, the wavelength A spans the
range from 8 to 13.5 um. We investigate two sizes of particles, r =1 um and
5 um, and three types of chemical composition: (1) pure magnesium-rich py-
roxene glass MgSiOs; (2) magnesium-iron pyroxene glass Mgg sFeq sSiOs; and
(3) chemically heterogeneous agglomerated debris particles generated with
20 seed cells of MgSiO3; and 1 seed cell of amorphous carbon (aC). Refractive
indices in silicates are adapted from [8] and in amorphous carbon from [10].
It is worth noting for each set of m, A, and r, we consider 500 randomly gen-
erated particles for statistical reliability.

RESULTS AND DISCUSSION:

Figure 1 presents the mid-IR spectra of the relative thermal emissivity for
three types of agglomerated debris particles. The left panel shows results
for r =1 pum and the right for r =5 pm. Curves of different color result from
different chemical compositions of the agglomerated debris particles (see
legend). In addition, the black solid line shows the blackbody-radiation spec-
trum at temperature T = 300 K, corresponding to the heliocentric distance
rp, = 0.865 au. All curves are normalized at A = 8 um.

As one can see in Fig. 1, particles having all three types of composition reveal
a sharp peak at r = 1 um and a broad surge at r = 5 um. Smaller particles
demonstrate a very strong excess in their thermal emission over what is in
the blackbody, up to 12 times. For larger particles, the excess is somewhat
dampened, but it still remains to significant, up to a factor of 4.5. It is worth
noting that the Mg-rich silicate particles produce a stronger surge in their
spectra compared to what emerges from the Mg-Fe silicate particles. This
finding goes along with what is reported in [3] for particles with fluffy mor-
phology.

Interestingly, at r = 1 um, replacement of 1 seed cell in the Mg-rich silicate
particles with amorphous carbon enhances the peak at A = 9.4 um and shifts
it slightly toward longer wavelengths. The same does not hold, however, in
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larger particles with r =5 um, where the amorphous-carbon inclusion damp-
ens the surge in the mid-IR spectrum. It also is worth noting that the de-
crease of the surge in the mid-IR spectrum in Mg-rich silicate particles slightly
contaminated with the amorphous carbon appears to be more prominent
than in the Mg-Fe silicate particles.

It is significant that even a single seed cell of amorphous carbon embedded
into the Mg-rich silicate particles dramatically enhances their efficiency of
absorption Qups = Caps/G, Where G stands for the geometric cross section of
target particles. For instance, in red light with A = 0.7 um, the agglomerated
debris particles with r = 1 um and having the pure Mg-rich silicate composi-
tion reveal Qgps = 0.0095; whereas, the Mg-rich silicate particles contaminat-
ed with the amorphous carbon yield already Qs = 0.158. In other words,
a single seed cell assigned to the amorphous carbon increases material ab-
sorption of the whole particle for ~16.6 times. It is roughly equivalent to an
increase of the imaginary part from Im(m) = 0.0005 in the pure Mg-rich sili-
cates to Im(m) = 0.01. The later one corresponds to dramatic growth of the
particles temperature, significantly increasing their contribution to the ther-
mal emission.
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INTRODUCTION:

The problem of accurately determining the mass, density and properties of
the substance of meteoroids still not unresolved. The mass of small meteors
(less than ~1 cm) is often estimated based on empirical ratios using the max-
imum meteor brightness, velocity and the entry angle [1-4]. The variation of
estimates by different ratios can be exceeding an order of magnitude.

Estimates of the mass of small meteoroids by various models strongly depend
on the assumptions of the model used, in addition, these models are few.
These models are also not perfect, and the accuracy of determining the mass
is not very high, the spread of estimates can reach two or more times [5].

Meteor observations were used for meteor mass estimations. The analysis
of infrasound registrations and their comparison with optical observations
made it possible to identify several dozens of acoustic signals corresponding
to optical registrations (from several points). Therefore, the mass estimations
were got from two type of observations.

Methods for determining the parameters of meteor particles are presented.
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It is known that mass spectra of meteoric bodies are close to dN ~ m~dm,
where d is the number of meteor particles whose masses is in the interval
[m, m+dm], s is the differential mass index of meteoroids. According to ob-
servational data mass index is close to 2 for sporadic meteors and less than 2
at the maximum for meteor showers (which means relative lack of lighter
particles) [1]. The most direct way to deal with this problem is modeling of
evolution of meteoroid streams with particles of different masses. We use
two-step modeling: 1) modeling of ejection of particles from parent body;
2) modeling of dynamical evolution of particles in Solar System.

Cometary activity and asteroids collisions are thought to be the main sourc-
es of meteoroid streams. We consider meteoroid streams originating from
cometary activity. In [1] we construct the model of ejection of particles from
the parent body during perihelion passage. The model taking into account
gas outflow rate and gravity of a comet and predicts escape velocities, which
are used as initial conditions for modeling of dynamics of meteoroids in Solar
System. Fragmentation of comet crust and meteoroids ensemble formation
is a complicated process and it can be represented as effect of some random
process, which can be described as statistical noise with mass spectrum with
mass index s = 2. On this basis we consider dynamics of 4 types of particles
which mass distribution has initial mass index s = 2.

At the next step [2] we use numerical approach to model dynamics of mete-
oroid particles in Solar System taking into account gravity of the Sun and plan-
ets and also radiative forces (light pressure and Poyting-Robertson effect).
Following methodic described in [3] we model two hypotetical meteoroid
streams with different initial parent bodies: comets 2P/Encke and 96P/Mach-
holz. At each model dynamics of 4-10° particles (10° particles per group) was
integrated using rebound code with MERCURIUS hybrid scheme [4].

Figure 1 demonstrates meteoroids of different masses after 500 yr integra-
tion ejected from 2P/Encke comet.

One may note that lightweight particles spreads much more wider than oth-
ers. This is effect of larger escape velocity and radiative forces.

To study mass index behavior with time, number of particles of each size was
calculated with time step in near-Earth sphere with radius 0.1 AU with re-
peating ejections taking into account. Figure 2 shows mass index as function
of time calculated for model of swarm ejected from comet 2P/Encke.

Fig. 1. Meteoroid swarm ejected from comet 2P/Encke at 500 yr. Color represents size
of particle: yellow —0.005 cm, red — 0.016 cm, green —0.05 cm, blue —0.16 cm. Black
dots and lines are planets positions and its orbits, purple dot is parent body position
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Fig. 2. Mass index in model of meteoroid swarm ejected from comet 2P/Encke as
function of solar longitude. Stream age is 500 yr

Solar longitude in interval A = [702, 1109] corresponds Earth crossing of me-
teoroid stream. When the Earth is far from main part of meteoroid swarm,
mass index is close to 2, which corresponds initial mass index and sporadic
meteors, when Earth crosses meteor stream, mass index decreases suffi-
ciently.

The model constructed reproduces observational behavior of mass index
for sporadic meteors and meteor showers. The lack of lightweight particles
is concerned with its dynamics. Lighter and smaller particles have great-
er escaping velocities during ejection and they are more exposed to act of
non-gravitational forces.
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INTRODUCTION:

Many icy bodies in the solar system (e.g., comets and Kuiper Belt objects)
demonstrate activity at large distances from the Sun, where a small body
is supposed to hibernate. The examples of such an activity are ongoing in-
ternal activity of icy satellites (e.g., Enceladus), cometary outbursts at large
distances and flashes experienced by Kuiper Belt objects. The source of ac-
tivity at temperatures up to that of the Oort Cloud (3—10 K) remains one of
the main questions of planetology. Herein, we investigate radiation effects in
ice that take place in icy bodies during cosmic ray irradiation and the decay
of radionuclides. The former causes physical and chemical changes [1] in the
upper tens of meters beneath the surface, while the latter affects the entire
volume of a body. Radicals formed by irradiation can be accumulated at low
temperatures and furiously recombine during the external heating or react
spontaneously with an energy release [2]. We study the accumulation of rad-
icals followed by their recombination as a possible mechanism of cryovol-
canism currently detected on icy bodies or occurring during their long-term
evolution.

EXPERIMENTS:

We conducted several experiments on energy accumulation in water ice
irradiated by 15 MeV protons and 0.9 MeV electrons at temperatures 80—
85 K [3]. The major result is that the fast energy release of ~20 J-g™ took
place in the proton-irradiated ice at the temperature 106 K induced by exter-
nal heating. A similar effect was detected in electron-irradiated ice. At lower
temperatures, several scientific groups detected energy release in water ice
and solid methane |rrad|ated by protons and neutrons with the accumulated
energy up to 280J-g" [2] At low temperatures, water ice with a high concen-
tration of radicals ~1 per cent (to water molecules) is prone to experience the
spontaneous recombination.

ENERGY ACCUMULATION BY COSMIC RAYS AND RADIONUCLIDES:
Galactic cosmic rays (GCRs) deposit a high dose in the upper layer of the
comet, thereby leading to the number of irradiation effects, for instance, rad-
ical accumulation. Based on the experiments, ice with the high concentra-
tion of radicals is not stable and can spontaneously experience self-heating
events [2]. From calculations, the critical concentration of radicals is accu-
mulated in the upper two-meter layer of ice by GCRs within the 10-150 Myr
range. Thus, the upper layer of comets in the Kuiper Belt and the Oort Cloud
can be periodically active.

Since |c6y bodles are composed of dust, ice and frozen gases, decay of short-
lived (*°Al and ®°Fe) and long-lived radionuclides (***Th, 2*°U, 2*8U, and *°K)
results in the constant irradiation of internal layers. The vaIue of accumu-
lated radicals depends on concentration of radionuclides, which is closed to
concentrations in ordinary chondrites. However, radionuclides fractions in
comets can differ from that of meteorites. The final concentration of radicals
also depends on the dust-to-ice ratio. In Figure 1, we plotted the number of
radicals accumulated in ice at low temperatures. The irradiation of the dust
component can also produce radicals, thereby contributing to overall stored
energy. The mobility of radicals substantially decreases at low temperatures,
and free radicals can be accumulated up to high concentrations. Internal ra-
diation produced by radionuclides also leads to heating [4], nevertheless the
certain fraction of accumulated dose can be stored in free radicals. Sponta-
neous recombination was detected in experiments with water ice irradiated
at temperatures below 30 K. This temperature can be regarded as the critical
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for sustainability of high radicals concentration. From calculations, the heating
by long-lived radionuclides in bodies with a radius below ~20-40 km (depends
on porosity and ice conductivity) does not result in a severe heating above the
critical temperature. However, short-lived nuclides, primary 26AI, causes fast
heating in the yearly stages of comet evolution up to the ice melting point.
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Fig. 1. Concentration of radicals accumulated in ice by the decay of radionuclides.
Here, we consider the radicals stored in the water-ice component of ice in per cent
(to water molecules). The blue and red curves are for ice with the dust-to-ice ratio 1:1
and 4:1, respectively. Dashed and solid curves are for the minimum and maximum
mass fraction of potassium detected in meteorites, respectively

We can limit the temperatures of ice bodies during their evolution based on
modern models and data on the chemical composition and physical struc-
ture. Rosetta mission detected high concentrations of molecular oxygen in
the coma of comet 67P/Churyumov-Gerasimenko [5]. It is assumed that the
major source of O, is radiolysis of icy grains during comet formation. Stabil-
ity of O, in comet ice favors the assumption of low temperatures of comet
nuclei during their evolution. The existence of volatile gas CO in comets also
demands the low temperature of nuclei formation.

ACTIVITY OF ICY BODIES DRIVEN BY THE RECOMBINATION

Icy bodies with a high concentration of trapped radicals beneath the sur-
face can experience self-heating events with gas and dust ejection during
a sunward movement or a body collision. Such a mechanism could trigger
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Fig. 2. The heating of the icy body by the recombination of free radicals. Concentra-
tion of radicals is presented in per cent (to water molecules). The dust-to-ice ration is
1:1. The blue curve is for ice with radicals stored only in the water-ice component. The
red curve is for ice with radicals accumulated in water-ice and dust
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cometary outbursts at large heliocentric distances [3]. It is also possible that
the high concentration of radicals inside an icy body reacts spontaneously,
thereby furiously raising the temperature. The maximum value of accumulat-
ed energy in ice strongly depends on ice structure, its composition, and the
type of impinging particles. In addition, the stability of high concentrations
against spontaneous recombination shows a stochastic nature at low tem-
peratures[2]. Figure 2 shows the maximum temperature up to that ice can be
heated by radicals. It is assumed that water ice in comets has an amorphous
form; the amorphous-to-crystalline ice transition gives the additional source
of energy. If we take into account that the dust component also has accumu-
lated radicals, ice can reach the temperature of melting. Thus, the accumu-
lation and recombination of free radicals play an important role in currently
detected cometary outbursts and in the long-term evolution of icy bodies.
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INTRODUCTION:

(145) Adeona is a large asteroid of the main asteroid belt with diameter
127.7 km, which belongs to the spectral class Ch (SMASSII) and has a low
geometric albedo (py = 0.067, [1]). The additional index “h” in the notation
of Adeona’s type means that its reflectance spectrum includes a specific ab-
sorption band with the center at 0.7 um, which indicates the presence of
hydrosilicates in its material [2]. Taking into account the recent detection of
sublimation-dust activity of Adeona near perihelion [3], the surface material
may contain some amount of water ice or some local exposition of it (possi-
bly due to an impact event).

FAMILY DESCRIPTION:

Adeona family is a large asteroid family that formed from the supposed par-
ent body (145) Adeona. Its spectral type is that of a carbonaceous C-type,
with currently 2,236 asteroids identified as family members [4]. Based upon
simulation studies, the Adeonian family is believed to be no more than
7944194 My old [5], compared to a typical asteroid family age of 1-2 bil-
lion years. The semi-major axis of the orbit (a), eccentricity (e) and orbit-
al inclination (i) of the asteroids of the family take the following values:
2.57353au<0<2.69265au,0.15563<e<0.17579, 11.22<i< 11.86°. The dis-
tribution histograms of these family parameters are shown in (Figs. 1 and 2).
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Fig. 2. A sample with diameter >10 km

ANALYSIS:

The distribution of the number of bodies as a function of their own a (see
Fig. 1a, three purple vertical lines; the position of Adeona is indicated by the
red vertical line) shows a sharp decrease in dynamical family membership
(DFM) in the region with three resonances (on the left) caused by the inter-
action of 3-body resonances at a = 2.623, 2.615, 2.18 au [5]. An even stronger
decrease in the DFM is observed at a ~2.704 au on the right (8/3J resonance)
(see Fig. 1a, dotted vertical line). This means that a part of the family could
have been removed due to resonances [5]. In the sample of large asteroids
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(more than 10 km in diameter), Adeona’s a and e values are quite close to
the average values between the same resonances (see Figs. 2a and 2b, red
line). At the same time, on the general histogram of the family, the position
of Adeona by eccentricity is shifted to large values (see Fig. 1b, red line). This
fact probably indicates an increase in the asteroid’s eccentricity as a result of
the main catastrophic event. The largest diameter of Adeona in comparison
with other members of the family and their similarity in spectral type indicate
that this asteroid is, with a high probability, the parent body of the family (or
its surviving main part), fragmented during the catastrophic event that led
to the formation of the family. The shift of the eccentricities and inclinations
of the orbits of smaller members of the family towards smaller values could
be caused either by the main impact event or by long-term resonant distur-
bances.

CONCLUSION:

Based on the distribution of the main parameters for different samples, it
can be assumed that a significant part of the asteroids of the family under
consideration is close in origin to (145) Adeona and should have similar prop-
erties, including the suggested presence of water ice in its composition and
manifestation of sublimation activity near perihelion [3].
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INTRODUCTION:

The effect of meteor flares on the occurrence of modulation instability of
electromagnetic waves in meteoroid tails associated with the dust acoustic
mode, which has not been done before, is considered. It is shown that the
modulation instability has time to develop at lower altitudes compared to
the situation without flares in paper [1].

DISCUSSION:

The mechanism of meteor flares and features of their formation are consid-
ered. It was shown in [2] that the main flare peak falls at a height of 92 km.
Moreover, flares and the associated fragmentation of a meteoroid depend
on the composition and configuration of the meteoroid and on its veloci-
ty and angle of entry into the Earth’s atmosphere. The faster the meteor,
the later flashes appear on its path. The most powerful flashes occur when
the meteor body is already sufficiently heated. Different forms of meteoroid
explosions are observed due to their different shapes and compositions. In-
cluding, because of the peculiarities of the structure of the meteoric body
and combinations of fusible inclusions. The lower the altitude of the mete-
oroid, the more the meteor body heats up and the greater the probability
and frequency of flares). With the constant destruction of the meteoric body,
particles with sizes of 100 um —1 mm are separated [2].

It is shown that increments of the modulational instability higher in the case
of meteor flares that leads to the faster developing of the modulational insta-
bility of electromagnetic waves. Moreover modulation instability cam devel-
op at lower altitudes compared to the situation without flares.
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INTRODUCTION:

Comet 29P/Schwassmann-Wachmann 1 has attracted the attention of comet
researchers and those interested in the origin of the solar system for many
years. For its continuous flare activity since its discovery in 1927, the object
received the comet designation. Its orbit lies entirely behind the orbit of Ju-
piter, at a distance of approximately 6 AU. As a result, this comet is accessible
for observations from the earth only in a rather narrow range of phase angles
from 0 to 10°.

A feature of comet 29P/Schwassmann-Wachmann 1 is that from time to time
it shows an increase in brightness by 1-5™. With this comet’s typical bright-
ness ranging from 16™ to 19™, the burst of brightness can increase its bright-
ness to 13", and in some cases up to 10™, which corresponds to more than a
thousandfold increase in brightness [1].

In work [2] it was shown that flares can be explained by the presence of
one or several large satellites (more than a kilometer) near the comet, with
the pericentric distance of the orbit approximately equal to the radius of the
comet’s nucleus and having a rotation period of 6 to 14 days. Due to the fact
that the satellite during the passage of perihelion “rubs” against the surface
of the comet, it leaves a furrow on the soft dusty surface of the comet and
raises a plume of dust on both sides of the drawn furrow.

PARTICLE MODEL:

However, one should take into account the morphological changes that oc-
cur with dust grains. Based on general considerations, it is obvious that they
should become more “fluffy”, i.e., the size of a dust particle should increase
due to the mutual separation of its constituent fragments.

Moreover, the farther from the center of a dust grain its fragment is, the fur-
ther it must move away from its center.

For this purpose, a special model was developed, called a radially porous
fractal particle (RPFP). It is based on a quasi-fractal particle that combines the
hierarchy of roughness at all levels [3]. And then the fragments that make up
the particle begin to move away from its center, and the amount of removal
is directly proportional to the distance from the center. As a result, the parti-
cles shown in Fig. 1 are obtained.

&

Fig. 1. Examples of RPFP
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RESULTS AND DISCUSSION:

The constituent particles are assumed to consist of a mixture of silicates,
metals, and carbonaceous materials that is consistent with the composition
of the dust in comet Halley [4]. This composition is called Halley’s dust, and
refractive index of this mixture at A = 0.45 pum is equal m = 1.88 + i0.47 [5].
Program DDSCAT version 7.3.3 [6] was used for computer simulation of char-
acteristics of scattered light. Initial size of RPFP is equal 0.5 mm, and then its
size increases by 4 times — up to 2.0 um. Here, the particle size is the radius
of the sphere circumscribed around the particle.

Figure 2 shows the results of the C,., (scattering cross section) calculations.
As can be seen from the figure, an increase in the size of a dust grain by a
factor of 4 can increase the scattering cross section by 200 times. It should
be noted that when the external factor that changes the structure of the
particle disappears, it can return to a more compact state under the influ-
ence of gravitational forces, which explains the short-term nature of flares
on the comet. Therefore, the change in the brightness of comet 29P/Schwas-
smann-Wachmann 1 can be explained by the change in the internal structure
of dust grains under the influence of various factors, such as the gravitational
influence of the comet’s satellite.
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Fig. 2. Scattering cross section of radially porous fractal particle as a function of par-
ticle size

CONCLUSIONS:

To explain the comet’s 29P/Schwassmann-Wachmann 1 outbursts, we devel-
oped a model of dust particles called a radially porous fractal particle, whose
size and internal structure change under the influence of external factors.
The calculations performed showed that an increase in the size of such a
particle by a factor of 4 can increase the scattering cross section of such a
particle by about 200 times, which can explain the presence and short-term
nature of changes in the brightness of this comet.
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INTRODUCTION:

The Brugmansia asteroid family was discovered by Nesvorny and Vokrouh-
licky in 2006 [1]. They found three asteroids with very similar heliocentric
orbits: (16598) Brugmansia, (190603) 2000 UV80, (218697) 2005 TT99, and
estimated the family’s age from 50 to 250 kyr. Late Pravec et al. [2] estimated
the age of the Brugmansia family as 17OJr60 kyr.

METHOD:

The search for new members of Brugmansia family was carried out by calcu-
lating the values of the Kholshevnikov metrics p, and ps [3]. We found new
member of Brugmansia asteroid family — 2006 SK443. At present, four mem-
bers are known (Table 1).

Table 1. Osculating orbital elements of the Brugmansia family members at epoch
9 August 2022 (MJD 59800.0)

Asteroid a,au e i, deg Q, deg w, deg

(16598) Brugmansia 2.61992 | 0.218767 1.625 286.769 | 105.046

(190603) 2000 UV80 | 2.62068 | 0.217999 1.627 286.419 | 105.835

(218697) 2005 TT99 2.62067 | 0.220783 1.622 286.225 | 105.791

2006 SK443 2.61860 | 0.221796 1.624 285.950 | 107.023

In the study of probabilistic evolution, 1000 orbital clones were generated
for each asteroid based on the Cholesky expansion for multivariate normal
distributions. For all six pairs within family, a numerical simulation of the or-
bital evolution in the past over the time interval of 500 kyr was carried out.
We used the Mercury software [4]. We considered 10° combinations for each
pair. We determined the minimum values of the metric p, and the minimum
reachable distances between asteroids.

Distances between orbits and between bodies must be small at the moment
of pair formation. We chose following limits on the physical distance and rel-
ative velocity between the clones rye; < Ryjy and rye < 4ves, Where Ry and Vese
are the radius of the Hill sphere and the surface escape velocity, respectively.

RESULTS:
Pair (16598) Brugmansia — (190603) 2000 UV80.

Close encounters are experienced by 28.1 % pairs of asteroids clones. The
minimum distance between asteroids r,; = 472 km (at v, = 4.4 m-s &IS
reached at the moment t, = —144345 years. The metric p, = 2.9-10" > aut
minimal at t, = —145563 years.

Pair (16598) Brugmansia — (218697) 2005 TT99.

Part of pairs of asteroids clones experiencing close encounters is 22.3 %
The minimum distance between asteroids r,; = 644 km (at v, = 4.7 m's_ )

is recorded at time t, = —144519 years. The metric p, reaches a minimum
2,510 au’? at t, = ~145745 years.
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Pair (16598) Brugmansia — 2006 SK443.

The minimum distance between asteroids r,; = 525 km (at v,e; = 5.6 m-s_l)
is fixed at the moment t, = —161550 years. 10.2% pairs of asteroids clones
experlence close encounters. The metric p, takes on a minimum value
3.5-10 au*/? at t, = —121052 years.

Pair (190603) 2000 UV80 — (218697) 2005 TT99.

Close encounters are experienced by 99.6 % pairs of asteroids clones.
The minimum distance between asteroids r, = 57 km gat Vye = 0.5 m-s_l)
and the minimum value of the metric p; = 7.2- 10”7 are achieved at
t-=-147768 years and t, = —156182 years, respectlvely

Pair (190603) 2000 UV80 — 2006 SK443.

Part of pairs of asteroids clones experiencing close encounters is 1,6 A
The minimum distance between asteroids r,e; = 831 km (at v, = 3.6 m:s~ )
is recorded at time t, = —89188 years. The metric p, reaches a minimum
2.2:107° au™? at t, = —88478 years.

Pair (218697) 2005 TT99 — 2006 SK443.

Close encounters are experienced by 0.1 % pairs of asteroids clones. The
minimum distance between asteroids r, = 4321 km (at Ve = 3.6 m-s™)
and the minimum value of the metric p, = 6.1:10°° au®’? are achieved at
t-=-110689 years and t, = —141242 years, respectively.

Based on the simulation results, estimates of the Brugmansia family’s age
is about 145 kyr. This is consistent with age estimates obtained by other au-
thors.
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INTRODUCTION:

The environment near the Moon is a dusty plasma consisting of small par-
ticles of lunar regolith, photoelectrons, as well as electrons and ions of the
solar wind. When moving around the Earth, a part of trajectory of the Moon
passes through the Earth’s magnetosphere. In addition, for some areas on
the Moon, namely, the so-called lunar magnetic anomalies, the presence
of rather intensive magnetic fields is possible: the values of magnetic fields
above these areas can exceed the values of the magnetic field of the Earth’s
magnetosphere in the region of the lunar trajectory by one or two orders of
magnitude. The existence of a magnetic field together with number densi-
ty gradients of photoelectrons can result in the development of drift turbu-
lence. The conditions for excitation of this turbulence are discussed.
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INTRODUCTION:

In the reflectance spectra of active asteroids (AAs) measured in the visible
and near-UV range, unusual details are observed from time to time. They
are apparently caused by scattering of light in the exosphere formed by sub-
limation processes on an asteroid. Examples of the spectra of this kind [1-3]
are shown in Fig. 1. To attempt to estimate qualitatively the properties of
particles in a presumed exosphere from these spectral details, model reflec-
tance spectra of an AA enveloped by an exosphere composed of aggregates
of submicron grains with different morphology and composition, as well as
homogeneous submicron particles, were calculated. The particles composing
aggregates were assumed to be similar in size to grains in agglomerates of
cometary and interplanetary dust. To calculate the scattering characteristics
of aggregates, we used the superposition T-matrix method [4].

145 Adeona (a) 704 Interamnia (b) 65 Cybele (c)
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Fig. 1. The reflectance spectra (normalized at 0.55 um) Bjorm measured in AAs 145,
704 (in September 2012), and 65 (in September 2016). The classical SMASSII spec-
tra [5] of these asteroids are shown by red symbols. In panel (c) the spectra are shifted
in vertical relative each other

RESULTS OF SIMULATIONS:

In agreement with the results of our previous analysis [3, 6], it has been shown
that the scattering on aggregates of submicron grains forms interference fea-
tures at wavelengths A < 0.6 um, the position of which is determined by both
the sizes of these particles (but not the aggregates themselves) and the real
part of the refractive index (see the examples of models in Figs. 2 and 3).
However, since the estimates of these parameters, which can be derived
from the interference pattern, are interrelated, the shape of the measured
spectrum at A > 0.6 um, which also turned out to be dependent on the sizes
of constituent grains, should also be taken into account for the final conclu-
sions. The position of interference features in the spectra of aggregates is
insensitive to the number of aggregate’s constituents (i.e., the aggregate’s
size), and weakly sensitive to the aggregate’s structure and variations (up to
20 %) in the sizes of constituents in the aggregate. This is caused by the fact
the features at short wavelengths are induced by the interference of waves
scattered on individual grains in aggregates, while the interference on groups
of grains in aggregates manifests itself at longer wavelengths [6].

Comparison of the model profiles with the spectra measured in asteroids
Adeona and Interamnia (Figs. 1a and 1b) suggests that the particles in their
exospheres were, most likely, weakly absorbing and contained grains with
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Fig. 2. The models Bnorm for an AA enveloped by an exosphere composed of ice ag-
gregates with an optical thickness T = 0.5 at a phase angle of 20°. (a) Models for
rather densely packed aggregates (type C shown in the inset in (b)) composed of
N =50 monomers with the radii r (in microns) indicated. The model spectra of a con-
ditional C-type asteroid with the surface albedo As(A = 0.55 um) = 0.072 is also shown
(S_model). (b) Models for aggregates of different structures (shown in the inset) with
N =50 and structure C with N = 100

Bnorm, 1=0.5,r=0.10 (a) Bnorm, 1=0.5,r=0.15 (b)
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Fig. 3. The models Borm for an AA with an exosphere composed of aggregates of dif-
ferent composition: water ice, olivine, astronomical silicates, amorphous carbon, and
organic refractory material. The structures of type C contain 50 monomers of radii
0.10 um (a) and 0.15 pum (b)

a radius of ~0.1 um or less. This is evidenced not only by two consecutive
(at ~0.4 and ~0.5 um) maxima in the spectrum of Adeona or “steps” in the
spectrum of Interamnia, but also by a steady decline in the spectrum at
A > 0.6 um. Since the distance between these details in the measured spec-
tra is significantly smaller than that between the interference maxima in the
model spectra for any single substance, we may suppose that these details in
the measured spectra were formed by scattering on aggregates of different
composition, such as ices and astronomical silicates.

Calculations performed for aggregates absorbing in the short-wavelength
range (which is characteristic of many matters that can be expected to be de-
tected in AAs) show that the absorption significantly suppresses the interfer-
ence pattern appeared in this range. Therefore, attempts to detect strongly
absorbing particles in the exosphere and to estimate their properties from
these spectral details cannot yield reliable results, in contrast to simulations
for weakly absorbing particles.

The presence of homogeneous weakly-absorbing submicron particles in the
exosphere causes a steady increase in intensity at A < 0.4-0.5 pm, which may
change a positive gradient of the AA spectrum to a negative one, as we see in
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the spectra of Cybele (see Fig. 1c). In addition, from the maximum at 0.45 um
in the measured spectra, we may also suppose that Cybele’s exosphere con-
tained ice aggregates composed of grains with a radius of ~0.10 um.

CONCLUDING REMARKS:

The results of the present modeling suggest that the features, which appear
in the reflectance spectra of AAs, may be induced by the light scattering on
aggregate structures in their exospheres and they may serve as a tool for es-
timating the properties of these structures in terms of the composition and
size of grains composing aggregates. Spectral measurements at A < 0.35 um
can help to estimate more confidently the properties of weakly absorbing,
both aggregate and homogeneous, particles in the exospheres of AAs.
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INTRODUCTION:

The only and most reliable way to predict the amplitude and the time of fu-
ture changes in climate is to study long-term variations in the thermal state
of the planet, i.e., the Earth’s energy imbalance (EEI). EEl is determined as the
difference between the fraction of TSI energy absorbed by the planet and the
energy of intrinsic thermal radiation ejected into the space [1, 2]. Scientifi-
cally grounded long-term tracking of climate change and reliable forecast of
its coming profound changes in the future should be based on highly accu-
rate continuous representative data on the average annual EEI obtained on
a constant basis over many decades and centuries. However, modern space
integral radiometers on board low orbital and geostationary satellites mea-
surement of the energy of radiation emanating only from individual parts
of the planet to the upper hemisphere with large errors and practically only
at a certain angle [1, 3]. In addition, all orbital spacecrafts have a relatively
short service life. Continuous representative simultaneous observations of
the whole Earth’s surface during many decades require creation of new high-
ly stable long-term stationary space platforms at sufficient distances from
the Earth.

THE LUNAR OBSERVATORY (LO) FOR MONITORING AND STUDY OF
THE EElI AND CLIMATE OF THE EARTH:

The Earth-facing surface of the Moon is the only place in space which pro-
vide reliable and long-term precise measurements (with the error ~0.1 %)
the absolute values of the specific power of energies of the TSI portion
reflected and scattered by the Earth and the planet’s own thermal energy

g w112

Fig. 1. General view of telescope SOTR-300V in longitudinal section
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outgoing into space in all directions. Therefore, since 2012, at the Pulkovo
observatory has been actively development the LO — a system of two iden-
tical special optical robotic twin-telescopes with sliding visors with primary
mirror diameter 300 mm (SOTR-300V) with working field of view 2.2x2.2° in
the dust-protecting cup (protecting from charged lunar dust particles). The
system of two twin-telescopes, replacing each other in automatic mode, as
a single telescope will sequentially survey the entire Earth’s surface continu-
ously for during more than 94 % of the time of a lunar day only at lunar night-
time [4, 5]. A matrix micro-bolometer detector of radiation (~2048x2048 pix)
and spectral separated wide- and narrow-bands spectrobolometers will
equip SOTR-300V for Earth observations. Twin-telescopes will be installed
on the equator of the Moon at opposite its edges, on £(81+0.1°) distance
from its visible center. The climatic parameters determined by the LO will be
almost an order of magnitude more accurate than the parameters measured
by instruments of any modern orbiting spacecraft [1].

THE LO AIMED AT THE SOLUTION OF THE FOLLOWING MOST

IMPORTANT PROBLEMS:

e Long-term monitoring and study of the energy flux of the solar radiation
reflected by the planet and the outgoing intrinsic thermal radiation within
the spectral ranges of 0.2-4 and 4-50 micron, respectively, continuously
in the nighttime during more than 94 % of the lunar day;

e For the first time, a study of the most important climate-forming physi-
cal process based on long-term monitoring of variations of the latitude
distribution of radiation energy flux and on dynamics of variations of the
relation of the radiation energy flux between low and high latitudes;

e Long-term monitoring of variations in the integral flux of the intrinsic ther-
mal radiation of the Earth within the range 8-13 micron in the primary
transparency window of the atmosphere, in order to study and reveal the
contribution of greenhouse gases to climatic variations;

e Studies of variations of Bond albedo of the planet and of physical param-
eters of the atmosphere and the surface depending on cyclical TSI varia-
tions;

e Long-term monitoring and study of the absolute value of integral annual
average energy imbalance between the Earth and space — the stored heat
or its deficit in the Ocean, using known TSI values; determination of their
dependence on cyclical TSI variations, and also on the climate;

e Determination of physical mechanisms of the formation, reasons and reg-
ularities of climate change, of the direction and amplitude of its variations;

e For the first time, formation of the lacking extremely necessary and most
important fundamental database for high-precision data on EEl and its
components;

e Long-term monitoring and study of cloud and snow-ice covers, vegetation,
aerosol and ozone concentrations etc., in each region and throughout the
whole planet, from the monitoring data in 10 individual narrow bands
within the range 0.3—-3 micron;

e Continuous all-sky survey: coordinate-photometric monitoring and study
of near-Earth asteroids and comets, particularly moving from the side of
the Sun, and also of exoplanets, supernovae and novae in the time free
of observations of the Earth, sequentially by the system of two twin tele-
scopes within the range 0.2—2 micron.

MONITORING OF OUTGOING ENERGY WITHIN THE RANGE OF THE
TRANSPARENCY WINDOW OF THE ATMOSPHERE AND GLOBAL
CHANGES OF THE NATURE:

Long-term monitoring of outgoing energy variations within the range
8—13 micron in the transparency window of the atmosphere will make it pos-
sible to control and determine the relative contribution of the variation in
the concentration of greenhouse gases in the atmosphere to EEI change and
climate. And for local and global remote sensing of the Earth ten interference
filters are additionally will mounted on the focal plane of the SOTR-300V with
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narrow transmission bands cover the range 0.3—3 micron. The images of the
sunlit and dark (in the IR range) regions of the planet taken over 24 hours will
help survey the state of the terrestrial surface, cloudiness, vegetation, and
cryosphere and the aerosol and ozone concentrations for the entire surface
and atmosphere.

THE GENERAL CONFIGURATION OF THE SCIENTIFIC PAYLOAD:
SOTR-300V with lightweight mirrors in dust-protecting cup, without solar
panels, batteries and soft landing engines, with the mass of one set less than
100 kg, and the dimensions less than 1500x1500x1500 mm, and with the
required electric power much less than 100 W. SOTR-300V will install at a
height of more than 1000 mm above a surface. A specialized dust-protect-
ing cup of SOTR-300V will be adapted as a landing module with soft landing
engines to install the telescope on a required area of the lunar surface. Four
patents of the RF (No. 2613048, 2591263, 164303 and 155044 by author Ab-
dussamatov H.l.) protect the system two robotic twin-telescopes LO located
in the lunar equator. LO will provide the development of new homogeneous
lacking and extremely necessary the most important fundamental database
of high-precision annual average EEIl value and its components over the pe-
riod substantially exceeding 15 years. Such database will make it possible to
calibrate and determine the dependence of the absolute value of the an-
nual average EEI on cyclical TSI variations, which serves a reliable indicator
for reconstruction EEIl variations for the total period of high-precision space
TSI measurements since 1978. This for the first time will make it possible
to reliably and authentically reveal and state physical mechanisms of forma-
tion, reasons, and regularities of climate change on our planet for more than
70 years and to develop the most reliable methods of its forecasting. LO is
a unique project, because the most important fundamental scientific and ap-
plied problems that it solves cannot be carried out with any other means: no
alternative “non-lunar” solutions of this most important problem exist.

Fig. 2. General view of SOTR-300V on the lunar surface (solar panels, soft landing
engines and sun lens hood are not indicated)

LO ALSO AIMED AT MONITORING AND STUDY OF POTENTIALLY
DANGEROUS NEAR-EARTH ASTEROIDS AND COMETS, EXOPLANETS,
SUPERNOVAE, AND NOVAE:

In the time free of observations of the Earth, the system of two twin tele-
scopes will simultaneously and sequentially, taking turns, carry out continu-
ous survey of the stellar field of the entire sky (within the total spectral range
of 0.2-2 micron and its three individual broad bands) in the entire broad
working field of view 2.2x2.2° in the mode of coordinate-photometric mon-
itoring and study of potentially dangerous near-Earth asteroids and comets,
especially those approaching the Earth from the side of the Sun, potentially
habitable exoplanets, supernovae and novae with a resolution of ~1”/pixel.
To protect the lens of the telescope from solar and Earth’s radiation at the
angular separation of more than 15°, the hood will be used, consisting of two
halves of a cylinder, fold back to horizontal sides along the tube in the course
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of observations of the Earth and transportation. The telescopes will also use
another exchangeable (single or mosaic) CCD matrix ~(8000x8000 pix) as the
radiation detector. The system of SOTR-300V twin telescopes can carry out
the complete cycle of the survey of stellar field of the entire sky in continuous
observations with the exposure of 30 s for the time about 100 hours. An in-
dividual survey of an area of the sky around Sun can be carried out for about
10 hours. Since in LO telescopes direct falling of the solar radiation in the en-
trance pupil is shielded by the hood, the telescopes can also detect asteroids
and comets approaching the Earth from the side of the Sun (at an angular
separation exceeding 15°), thereby contributing very substantially into plan-
etary defense. SOTR-300V telescopes of LO will be able to detect asteroids
with the diameter more than 10 m, which present the highest hazard. LO will
become a professional “Space Patrol” aimed at early detection of near-Earth
asteroids and comets, especially those approaching the Earth from the side
of the Sun. The continuous survey of stellar field of the entire sky will also
make it possible to simultaneously continuously search and study potentially
habitable exoplanets (using the transit technique). Lunar telescopes will ob-
serve planets around other stars «directly», tracking their transits across the
disks of their parent stars. The telescope system will also continuously search
and study supernovae and novae in all areas of the sky.
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INTRODUCTION:

The Global Trajectory Optimization Competltlon — GTOC was first organized
by Dario Izzo of ESA in 2005 [1]. The 10™" competition held in 2019 was won
by the NUDT-XSCC team from China, who presented the problem for the
11" issue of GTOC held in 2021.

PROBLEM STATEMENT:
The setting was futuristic, requiring the construction of part of Dyson’s sphere
from the asteroids of the solar system after 100 years from the present day.

The task consisted of two big parts. In the first part it was necessary to use
up to 10 ships launched from Earth with hyperbolic excess speed. These ships
could, install special engines — asteroid transfer devices on the asteroids
while passing them. The second part of the task was to send the asteroids to
the 12 stations under construction.

The problem takes into account the attraction of the Sun only. The elliptical
orbits of 83453 asteroids and their masses were given to the participantsin a
separate file. A total of 12 stations were required to be placed in one circular
orbit around the Sun at an angular distance 30° in relation to each other.

The task of the participants was to maximize the functional J. The goal was
to make the mass of the lightest station built as much as possible, so that the
ring was as close to the Sun as possible and the spacecrafts carried out as
little momentum as possible.

All flights must take place between 2121 and 2141.

The solution to the problem was given 4 weeks, participants who sent the
solution earlier received a bonus.

RESULTS:

GTOC 11 was won by the TsinghuaLAD&509 team from China with 388 aster-
oids involved in the construction, the value of the functional J = 8443. They
first used the construction of a special library of asteroid chain flyovers, beam
search, genetic algorithm with the consideration of a single ship’s trajectory
as a gene, Lambert problem solving and greedy algorithm for pulse prob-
lems. And then used their own algorithm for optimization trajectories with
low thrust.

The next GTOC 12 competition will be held in June 2023.
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INTRODUCTION:

The Polik-mana Mons volcano (24.8° N, 264° E) is located in the Asteria Regio
lowlands along Latona Chasma which is the part of the 7000 km long Hecate
Chasmata rift zone and 1500 km west of Beta Regio (Fig. 1). Polik-mana Mons
is a large volcano with a diameter of 600 km.

Fig. 1. Magellan SAR image of the Asteria Regio region with main features labelled

We have selected this Asteria Regio region (see Fig. 1) for the present study to
characterize its volcanic history through detailed mapping (1:500 000 scale).
Such Venus volcanism is analogous to Large Igneous Provinces (LIPs) on Earth
[1-3] and provides a complementary view, given the absence of erosion on
Venus at this time [4], when compared to the erosion that can deeply dissect
terrestrial LIPs.

Our mapping of this region at 1:500 000 is 10x more detailed than previous
mapping. The western part of the area of our research is in Hecate Chasma
V-28 quadrangle which was mapped at 1:5 000 000 [1].

The goals of this research of Asteria Regio are: 1) detailed mapping of graben
systems (interpreted to overlie dyke swarms) and linking them to specific
magmatic centers; 2) detailed mapping of the lava flows and identification
of the specific sources for each of them; 3) determining the relative ages of
dykes and flows and developing a geological history for the area; 4) deter-
mining the geodynamic relationship with the plume-related magmatism of
Beta Regio, centered about 1,000 km to the east; and 5) considering implica-
tions for improved understanding of terrestrial LIPs.

Lava flows

In our work we have distinguished three types of lava flows according to
their brightness on the Magellan SAR images: dark, grey and light, reflecting
the strength of radar reflection back to the spacecraft and corresponding to
the orientation and roughness of the surface.

We have constructed two maps of lava flows distributions for Polik-mana
Mons and the adjacent territory. The first map (Fig. 2) shows the lava flows
according to their radar brightness. Figure 3 shows different lava flow groups
distinguished by color.
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Fig. 3. Distribution of lava flow units of Polik-mana Mons and surrounding area with
the main directions of flow distribution (maps in color with divisions into groups)

The lava flows in this area are dense or solidified flows of molten rocks that
are predominantly basaltic in nature. The white streams have a rough sur-
face, which tells us that this lava material has already mostly solidified and
erupted much earlier than the dark-colored streams. The gray streams rep-
resent a transitional phase from a dense and viscous material to a hardened
and rough one. Correspondingly, the black color represents the youngest
streams, which have a viscous smooth surface.

At this stage of the mapping, 7 lava flow groups were identified, 4 belonging
to Polik-mana Mons and 3 which are not related to the Polik-mana volcano
(blue, red, yellow streams) (blyy Fig. 3). Within these groups, 3 main types of
flows were identified according to the properties described earlier. By carry-
ing out zonal statistics, we were able to determine a number of basic param-
eters for each of the types of flows (Table 1).
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Table 1. Table of zonal statistics. Characteristics of each lava flow group Colors match
the units shown in Fig. 3. A thickness of 25 m was chosen to measure the volume of
the lava flow

Name Area km’ Max Min Range, Maijority, m W km?
oint, m oint, m m )
P P White/grey/black
92 188 5830 -338 6168 1.290/1 628/1 293 2 305
Zone
37672 2168 3082 1776 1 2751 47011 3598 a42
volcanoes
West flows
21131 4 808 1163 3645 1325/2 07111 336 529
from P
NE fi
. 126 501 4824 -1836 6 680 2049/ 64711 018 3163
26 601 2 308 469 1839 1 176/937/1 162 665
with NW 7538 2041 1123 918 1710/ 66311 248 188
NW flows
o B 64 984 4 766 536 4230 963/911/975 1625
Tom Fm

According to the collected statistics it is possible to make some following con-
clusions:

1. The total volume of the lava material of northern, eastern and western direc-
tions, which source is Polik-mana Mons is — 5317 km (Area=239840 kmz)
The volume of all mapped lava material is 9417 km? (Area = 376 651 km?).
The vqume of all mapped materlal which belongs to Polik-mana Mons is
7622 km? (Area = 304 840 km?). A thlckness of 25 m was chosen to mea-
sure the volume of the lava flow.

2. The greatest volume of lava material is the north-east flow, which tells us
that this zone has a large number of lava sources.

3. Most of the lava flows accumulate in areas with elevation values between
1200 and 1400 m.

4. The greatest concentration of the three types of lava (by radar brightness)
is as follows: “white” lava in the central part of the P-m volcano and its
slopes; “gray” lava in the northwestern part of the study area, and near
the end of the eastern northeastern flow; and “black” lava in the north-
eastern and eastern sections of the study area.
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INTRODUCTION:

Theia Mons is one of the most important volcanic edifices on Venus (Fig. 1).
It is centered at 22.7° N, 281.0° E (101.0° W) on Beta Regio, which along with
Atla and Themis Regio, define the BAT (Beta-Atla-Themis region) as a region
with some of the youngest volcanic and tectonic activity of Venus. Beta Regio
is thought to represent a currently active plume in that it is topographically
elevated, has an associated geoid high, is the center of a triple junction rifting
system [1] and is also the focus of a giant radiating dyke swarm [2].

The northern half of Theia Mons has been previously mapped at 1:5 000 000
scale as part of Beta Regio Quadrangle (V-17) [3]. The southern half of Theia
Mons is located in Devana Chasma Quadrangle (V-29), and initial 1:5 000 000
mapping of this quadrangle was reported in [4]. The global compilation of [5]
catalogued this as Theodora Patera (24.0° N 280.5° E) with a diameter of
1000 km [5]. In later publications [1, 3] it is referred to as Theia Mons and we
use this name here.

General view and objectives:

Theia Mons consists of a volcanic edifice which is 500 km across and 2.5-3 km
high with a deep central caldera (2.5 km deep) which is about 50 km across
(see Fig. 1). Flows can be traced up to at least 650 km away from the central
edifice. The radiating dyke swarm (recognized by their surface expression as
grabens) can be linked to a regional linear N-S swarm suggesting an overall
swarm length of 3,400 km [2]. The transition in the dyke swarm pattern from
the radiating to linear pattern at 1000 km is interpreted to mark the outer
boundary of the underlying flattened plume head [6].

The focus of this research is detailed mapping of Theia Mons at a scale of
1:500 000 with the following goals: 1) identify the sources of all mapped
flow units, 2) integrate the emplacement of flows with graben system (dyke
swarm) emplacement and central caldera collapse (above a central magma
reservoir); 3) characterize the relationship with the triple junction rifting; and
4) develop a comprehensive geological history of Theia Mons in order to bet-
ter constrain the geodynamic evolution of Beta Regio plume event. The re-
sults of detailed graben-fissure mapping were reported in [7]. Here we focus
on mapping of the lava flows.

LAVA FLOW MAPPING:
Initial mapping of lava flows indicates multiple generations of lavas. The area
around the volcano was provisionally divided into four sectors.

Eastern sector:

We have identified at least three large lava generations of different ages,
each of which has three to five separate flows. Here and below, color filled
polygons denote lava flows separated by relative age. Lava flows marked with
a colored line (but not filled with color) are currently not separated by rel-
ative ages, but are presumably older than the color-filled ones. The flows
highlighted in shades of yellow are interpreted to be the oldest since its flows
are overlapped by younger lavas of subsequent generations. The source is
the central caldera of the volcano. The next generation is highlighted in blue.
We hypothesize that the lava flows here originate from a parasitic vent lo-
cated to the east of the central caldera and overlap the lava of the previous
generation. The last generation is represented by pink flows, the source of
which is presumably the graben system in the north of the volcano. The op-
tion of their origin from the central caldera or from another vent obscured by
subsequent rifting is also considered.
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Fig. 1. Topographic map of Beta Regio showing elevated topography centered on
Theia Mons (star) and associated with potential radiating swarms that swings into a
common trend after 1000 km (modified after [2])

Fig. 2. W-E topographic profile across Theia Mons reveals an edifice 500 km across
with a deep central caldera which is about 50 km across. Flows can be traced up to at
least 650 km away from the central edifice. The SAR image of Theia Mons is 750 km
across. Vertical exaggeration 15x.

Southern sector:

The lava flows here are largely damaged by Devana Chasma rifting and other
various faults. For now, lava flows here are combined into one generation.

Western sector:

At the moment, one large generation of lava flows of a complex structure
has been identified (poor visibility of many flow boundaries has complicated
the recognition of individual flows) (Fig. 3, blue). Based on the analysis of the
topography of this area and the interaction of flows with faults, it is hypoth-
esized that the lava flows erupted here prior to the subsidence of the area,
since otherwise the lava would have flowed in a southwesterly direction.

In the west, there is one large complex lava flow that changes direction from
northwest to west. This change in flow direction is thought to be related to
the topography of the area rather than a change in lava source.

Northern sector:

The eastern part of the sector is as difficult to map as the south of the vol-
cano, due to the younger Devana Chasma rifting. In the eastern part there is
an interesting group of lava flows. We interpret that their source was not the
central caldera of Theia Mons. Rather we propose that these lava flows orig-
inated from grabens (overlying dykes) emplaced prior to the Devana Chas-
ma rifting. The possibility of another large caldera hidden under the grabens
of Devana Chasma and the lava flows of Theia Mons is also being consid-
ered. Such a cryptic caldera may be indicated by some radial and concentric
swarms of dikes.

GRABENS AND FUTURE WORK:
Theia Mons is surrounded by many graben systems of different (tectonic and
magmatic) origin. Preliminary mapping of these were discussed in a previous
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Fig. 3. Mapping of Theia Mons’ lava flow units. Colored contours divide volcano into
4 sectors (green contour is for Eastern sector, yellow for Southern, blue for Western
and orange for Northern). “C” is for central caldera. In the lower left is a map of Venu-
sian rifts and volcanoes with Theia Mons marked with black box

abstract at LPSC 2022 [7]. Since graben systems are important to understanding
of magmatic history, the graben systems of Theia Mons will be fully mapped
and characterized in future papers, along with description of relative ages of
grabens and lava flows and development of a comprehensive geological history
of Theia Mons and surrounding area.
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INTRODUCTION:

Samodiva Mons (13.6° N, 291.0° E) and surrounding area (Fig. 1) are located
east of Beta Regio major plume center [1], at the southern end of Hyndla
Regio, a flat-topped highland consisting mostly of tesserae [2, 3]. The Samo-
diva area is within Quadrangle V-29, for which some 1:5 M scale mapping has
been done [4]. In the present research we focus on detailed 1:500 000 scale
mapping. Overall width of the edifice is 150 km and a central summit caldera
has 25 km in diameter and up to 500 m deep.
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Fig. 1. Currently mapped geological units.  Fig. 2. Graben-fissure systems (interpret-
Colors indicate different units and lava ed to overlie dyke swarms). Colors repre-
flows sent different dyke swarms

GRABEN SYSTEM HISTORY:

From the mapping of graben systems, which can be interpreted to overlie
dyke swarms [5], seven different trends of dykes were distinguished (Fig. 2).
The most pervasive radial (yellow lines, Radial_S) and circumferential (white
lines close to the center, Concentric_S) originate from Samodiva Mons; the
sources of the five other graben systems are not yet identified. There are two
north-south trends to the west of Samodiva Mons (blue and green lines, C1-
C2). The northwest-southeast trend (red lines, C3) probably originates from
Zhivana corona further to the west. On the east side there are three north-
south trends (blue, pink, pale pink lines, C1, C4-C5), C4 most likely has an un-
named corona to the north-east as the source. The age relationships, based
on cross-cutting relationships, are (oldest to youngest): C3, C1, Radial_s, C2,
Concentric_S. The relative ages of C4 and C5 are not yet constrained.

NORTH SECTOR HISTORY:
Most of this sector consists of tesserae terrain (t) and regional plains (rp)
(Fig. 3). The latter group of units can be divided in several units by their
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backscatter, which might indicate different covering by aeolian activity, the
cause of which is probably a debris from the surrounding tesserae. There
are also distinct lava flows superimposed on regional plains, five of them are
probably originating from dykes underlying grabens (fSM-N-1...-5), another
one (fSM-N-6) has a small shield volcano as a source. North-Northeast sec-
tor is also filled with regional plains covered by debris from the surrounding
tesserae. Apart from that, the vast area is covered by flows (fSM-NNE-1, -2)
superimposed on regional plains and originating from dykes underlying gra-
bens. The whole area is superimposed by wrinkle ridges (wr), which are less
abundant closer to the volcano’s summit, covered by younger flows.

69°00"W 68°00"W

68°00"W

Fig. 3. Geological map of the North sector Fig. 4. Geological map of the East sector

EAST SECTOR HISTORY:

There are at least five lava flow units, all of which originated on Samodiva
Mons’ summit, and are distinguished by trends and radar backscatter (fSM-
NE-1...6 and fSM-E-1, -2) (Fig. 4), which are superimposed on regional plain.
Wrinkle ridges serve as a relative age marker in this area, gradually reduced to
the summit and cover the whole sector. Being superimposed on fSM-NE-1, -2
they are covered by fSM-NE-2, -3 and fSM-E-1, -2. To the east-northeast, due
to local topography, flows start to curve in a northern direction.

SOUTH-SOUTHWEST SECTOR HISTORY:

This sector is covered by vast lava flows, which may have been sourced from
Samodiva Mons or be a part of regional plain (Fig. 5). The area is dominated
by tesserae terrain, which is crosscut by various flows. This sector is also char-
acterized by a lower density of wrinkle ridges as compared to the North and
East sectors, which may indicate a younger age of South sector units.

Fig. 5. Geological map of the South sector
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SUMMARY:

At this stage of mapping it can be concluded that: 1) Grabens (interpreted
to overlie dyke swarms) can be grouped into at least seven sets on the ba-
sis of trends and cross-cutting relationships; 2) Regional plains on the North
seem to be older than lava flows and covered by aeolian debris from tesser-
ae; 3) On the east side there are several distinct lava flows originating from
Samodiva Mons, and these are interpreted to be younger than the yellow ra-
diating graben system; 4) Most of the map area is covered by wrinkle ridges,
which may serve as a marker of relative ages.
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INTRODUCTION:

A better understanding of Venus’ interior structure is crucial to reconstruct
the planet’s history and explain the unusual geologic processes that took
place at its surface. In this work we have built 72 PREM-based models of
Venus that differ in crust thickness, core size and density profile. The analysis
of the modeled pressure distributions allowed us to conclude that Venus’
core probably is entirely liquid. Moment of inertia, tidal Love numbers and
the tidal phase lag have also been calculated. They provide valuable informa-
tion about Venus’ interior structure when compared with the experimental
estimates [1, 2].

VENUS’ MODELS:

Our models differ in crust thickness (30, 50 and 70 km), core radius (from
2800 to 3500 km) and density profile. As it was suggested in [3], the mantle
equation of state p,,(P) is defined as p,(P) = Apo(P), where Pis the pressure; A
is a coefficient near 1 and po(P) is the PREM’s equation of state. Similarly, the
liquid core equation of state p(P) is given by the expression p.(P) = Bpo(P),
where B is also a coefficient near 1. We analyze models with three values
of B: 1.00, 0.99 and 1.01, representing respectfully an Earth-like core, a light-
er core and a heavier core. For each model the value of A is chosen so that
the mass condition is satisfied (Venus’ mass = 4.8669-10%* kg [4]). Models
with large cores (3400-3500 km) have lighter mantles (A < 1), while models
with small cores (2800-2900 km) have heavier mantles (A > 1).

CORE STATE:

The pressure profile is computed for all models and the obtained values at
the center of Venus are shown in Fig. 1. They range from 260 to 310 GPa,
which is considerably lower than the pressure at Earth’s inner core boundary
(328.8 GPa according to PREM [5]). This indicates that Venus’ core should be
entirely molten if its composition is similar to Earth’s.

MOMENT OF INERTIA:

The computed values of the moment of inertia (Fig. 2) lie in the range of
0.323 to 0.347, which is in accordance with the experimental value [1]. Un-
fortunately, the measured value [1] is not precise enough to constrain Venus’
internal structure.

TIDAL LOVE NUMBERS:
In order to account for the viscoelasticity, we use Andrade rheology as sug-
gested in [6]. The a parameter of Andrade rheology is often considered to
lie between 0.2 and 0.5. For a = 0.2 the viscoelasticity effect on k, and h, is
considerably stronger than for a = 0.5. We compute the tidal Love numbers
for both of these values.

In this work we consider two viscosity distributions:

1. Low viscosity model
a. Crust viscosity — 104 Pa-s;
b. Upper mantle viscosity — 107 Pa-s;
c. Lower mantle viscosity — 10* Pas;
2. High viscosity model
a. Crust viscosity — 10% Pa- -S;

19

b. Upper mantle viscosity — 1021 Pa-s;

c. Lower mantle viscosity — 10? Pa-s;
The tidal Love numbers k, and h, and the tidal phase lag have been calculat-
ed for the models with a crust thickness of 30 km and a B value of 1.00. The
k> values are shown in Fig. 3. For a better analysis of the models, a probability
distribution based on the moment of inertia and k, values is shown in Fig. 4.



310+

300

2901
280
270

2601

13MS3-VN-04
ORAL

P. (GPa)
B =0.99
B=1 <
B =101 . .
. (] o
: '
.
] .
.
'
.
’
.
L}
)
L ]
.
4 .
]
s
2800 " 3000 3200 3400 3600
Rc, km

Fig. 1. Pressure at the center of Venus (P,) in GPa for all models. The core radius and

B strongly affect P,

0.36

0.35

0.34

0.33

0.32+

while the crust thickness does not

I/MR?
B=099
B=1
B=1.01
' I
.
> | :
"
_________ | i
— H
]
1
2800 2900 3000 3100 3200 3300 3400 3500
Rc, km

Fig. 2. Moment of inertia values of all 72 models. Dashed lines represent the mea-
sured value 0.337+0.024 [1]

0.36 1

0.34
0.32
0.30

0.28
0.24

0.22

0.20

Fig. 3. k, values for

Re(k2)
Elastic k2
T Low viscosity
High viscosity \
J B
{ ;
T
J[ &
2800 2900 3000 3100 3200 3300 3400 3500
R¢, km

models with a crust thickness of 30 km and B = 1.00. Bars repre-

sent the variation of k; due to the uncertainty of the rheological parameter a. Dashed
lines represent the measured value 0.295+0.066 [2]

0.36

0.327

0.301

0.26

0.24

0.201

Re(k)

» Elastic k;
Low viscosity
[ High viscosity

0.32 0.34

I/IMR?

0.35 0.36

Fig. 4. Probability distribution of models (grey solid lines) based on the measured
values of the moment of inertia (0.337+0.024 [1]) and tidal Love number k;
(0.295+0.066 (20) [2])



13MS3-VN-
ORAL
CONCLUSION:

The pressure at the planet’s center varies from 260 to 310 GPa depending on
the model. These values are considerably lower than the pressure value at
Earth’s inner core boundary and indicate that Venus’ core should be entirely
liquid. It could only be partially solid if its composition were very different
from Earth’s core composition.

The comparison between the calculated values of the tidal Love number k,
and its estimate from the Magellan mission [2] shows that a core radius in
the range between 3100 and 3500 km is preferable to smaller ones. For low
viscosity profiles this range could be narrowed to 3100-3400 km, while for
high viscosity profiles to 3200-3500 km. Precise measurements of Venus’
moment of inertia, tidal Love numbers and tidal phase lag would help us
constrain the planet’s structure.
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INTRODUCTION:

Little is known about seismic activity of Venus and location of seismic sourc-
es. There are no seismic instruments that would be able to survive over ex-
tended periods under Venus conditions. Nevertheless, a seismic experiment
is planned on the surface of Venus [1]. It is also proposed to register distur-
bances in the atmosphere and ionosphere of the planet caused by seismic
events [2]. For forthcoming seismic experiments on Venus, it is important to
know in which areas the stresses are large enough and capable of produc-
ing venusquakes. Here we study stress field of Venus starting from a simple
model: a liquid core and an elastic mantle and crust with the help of a static
method [3-5].

DATA:

The topography and gravity data are provided by the Magellan mission: SHT-
JV360u [6] and SHGJ180u model [7], respectively. We take into account har-
monics only up to the 70t degree and order, since for higher degrees the
correlation between the gravity and topography deteriorates an effectively
equilibrium figure of Venus [8, 9], which survives from an earlier epoch, is
chosen as a reference surface.

INTERIOR STRUCTURE MODEL:

Models of the internal structure of Venus are insufficiently defined due to
inaccuracy of the moment of inertia and Love number k,. Here we use two
models with the average thickness of the crust of 30 and 70 km, and a density
of 2800 kg/m>. These are models V_5 and V_16 of the work [10].

METHOD:

The pattern of non-hydrostatic stresses in a planet can be obtained by con-
sidering the planet as an elastic spherically symmetric body under the influ-
ence of both surface (relief on the surface of the planet) and internal (buried
density anomalies) loads. A static approach (the load coefficients technique)
accounting the deformation of a planet under loads was developed in [3-5].
Here we assume that there are two levels of loads (anomalous masses) — the
surface and the crust-mantle boundary. Amplitudes of loads are selected in
such a way as to satisfy the data of the topography and the gravitational
field of the planet (calculated from the reference equilibrium surface). The
system of equations defining the problem includes: the equation of equilib-
rium of a deformed (elastic body) in the presence of volumetric forces, the
Poisson equation, the rheological equation giving the relationship between
stress and displacements (Hooke’s law for an ideally elastic and isotropic
medium). The solution of the system determines the displacement field for
each value of the harmonic degree n and a given depth, then, the harmonic
series are summed up. At each point, the symmetric full stress tensor ojy is
further reduced to a diagonal form by coordinate transformation and the
corresponding principal stresses are determined. These additional non-hy-
drostatic stresses 04, 0,, and o3 (03 £ 0, < 0;) at each point are decomposed
tension (positive) — compression (negative) stresses ¢ = (01 + 0, + 03)/3, and
shear stresses. The maximum shear stresses represent the largest of the
half-differences of the main stresses t=max|o;— ox|/2 (i, k=1, 2, 3; i # k). The
scheme of stress calculations is presented in Fig. 1.
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Fig. 1. The scheme of stress calculations
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Fig. 2. Tension-compression stresses (on the left) and shear stresses (on the right) in
the crust, at depths of 5 and 25 km and in the mantle, at depths of 50 and 400 km for
an elastic interior structure model V_16 from [10]

RESULTS:

We have obtained stress field on the surface and at depth of Venus for an
elastic model based on gravity and topography data in a frame of the static
method. In general, the level of non- hydrostatic stresses on Venus is not too
high. This result is in agreement with the values obtained in [5], where the cal-
culations were performed up to 18" degree (the accuracy of the gravity field
at that time). There is not significant difference for stress pattern obtained for
the model with the crust thickness of 30 and 70 km. The Fig. 2 shows maps
of tension-compression and shear stresses in the crust and mantle for the
model with the crust thickness of 30 km. As expected, on the surface of the
planet and in the crust, the largest shear stresses are manifested in the area
312
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of the Maxwell Mountains on Ishtar Terra. Beneath the Maxwell Mountains
shear stresses in the crust reach 80 MPa, compression values reach values of
120 MPa, while the tension stresses around this area are about 20 MPa.
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INTRODUCTION:

Thick atmosphere of Venus is able to crash km-size pace bodies like asteroids
creating surface footprints of various kinds [1]. While larger space bodies are
able to reach the surface creating impact craters or a kind of strewn fields,
smaller bodies effectively transfer the initial kinetic energy to the atmo-
sphere, resulting in an atmospheric burst at some altitude [1]. In these cas-
es, the most prominent footprints at the Venusian surface are created with
atmospheric shock waves and gas flow behind shock fronts, reflected at the
solid surface [2]. The near-circular radar-bright and radar dark zones around
the epicenter were named with a general term “splotches” [1, 3].

Discussions on the 2021 presentation [4] resulted in the re-reading of the
20-years old thesis [3] devoted to the splotch systematization and some new
modeling [5]. Here we summarize our first results in a study of splotches.

SPLOTCHES AROUND VENUS:

We use Wood’s catalog [3] to start a fresh looking to splotches. The whole
known splotch collection in [3] includes about 400 examples of all kinds. Typi-
cal examples are presented in [5]. Sizes of splotches vary from ~10 to 200 km.
The large diameter splotches are comparable in size with the characteristic
atmosphere thickness.
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Fig. 1. Locations of splotches with a dark ring/arc (1) and all other splotches at the
USGS-produced topography background

In general, the spatial splotch distribution looks random (Fig. 1), while in high
altitude areas (mountain formations) splotches seem to be rare.

SPLOTCHES WITH DARK RINGS/ARCS:

Searching for methods to estimate (or to bound) airburst energy related to
dark ring formation we select ~40 cases where dark rings/arcs are well seen
in radar images (Fig. 2). Typically, dark surface could be interpreted as more
smooth areas, reflected weaker signal to the spacecraft.
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Fig. 2. Two examples of dark rings in a complex surface pattern around an impact
point. The left image is centered at 267.4° E, 11.8° N, altitude ~1.3 km, the right image
is centered at 314.41° E, 32.942° N, altitude —0.18 km. Images are constructed with
the JMars computer tool (https://jmars.asu.edu/).

In selected 40 cases ring/arc diameters vary from 10 to ~55 km. In 30 cases
(75 % of the selected population) the dark ring diameter is in the range from
10 to 30 km (Fig. 3). We hope to interpret this measured interval in terms of
the effective energy release altitude, and to find possible range of asteroid’s
size and velocity (and may be to limit the angle of incidence).
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Fig. 3. Size distribution of 40 radar-dark rings/arcs remeasured after [3] — see exam-
ples in Fig. 2. Around 75 % if all identified dark rings have diameters 10 to 30 km
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Fig. 4. Size distributions of dark rings (see details in Fig. 3) and bright splotches
(106 cases)

In some cases, one can see double rings with shifted centers, possibly indicat-
ed the atmospheric breakup of the falling body into parts, aerodynamically
separated before the final explosive crash in a lower atmosphere.
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OTHER SPLOTCHES:

At least in one case [4] we have solid evidences of simultaneous formation of
splotches from multiple body fragments formed before the atmospheric en-
try. For this reason, the statistics of the splotch formation should be checked
before a discussion about the life-time of splotches at the surface.

Figure 4 compares size distributions for dark ring/arcs (see Fig. 3) and for
more “standard” bright zone (see [5] for more details).

CONCLUSIONS AND PERSPECTIVES:

The new research interest to footprints of asteroid atmospheric break up on
Venus [2, 4] prompts us to use more sophisticated tools, evolved after early
publications [1]. The combination of the numerical modeling and rethinking
of the Magellan data promises better understanding of small celestial body’s
fate in the dense Venusian atmosphere.
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INTRODUCTION:

Along with the recently selected NASA DAVINCI [1] and VERITAS [2] missions,
and with the ESA EnVision mission [3], the Roscosmos Venera-D mission [4, 5]
opens the new decade of Venus exploration. Among these missions, the
Venera-D is the only one to be equipped with a lander which could drill the
surface of Venus and analyze its chemical composition. For this reason, it is
crucial to select a future landing site based on its scientific relevance, as well
as on safety constraints.

We propose here Idunn Mons (Fig. 1a), a major large volcano of Imdr Regio,
as the landing site for the Venera-D mission. We also indicate Mount Etna in
Italy (Fig. 1b) as a suitable test site on Earth for drilling tests and in-situ ele-
mental and mineralogical analyses [6, 7].

A REASONABLE BALANCE BETWEEN SCIENTIFIC RELEVANCE

AND SAFETY CONSTRAINTS:

One of the major science discussions on Venus concerns whether the planet
is still volcanically active today [8, 9], and if so, what is the current rate and
style of resurfacing on the planet. The young volcanic rises with their related
large volcanoes are considered as the geologically youngest regions of Venus.
Imdr Regio and its major volcanic structure, Idunn Mons (Figure 1a) is one of
the most promising areas for active volcanism [i.e., 10]. Chemical analysis of
eruptive products of a recently active volcano such as Idunn Mons may tell us
about the volatile content of the mantle, thus shedding light on the debate
between catastrophic [i.e., 11] and equilibrium [i.e., 12] resurfacing on Venus.

During the 70s’ and 80s’ of the last century, ten Soviet landers successful-
ly landed on and conducted chemical analyses of Venusian surfaces (i.e.,
13,14). These landers appear to have landed on regional plains of Venus.
Such regional plains are generally considered as the safest areas for landing
on Venus due to their gentle topography. The geochemical composition of
at least some regional plains is now known from the previous Soviet landing
missions. On the contrary, the scientific relevance and unknown geochemis-
try of possibly active large volcanoes such as Idunn Mons make these sites



THE THIRTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2022

147°W 145°W 143°W

46°§

47°8

48°8

0 25 Skm [

R ——
14.85°E 15.00°E 15.15°E

147°W 145°W
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scene - Resolution ~75m, b) Mt. Etna (37.75° N, 14.99° E), Sicily — Italy. S-1 GRDH SAR
Ascending — Resolution ~75m

unprecedented landing targets, which deserve more attention. While being
a scientifically relevant objective, the gentle slopes of Idunn Mons as well as
the expected roughness of its lava flows would keep this volcano within the
safety constraints for the lander of the Venera-D mission [15]. Other areas
of comparable scientific interest on Venus, such as the tessera terrains, may
likely constitute a too dangerous target for the landing [15].

MOUNT ETNA AS A TERRESTRIAL LABORATORY FOR OPERATIONAL
TESTS

We propose Mount Etna (Fig. 1b) in Sicily (Italy), one of the most active vol-
canoes on Earth, as a suitable test site for drilling operations and in-situ ele-
mental and mineralogical analyses to be performed by the Venera-D mission
lander. Unlike other potentially suitable analog sites on Earth (i.e., East Afri-
can Rift), Mount Etna is more easily accessible. Moreover, given its composite
nature, this volcano offers unique opportunity to perform tests on different
types of eruptive products.
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INTRODUCTION:

Dynamics of lower cloud layer of Venusian atmosphere are important to un-
derstand the global circulation. Studying horizontal winds is possible through
analyzing the displacement of cloud features over time. In this research we
used nightside images of Venus lower clouds obtained by IR2 infrared camera
onboard JAXA's orbital spacecraft Akatsuki in 1.74 um wavelength.

METHODS:

The entire IR2 database was analyzed, which spanned across 2016, for the
1.74 um channel of the instrument. From previous research it is known that
the lower cloud layer rotates around the planet in a superrotation mode,
although with zonal speeds slower than those at the upper boundary of
clouds — 60 m/s compared to 100 m/s. Our study allowed a more detailed
look at the distribution of zonal and meridional wind on Venus nightside at
those altitudes.

RESULTS:

The zonal wind speed has a prominent jet-like feature at the equator. Diurnal
variations showed strong dependence of both zonal and meridional speed,
with meridional speed changing direction from equatorward (most of the
nightside) to poleward at both hemispheres.

No significant correlation with surface topography was found.
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INTRODUCTION:

The atmosphere of Venus has not been investigated in situ since the Vega-2
mission in 1985. Despite the achievements of the Venus Express mission [1],
ground-based near-infrared (near-IR) spectroscopy, and current data from
the Akatsuki orbiter, the chemical composition of the atmosphere below
20-30 km remains ambiguous and poorly sampled. The D/H isotopic ratio in
H,0 is unknown in the sub-cloud atmosphere. Measured abundances of He,
Ne, and Ar isotopes have uncertainty of 36—70 %, isotopic abundances of Kr
are highly doubtful, and Xe isotopes have never been measured. Although a
felsic composition of highly deformed tessera plateaus is suggested based on
the Galileo and Venus Express near-IR emissivity data (e.g. [2, 3]), the com-
position and high spatial resolution topography of tesserae are unknown.
The scarcity of information about the deep atmospheric composition, iso-
topes of noble gases, and properties of enigmatic tesserae regions limits
our understanding of chemical and physical processes in the atmosphere,
atmosphere-surface interactions, volcanic degassing, and early aqueous vs.
anhydrous evolution of Venus. The Deep Atmosphere Venus Investigation of
Noble gases, Chemistry, and Imaging (DAVINCI) Discovery class NASA mis-
sion [4] is aimed at obtaining atmospheric chemical/isotopic, and sub-cloud
surface imaging data to address these outstanding questions. The plan is to
launch the spacecraft in mid-2029, perform two Venus’s flybys in 2030, and
accomplish the descent-sphere atmospheric entry in June 2031, with poten-
tial for an extended orbital phase.

ATMOSPHERIC STUDIES:

Chemical and stable isotopic composition of the atmosphere will be investi-
gated by means of a meter-diameter entry probe from an altitude of ~67 km
down to the surface over Alpha Regio. The Venus Mass Spectrometer (VMS)
will be used for noble gas (He, Ne, Ar, Kr, Xe) measurements in the bulk at-
mosphere and composition (CO,, N, SO,, H,0, OCS, H,S, H,S04, S,,, and HCI)
measurements at 50—-200 m cadence in altitude from ~41 km to the surface.
The Venus Tunable Laser Spectrometer (VTLS) is designed to obtain concen-
trations of SO,, H,0, CO, and OCS, and isotope ratios (D/H in H,0, 325/33s/3%s
in SO, and OCS, and 1°0/*0 and *2¢/*3C in CO,) as functions of altitude be-
low 67 km. The accuracy of VTLS measurements is <5 %. Analyses of chemical
active gases will be complemented by data on oxygen fugacity (fO,) obtained
with a solid-state Nernstian ceramic sensor, and via measurements of tem-
perature, pressure (every 10-50 m), and wind speed acceleration during the
decent. Venus Imaging System for Observational Reconnaissance (VISOR) will
be used to obtain global dayside imaging and 1000+ frame movies of clouds
in the ultraviolet (0.355-0.375 um) with spatial resolution of 10-20 km per
pixel.

DAVINCI data will resolve ambiguity about concentration gradients of SO,, CO,
OCS, and H,0, and improve our understanding of chemical and photochem-
ical reactions from the clouds top to the surface. Data on S-bearing gases
and S isotopes will constrain the S cycle. The composition of the near-surface
atmosphere will be used to check gas-gas and gas-solid type equilibrium hy-
pothesis for some key chemical species. Concentrations of chemically active
gases in the near surface atmosphere together with fO, data will be applied
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to assess stability of exposed geological materials, directions of gas-solid type
weathering reactions, and to constrain mineralogy of altered rocks and fines.
The new data will test the hypothesis about control of the atmospheric redox
state (CO,/CO and SO,/OCS ratios, fO,) by the hematite-magnetite (Fe,03—
Fe30,4) mineral assemblage [5]. D/H measurements with precision <1% will
constrain altitude distribution and improve models of water loss. Data on “He
and *°Ar will improve models on volcanic degassing through time. Data on Xe
and Kr will be used to constrain formation and early atmospheric evolution of
Venus in comparison with Earth and Mars. Data on 129%e and **®xe will con-
strain the long-term outgassing rate and inform about major early impacts.
Data on temperature, pressure, winds, and gas composition will constrain at-
mospheric circulation models coupled with physical-chemical processes that
affect both gases and surface materials.

SURFACE STUDIES:

Surface materials will be studied through near-IR imaging from two night-
side flybys and from the atmospheric probe descending above Alpha Regio.
During flybys, the VISOR camera suite will allow nighttime imaging in three
near-IR bands within 0.93-1.03 um to constrain thermal emissivity from se-
lected regions that include tesserae (Alpha, Ovda). The emissivity data with
spatial resolution of ~70 km will be correlated with surface geology to con-
strain origin and composition on the targeted regions. Surface studies from
the entry probe with the Venus Descent Imager (VenDI) will begin at ~38 km
with ~1 pm imaging in two bandpasses. At lower altitudes, the ~1 pm and
broadband (0.74-1.04 um) imaging interleaves to produce band-ratio com-
posites. Only broadband imaging data will be obtained within 1.5 km of the
surface. Spatial resolution of the imaging is <200 m down to 1 m per pixel.
Band ratios will be used to evaluate types or surface materials: felsic and
mafic (e.g., basalts) rocks will be clearly distinguished. Image processing of
VenDI data obtained at altitudes <11 km will be used to constrain surface
topography with meter-scale vertical precision and with spatial resolution of
<10 m (<1 mat altitude <1.5 km above ground level). Overall, surface imaging
will advance our knowledge about composition and high-resolution topogra-
phy of tesserae materials and whether liquid water played a role in exogenic
and/or endogenic processes in Venus'’s history.

SUMMARY:

The DAVINCI mission will explore Venus’s atmosphere by analyzing its chem-
ical (CO,, N5, SO,, OCS, CO, H,S, H,S0q4, S, HCl) and stable isotopic (H, He, C,
O, Ne, S, Ar, Kr, Xe) composition from a descent probe down to the surface.
The surface will be investigated from flybys and with the atmospheric probe
through sub-cloud deck near-IR imaging. For the first time, these data will
provide high precision in situ information on the near surface atmosphere
and reveal high spatial resolution topography and thermal emissivity of tes-
sera. These data will constrain current physical-chemical processes in the
atmosphere and clouds, past and present atmosphere-surface interactions,
geological evolution, degassing history, fate of water, and formation of Venus.
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The purpose of the Venera-D mission is a comprehensive study of Venus,
its atmosphere, surface, and surrounding plasma, in order to advance the
answer to the questions of why is the sister planet Venus so different from
Earth, and what lessons can we learn from the understanding of process of
evolution of the climate of Venus as applied to the Earth climate. It also has
a lot to do with understanding a climate of the terrestrial planets of the Solar
System and Earth-like in size exoplanets (many of which are similar to Venus)
as well as with the problem of their possible habitability.

The main element of the Venera-D mission is a big Lander of the VEGA- type,
which contains the scientific payload to study the elemental and mineralogi-
cal composition of the surface and near subsurface (a few cm depth, by drill-
ing) materials, including radiogenic elements; 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, and the geology of the surface.

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

Lavochkin Association is working on the inclusion of a balloon with variable
altitude of floating (within 53—60 km), working up to three months. The pre-
liminary list of scientific payload includes GC, MTLAS, Meteo, Cameras (IR,
VIS and UV), UV-spectrometer etc. However, the final list of the instruments
is open for consultation and approval at the next stage — Phase B.

It is also proposed to use a gravitational maneuver. Its aim is to enlarge the
area available for selection as landing sites, extending it up to more than 80%
of the surface of Venus.

The Venera-D project, which is planned to be launch in 2029 is an important
addition to the “flotilla” of three missions (VERITAS, DAVINCHI, EnVision).
Indeed, the instruments on all four missions may be complemented to each
other. However, the Venera-D only possesses the additional capabilities for
measurements on the surface and the long-term measurements in the cloud
layer.

Venus is a difficult planet for understanding the processes and phenomena
occurring on it. Although the planet is closest to Earth, it remains the most
mysterious one in the solar system. A coordination of efforts and the syner-
gy between individual missions as well as between scientific instruments is
highly important.
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INTRODUCTION:

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.The Synthetic Aperture Radar (SAR) on Magellan mission
mapped ~98% of the surface of Venus in 1990s with a resolution of 90-150 m
in single polarization mode. However, due to its coarse resolution and single
polarization measurements, there are several gap areas in our understanding
of the geologic and resurfacing history of the planet [e.g., 1]. In this paper, we
present the scientific objectives and instrument specifications of a full-Pola-
rimetric Synthetic Aperture Radar (PolSAR) to map the surface of Venus with
ground resolution as high as 40 m, onboard a proposed Venus mission by the
Indian Space Research Organization (ISRO) [3]

SCIENCE OBJECTIVES:

The major scientific objectives of this PolSAR instrument are (i) To determine
the presence of active/recent volcanism on Venus (e.g., detection of active
volcanic hotspots, characterizing episodic volcanic events), (ii) To understand
the altitude-related surface composition anomalies (e.g., anomalous radar
properties from the Venusian highlands), (iii) Finer-scale geological mapping
and understanding the resurfacing history (e.g., buried features, high-reso-
lution mapping of selected targets), and (iv) To characterize impact related
features in greater detail (e.g., paucity of craters, parabolic ejecta, and melt
features)

SYSTEM DESIGN OF THE INSTRUMENT:

The design goals of sensitivity of -25 dB at incidence angle range of 30°-33°
were obtained by simulating angular response of backscattering coefficient
for Venusian surface model. The design of this SAR is carried out considering
both an elliptical orbit (200 km X 600 km) by performing trade-off studies
among parameters like power, frequency, noise equivalent sigma naught,
pulse repetition frequency (PRF), altitude, look angle, pulse width, swath,
and radar ambiguities. The presented PolSAR design also aims at deriving
some physical parameters of the Venusian near-surface by taking the advan-
tage of full polarimetry which provides data sufficient to measure the 2x2
complex scattering matrix of the backscattered field [e.g., 2]. Availability of
such polarimetric data products leads to the extraction of all information
available in the radar reflections, which complements the objectives of SAR
payloads proposed on contemporary missions.
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INTRODUCTION:

The exploration for the putative presence of life on our neighbouring planets
is in this last decade more intense and focused, performed through advanced
missions which employ a large array of sophisticated instrument payloads.
Sample return missions are now a way forward, both from planetary bodies
such as NASA’s Mars2020, but also from asteroids, such as the very successful
examples of Japan’s Hayabusa Il to asteroid Ryugu, and the mission OSIRIS-
REx to asteroid Bennu from USA.

The advantage that sample return missions provide is the analysis of the
samples with laboratory-grade instruments of high resolution and fidelity.
However, special curation is required for samples returned to Earth. But still,
instruments that operate in situ on the planetary and asteroid surfaces or
planetary atmospheres will still continue to be necessary not only because
we require a pre-examination of such samples, but mainly because possible
terrestrial contamination and thus alteration by the terrestrial environment
is avoided. This demonstrates the need to enhance our array of instruments
for in-situ analysis, and therefore to proceed to miniaturisation so as to re-
duce the payload.

Currently, the focus of instrumental payloads is to understand the natural
extraterrestrial environments and to search for possible biosignatures. Addi-
tionally, instruments allow for experimentation in simulated environments to
provide better understanding of processes in extreme or difficult to approach
space and planetary locations. Next Venus and Mars missions will profit from
the proposed instrumental setup.

ANALYTICAL INSTRUMENTS AND METHODS:

The main focus of instrument development is to characterise and identify
materials and their environmental conditions, and/or to simulate certain en-
vironments. Simulation of certain environments either provide information
for processes occurring in areas that are difficult to approach (and for which
only remote or simply theoretical data are available), or they are used to test
and calibrate new analytical instruments.

Instruments that are made to fly should be designed with miniaturisation
in mind. Instruments that are used for simulation can be large setups, ful-
ly monitored and automated. We will provide here some instrumental con-
cepts that we evaluate as the most appropriate to synergistically provide ad-
equate information for interpreting true biosignatures. We will also provide
an example of a simulation chamber, employing different instrumentation, to
perform atmospheric experiments without being affected by surface effects,
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i.e., from chamber walls. For both cases, we will describe methods to assist
in analysis and interpretation of the results.

Current missions employ payloads of instruments to perform analysis and
detect biosignatures. We will ignore here all the environment-related sen-
sors, or instruments that relate to measuring physical parameters, such as
seismographs or magnetometers, but we will focus on the instruments that
are made to detect signatures of extraterrestrial life or identify areas that
could have potentially harboured life in the past.

The OxR device

Organics, and therefore bio-organics, are potential biosignatures if they can
be preserved in the harsh extraterrestrial environments, such as those on
Mars or on Venus. The harshness of the environment is primarily brought on
by undesirable chemistry (e.g., acidic rain); due to extreme temperatures as
result of volcanic eruptions and by heating by impactors pounding the Earth;
due to energetic particles such as protons, electrons and alpha-rays as well
as electromagnetic radiation: UV-C, X- and gamma-rays; solar winds; and due
to mechanical friction between particles, i.e., during strong winds or micro-
meteorite impacts. These harsh conditions induce the formation of Reactive
Oxygen Species (ROS) [1], i.e., superoxide radicals, peroxides, and irradiated
perchlorates. These compounds are not only toxic to life (except in rare cas-
es that peroxides can be produced by some organisms), but they react with
organics destroying them, and as a result, any evidence becomes disputable.

We have proposed the OxR instrument which can detect the ROS superoxide
radicals (O,"), peroxides (037) and hydroxyl radicals ("OH) in extraterrestrial
soils, regoliths, and ices. OxR [2, 3] is a miniaturised microfluidic instrument
that can be constructed as a ‘lab on a small platform’, a few centimetres of
size. It is designed to integrate a sample chamber with exchangeable soil sam-
ples, a fluid circulation system to wet the sample and enable necessary cat-
alytic reactions involving the release of gaseous O, from 0,"~ and 037, a very
sensitive oxygen sensor to measure them, and a small spectrofluorometer to
detect "OH. Briefly, soils that contain O," and O%’ react with the water of the
OxR instrument’s reagent and release O, and H,0,. The latter, and any exist-
ing H,0, (or formed by other means) are catalysed on the surface of a MnO,
to release again O,, the two-step production of which is then measured
by a sensitive oxygen sensor and converted to O,"” and O3~ concentration.
The water-based solution that wets the soils contains terephthalate, which
specifically reacts with *OH to form the specific fluorescent 2-hydroxy-tere-
phthalate, the fluorescence of which is measured by a miniaturised spec-
trofluorometer. A large-scale prototype of this device can produce gaseous
oxygen in volumes that can be considered as a significant ISRU resource for
oxygen production, i.e., on the Moon or Mars. The generated oxygen can
then be used by astronauts for respiration during their stay, or as a propul-
sion fuel. This instrument is currently under construction and will be tested
on various laboratory made soils (simulants).

The use of OxR will allow to identify soils that do not contain ROS, known to
oxidise almost all organic molecules (including those of Earth’s life), therefore
any putative life or biosignatures are still preserved and can be detected.
ROS can also form in the atmosphere on atmospheric aerosols and particles
by photochemical and heterogeneous reactions and can be measured [4].
Venusian atmosphere and clouds, for example, could be easily evaluated for
their ROS-based toxicity to life with such a miniaturised device. An explora-
tion concept would be the consequent release of multiple OxR monolithic
microfluidic devices to measure ROS concentration at different altitudes.

When ROS are not identified in planetary targets of interest, the secure de-
tection on them of any existing biosignatures requires analytical techniques
that can identify the molecular composition and the structure of the biocom-
ponents. From all available techniques, we identify two that can effectively
perform this task by providing rich information and distinguishing identifica-
tion characteristics. These are mass and Raman spectrometry.
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MEMS-based, miniaturised mass spectrometers

Mass spectrometry is based on the ionisation of atoms and molecules, usu-
ally singly charged, their acceleration with an electric potential, and their
separation by a mass analyser which usually is a magnetic analyser, a Time-
of-Flight (ToF) analyser, a quadrupole, or an orbitrap. The ionisation of the
samples chemical or molecular components can be performed thermally, by
bombardment with electron or ion beams, or by laser desorption by the use
of intense pulsed lasers, such as Nd:YAG lasers. Detection is performed by
special detectors that allow the release of the charge of the secondary ions,
which is measured as current. Mass spectrometers are large lab-scale instru-
ments, however relatively small instruments are already employed as pay-
load to detect organics on comets (i.e., the COSIMA instrument aboard ESA’s
Rosetta mission) [5] or now the MOMA instrument [6] aboard the Rosalind
Franklin rover, a payload mass spectrometer ready to fly to Mars by ESA’s
ExoMars mission. These instruments are small but further miniaturisation is
required.

Recently, there is interest to develop MEMS-based mass spectrometers [7].
Currently, such systems can have limited mass resolution and abundance sen-
sitivity but there is the potential to be improved with special designs. Mass
spectrometers can detect elements and their isotopes, as well as low-mass
or large-mass molecules. ToF, ion trap, and orbitrap analysers can detect the
full series of elements and isotopes, starting from hydrogen through to a few
tenths of thousands of atomic mass units (amu or Daltons) in very short time
periods. Methodologies to distinguish different populations of molecular
species that are represented as peaks of certain masses, can include the in-
terpretation and plotting of all fragments of molecules, i.e., of hydrocarbons,
which group in visibly distinct distributions or patterns, or similarly with com-
putational techniques such as machine learning and artificial intelligence
(ML/AI) methods. We have deployed the first method (visual plots) as the
most secure one, since interpretation is based on a rich database of molec-
ular fragments, as well as atoms and their isotopes. We have implemented
this method in a sophisticated software that contains data mining tools, gen-
eralisation tools, mass calculators, formula parsers, and ion image processing
tools since ToF instruments, when combined with an ion ionisation source as
primary beam, can provide ion images with ultra-high spatial resolution in
2D and 3D (scanning mode). Mass spectrometry techniques therefore pro-
vide spatial distribution of chemical, isotopic and molecular information, and
constitute strong interpretation tools. Therefore, mass spectrometers are al-
most in any mission, and miniaturised versions will enable wider information
acquisition with less resources (payload volume, energy consumption, etc.).

Raman in an optical fibre

Raman is a technique that provides easily interpreted structural information
of most molecules and crystals. A laser irradiates the sample and Raman scat-
tering returns information on the strength of the chemical bonds that consti-
tute the molecules or crystals (single or mixed phases) while symmetry infor-
mation can be also extracted allowing interpretations on the 3D structure of
the phase. Presently, Raman instruments have already been miniaturised to
some degree (i.e., handheld devices) but further miniaturisation would be of
greater value, assisting better integration.

We propose the fabrication of a “Raman in a fibre” instrument, where the
irradiation laser and the gratings and sensors, as well as the control electron-
ics, are integrated on a single optical fibre. Each fibre will allow the identi-
fication of a few substances, but a bundle of fibres in an array can perform
imaging, allowing the formation of spatial distribution maps of phases, i.e.,
mineral grains in a powder spread on the surface of the instrument. A surface
with many Raman fibres can easier collect aerosols, gas condensates, and
particles to perform their analysis.

Technological advances in micro and nanofabrication [8] can produce such a
device, i.e., with the use of laser machining through the cladding of a multi-
mode fibre and towards its core to install gratings, or simply the inscribing of
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gratings on the periphery of the fibre to trap certain wavelengths outside the
fibre and measure them with attached sensors. Fibre lasers having an active
gain medium inside their core can be exploited [9], with certain advantages if
photonic crystal optical fibre technologies are combined.

Currently, such as system is not available, but if manufactured, its potential
for space or terrestrial applications would be immerse, i.e., as a sensor for
specific types of chemicals or minerals, integrated into instruments such as
robotic arms, or in a production line, or even inside conservation chambers
of foods or chemicals. Ultra-miniaturised portable devices can have addition-
al applications, i.e., in forensics.

The Atmospheric Chemistry Chamber (ace)”

The ACC is a large experiment chamber constructed of 316-stainless steel.
The chamber needs to be one metre in diameter in order to eliminate surface
chemistry. It can be used for carrying out astrochemical experiments on the
simulated atmospheres of distance exoplanets, as well as the atmospheres of
Venus, Mars and Titan (one of Saturn’s moons). The same chamber can also
be used for the investigation and study of greenhouse gases. The pressure
attained in the chamber can range from as low as a few millibars through
to many atmospheres, depending on the particular experiments. The effect
of both UV-light and electron radiation (with the possibility of extending to
also include proton radiation) can be studied on various mixtures of gases. In
addition, materials (e.g., droplets) can be suspended in the chamber’s centre
(levitation experiments) for irradiation with the relevant radiation. For mea-
suring real-time results both FTIR, Raman, and ToF-MS can be used.

CONCLUSIONS:

The combination of instruments proposed here is, in our opinion, the ultimate
setup for searching for life on Mars and Venus. The OxR device can identify
whether ROS exist or not and decide if further characterisation is necessary
in a certain area. The Atmospheric Chemistry Chamber can replicate reac-
tions in order to understand formation processes of molecules, or test and
calibrate the above instruments. Together with the necessary instruments to
perform optical inspection (i.e., optical microscopes and cameras) to perform
targeted sampling prior to analysis, the proposed set of instruments can pro-
vide chemical analysis as well as structural molecular information. Structural
information is important to allow easy and secure identification of organics
and formation processes.

Miniaturisation of instruments is paramount in order to allow multiple spa-
tially distributed systems to expand on the surfaces of planets, or in volume
in the planetary atmospheres (i.e., using balloons in Venus), and work in par-
allel or on different tasks. This concept has never been tried, although it can
certainly reduce mission costs and operational risks.

A communications and information acquisition and processing backbone can
automate exploration significantly in such harsh environments, and they are
very appropriate to explore the atmosphere of Venus.

" The research work performed on the OxR device is done at the National Technical
University of Athens and University of Patras under a programme of, and fund-
ed by, the European Space Agency (contract number 4000136482/21/NL/GLC/ov).
However, the views expressed herein can in no way be taken to reflect the official
opinion of the European Space Agency and are not intended to endorse particular
technologies, companies, or products.

The ACC experimental setup is under design and is funded by Dr. Sohan Jheeta.
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The Venera-D mission is intended to study Venus physical characteristics by
scientific instruments installed on board of a spacecraft to be sent to Venus
in 2029. The spacecraft will consist of two parts: the transfer and the Venus
atmosphere modules. The first one fulfills all functions necessary to fly from
the initial point of trajectory near the Earth after separation from the upper
stage of the launcher to the point near Venus where the reentry module is
detached and begins its own flight along the atmosphere entry trajectory.
After that the transfer module fulfills series of maneuvers using a rocket en-
gine and becomes a near Venus orbital satellite moving along a high elliptical
orbit. After deceleration by atmospheric drag to the planned value of velocity
the reentry module continues its motion with the use of parachutes. At the
conclusion phase it is separated onto two parts: an atmospheric inflatable
balloon and a lander. After this the lander lands onto planned site on the
surface and its instruments fulfill the program of studying the Venus soil and
atmosphere in the close proximity which is to last no more than 3 hours. The
balloon after some descending increases its altitude to 60 km at the clouds
layer in order to explore this area during several months.

For the lander the main goal for the mission scenario is to guarantee reaching
any planned area of the Venus surface at the phase of the mission planning.
In the earlier published papers, we have shown that this task is doable by
the use of gravity assist maneuver near Venus during its first flyby when the
spacecraft is transferred onto a resonant orbit with respect to Venus orbital
motion. And mentioned above operations are executed after the spacecraft
moving along the resonant orbit returns to Venus.

The main difficulties are generated by the necessity to satisfy demands to
land the landing module in the prescribed place and simultaneously to put
the orbiter on the orbit with the required period as well as other character-
istics such as visibility between the lander and the orbiter during operations
of landing, some minimum time of ballistic life of the orbiter and other flight
dynamics characteristics requirements.

So, our mission design shows the example of compromising multipurpose
requirements by the use of some new approaches for the scenario of mission
development.
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INTRODUCTION:

The former exploration of the Venus by multiple missions gave general un-
derstanding of composition and pressure/temperature parameters of the
atmosphere, atmospheric superrotation, structure of cloud layer, geological
specifics of the surface, and preliminary surface chemical composition. Nev-
ertheless, there are still a number of open scientific questions. Joint Science
Definition Team (JSDT) was established about a decade ago by Roscosmos
and NASA to identify science goals and Venera-D mission architecture op-
tions with enabling instrumentation for potential joint collaboration. Despite
the present situation with sanctions and cancelation of cooperation, conclu-
sions of the JSDT became the base of national Venera-D mission.

THE LANDER:
Advantage of Venera-D mission is the use of a Lander capable to perform
direct analyses in the atmosphere down to the surface and about two hours
at the surface.

Scientific goals of the Lander are:

e Perform chemical analysis of the surface material and study the elemental
composition of the surface, including radiogenic elements;

e Study of interaction between the surface and atmosphere;

¢ Investigate the structure and chemical composition of the atmosphere
down to the surface, including abundances and isotopic ratios of the trace
and noble gases;

e Perform direct chemical analysis of the cloud aerosols;
e Characterize the geology of local landforms at different scales;
e Search for volcanic and seismic activity and search for lightning.

Capability to answer open questions will depend on the list of scientific pay-
load of the Lander and on sensitivity and resolution of selected scientific in-
strumentation.
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INTRODUCTION:

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

EXPERIMENT ENVIRONMENT AND METHOD OF MEASUREMENT:

An active phase of the experiment ISCRA-V [4, 5] will start up when a protec-
tive shield of the lander be dropped off at an altitude of nearly 70 km and will
be continued during its decent until touching down the surface of Venus, and
afterwards near the surface at the landing zone during the lander lifetime.

Multichannel laser absorption spectrometer (MLAS) is the core of the IS-
CRA-V instrument. The sequential operation of diode and quantum cascade
lasers will make possible fine study of the ambient atmosphere composition.
Probing laser beams will be coupled into a multipass optical cell analytical
volume, filled in by a portion of the surrounding atmosphere, rarefied down
to the work pressure of 20 mbar. Measurements are currently planned for
a number of molecules and of several isotopologues (an example of model
calculation is shown in Fig. 1):

©50,,COs HyO oo at 7280 nm;
» OCS and 3%s/3%s, CO, COy . . . ... .. at 4823 nm;
eHCland¥CI>Cl. .o at 3397 nm;

* CO, and 3¢c/*c, **0/Y0/%0 .. ..at 2808 nm.

Multipass optical scheme of the MLAS concept is shown in Fig. 2. Collimated
output beams of cascade lasers will be aligned into same trajectory, entering
Herriot type mutipass cell at large radial input point distance from the cell
center and passing over 15 m through the cell analytical volume with many
reflections from the cell edge concave metallized mirrors. Output beam of
a diode laser will enter the cell near its axis and will be aligned at short-
er needed optical path of 1 m. MCT photodiode modules will detect laser
beams as they pass through the cell volume. Same edge for optical input and
output option will help for compactness of the 4-laser scheme.

Accuracy and precision of measurements are preliminary estimated to be at
sub-percent level for retrieving of molecular concentrations and at percent
level for isotopic ratios, in agreement with expected spectral peaks depth
values of one percent to several percent and more for selected molecular ab-
sorption lines. Actual data error values will be estimated experimentally and
might be reduced substantially in the case of efficient suppression of scat-
tered light, which causes interference and fringing of highly monochromatic
laser beams, giving main contribution to output signal noise and calculation
errors.
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Fig. 1. Example of simulated spectral transmission for sampled atmosphere of Venus
at the 7280 nm spectral region. The gas mix model total pressure is 20 mbar, tempera-
ture —300 K, effective optical path — 15 m, and targeted gas components content: CO,
96 %, SO, 10 ppm, H,0 30 ppm

Gas sampling system will take a portion of the ambient atmosphere, being in-
jected by outside high pressure, will rarefy and insert it into the analytical cell
volume and, after measurement, will rapidly pump it out in a ballast volume,
setting 3—5 minutes of time for one complete measurement cycle. Sampling
technique becomes challenging at low heights and near the surface of Venus,
where the atmosphere main gas CO, approaches to and reaches its supercrit-
ical state under high values of its pressure and temperature.

General technological challenge is minimization of size, mass, power
con-sumption, and other resource parameters of the ISCRA-V instrument,
working under large variations of ambient gas pressure and temperature
at the gas inlet and under expected wide variations of local temperature at
the ISCRA-V mounting board, which may alter up by several tens of degrees
during the experiment active time. Stability of opto-mechanical modules, re-
liability and rapidness of gas sampling should be provided by selection of
original technologies and use of low thermal expansion materials, such as
invar alloy and sitall ceramic, despite if they are hard ones for processing.

with sampled
gas mix /

ICL 3397 nm
ICL 4823 nm

' QCL7280nm
MCT 3 um dilL MCT 8 um
DL 2808 nm

Fig. 2. An illustration of the ISCRA-V optical multipass sensor layout
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SO, MEASUREMENTS IN THE CLOUD LAYERS:

The Venera-D lander at its descent will rapidly pass through the cloud layers
of the atmosphere of Venus, leaving time for not more than two complete
measurements of the ISCRA-V in the clouds. However, studies of gas mixing,
phase transitions, chemical reactions, etc. in the cloud layers are of particular
interest for the Venera-D mission. An optional atmospheric balloon probe
module could be included into the mission for carrying out measurements
in low and medium cloud levels, at heights from 53 to 60 km during several
weeks of its work.

A simplified version of the ISCRA-V instrument could be proposed for mea-
surement of molecular content variations in the clouds of Venus on board of
such an atmospheric balloon-carried module. For example, leaving only one
laser channel of measurements at 7280 nm spectral region (see Fig. 1) and
adapting the gas sampling system to nearly “normal” pressure and tempera-
ture of the ambient atmosphere, it should be possible to monitor SO, content
variations by a kind of a Laser Atmospheric Spectrometer (LAS) instrument
with its high sensitivity to SO, and with its radically reduced mass and other
resource requirements. In this case, carrying out regular measurements over
a long time of time will help to obtain statistically accurate data and a spatial
mapping of measured molecular content variations in accordance with the
actual trajectory of the atmospheric module flight.
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INTRODUCTION:

In this paper, we describe a scientific concept of the VIRAL experiment (Venus
InfraRed Atmospheric Linker), devoted to studing the composition and struc-
ture of Venus atmosphere at the top and above the cloud layer, on board the
Venus Orbiter Mission announced by the Indian Space Research Organization
(ISRO). VIRAL includes two infrared channels: an echelle spectrometer [1]
and an ultra-high resolution heterodyne interferometer [2]. The instrument
is designed to perform solar occultation measurements, providing an optimal
photon yield combined with a superior spectral resolving power that exceeds
20 000. The high vertical resolution (with a footprint of about 1 km at the
limb) allows the detailed altitude profiling of the Venusian upper atmosphere
with its composition and structure.

VIRAL will provide the profiling of both the major and minor species that exist
in Venus’ upper atmosphere, altitudes from 65 to 150 km. The list of com-
ponents in the infrared wavelength range (2.2—4.2 um) includes CO, and its
main isotopes (with related retrievals of the atmospheric temperature), H,O
and HDO (related to the evolution of water on Venus [3], CO, SO, [4]) HCI, HF,
as well as H,SO,4 droplets and aerosols. An optimized sensitivity will allow for
the establishment ofrefined upper limits or new detections for a number of
trace gases, such as H,CO, OCS, C,H,, H,S, and possibly phosphine. Due to the
mission orbital peculiarity, VIRAL will cover the middle and near-equatorial
latitudes. This will complement and improve the results of analogous exper-
iment on board Venus Express orbiter operated in 2006-2014, which sound-
ed mostly near the Northern Pole [5]. The VIRAL results will increase also our
knowledge about the gaseous species variability and about the structure and
dynamics of Venus upper atmosphere.
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INTRODUCTION:

Radiative damping in the Venus’s atmosphere at altitudes above ~65 km is
the main process of internal wave dissipation having vertical wavelength
<4 km, and this approach was used by Hinson and Jenkins [1] earlier for the
wave analysis of the Magellan radio occultation (RO) temperature and sig-
nal intensity data. We used parameters of the temperature variation at alti-
tude of ~65 km from Magellan profiles, remaining after high-pass filtering for
wavelengths <4 km by Hinson and Jenkins, as the input data for our reanaly-
sis of internal waves in the Venus’s atmosphere. Internal gravity wave (IGW)
characteristics in the atmosphere were inferred from the radio occultation
measurements, collected on 5-6 October 1991 during three successive or-
bits (orbit numbers 3212—-3214) of the Magellan spacecraft [1]. The results
obtained by two independent methods are presented, compared, and dis-
cussed in this work.

ANALYSIS OF THE MAGELLAN RO TEMPERATURE DATA BY USING

THE SATURATED WAVE ASSUMPTION (SWA-METHOD):

The estimate of intrinsic wave frequency by Hinson and Jenkins [1] (HJ-paper)
is based on the assumption that the observed attenuation of wave amplitude
at altitudes above ~65 km is due to radiative damping. With this aim, they
analyzed the attenuation of vertical temperature oscillations in the three Ma-
gellan profiles at the full altitude range from ~65 to ~90 km.

Our SWA-method uses parameters of local temperature anomaly at altitude
of ~65 km only which is connected with the monochromatic IGW. They are
the amplitude of temperature perturbation | T |=4 K, its vertical wavelength
[A;|=21/|m|=2.5 km, the background absolute temperature Tj, = 230 K, the
normalized amplitude of temperature perturbation |7/|=|T"/T,|=17-10"
and the background buoyancy (Brunt-Vaisala) frequency N, =0.021 rad/s.
These experimental values were determined by Hinson and Jenkins [1] from
temperature data and they are represented in table 1 (upper part) as input
RO data for our reanalysis. Based on the above indicated values and equa-
tion (12) of the work [2], the values of relative wave amplitude a. and other
IGW parameters were reconstructed. Thus, our local estimates don’t require
temperature analysis in the full altitude range. Using equation (12) of the
work [2] and indicated data about vertical wavelength, background buoyancy
frequency, gravity acceleration, normalized amplitude of temperature per-
turbations, we have determined the relative wave amplitude a, = 0.83. This
value satisfies the IGW identification criterion (a, < 1) and wave-like tempera-
ture fluctuations in Magellan RO data may be considered as wave induced.
Based on HJ-paper [1] results about wind velocity perturbation amplitude
|u’|and intrinsic horizontal phase speed, we have also calculated relative
wave amplitude ~0.82. The key ratio f/w was determined with the aid of fol-
lowing equation:

f 2J1-a 2/1-a,/d, (1)
w 2-a  2-a/d,

Assuming that the wave saturation degree d. = 1 = 100 % (saturated wave
assumption), we have found from (1) that the ratio f/w is equal to ~0.69.
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Using value |f|=2.7-107° rad/s at 67° N latitude, we have determined the
intrinsic frequency w = 3.9:10° rad/s and intrinsic wave period t"=44.8 hrs =
= 1.9 days. The last value is ~5 times greater than the wave period ~9 hrs
inferred in HJ-paper [1]. In the table 1 we have shown internal wave char-
acteristics which were computed from the Magellan RO temperature data
using SWA-method.

Comparison our results with the data found in HJ-paper [1] shows dra-
matic differences. So, our estimate of intrinsic horizontal phase speed |c,
(~11.8 m/s) and wave amplitude of wind speed perturbations |u’| (~9.9 m/s)
are 1.4 more than corresponding estimates ~8.5 m/s and ~7.0 m/s inferred
in [1]. We see that these estimates |cp|and |u’| found by two independent
techniques differ from each other by ~28 and ~29 % respectively. The value
of horizontal wavelength obtained by SWA-method (~1895 km) is ~7 times
greater than corresponding value ~270 km found by Hinson and Jenkins [1].
One of the reasons for observed differences is possible uncertainties for
methods used. Hinson and Jenkins declare that probably uncertainty of their
method is of ~50 % [1, p. 322].

Taking into account the results obtained in the works [3-5], we consider that
following two assumptions given in HJ-paper [1, p. 319, left column] may be
reasons of significant systematic uncertainties:

1. “The wave amplitude is not sufficient to cause convective instability, an
alternative damping mechanism.”

2. “Similarly, wind-shear instability is not likely to be the cause of the ob-
served attenuation, since the wave amplitude appears to be insufficient
to trigger this effect.”

In addition, authors of Hl-paper [1, p. 320, right column] used a simpli-
fied dispersion equation for IGWs with intermediate intrinsic frequencies:
Np >> w >> f, which excludes low-frequency internal waves in advance.

For reanalysis Magellan RO temperature data we use the saturated wave
assumption and in our SWA-method. Sometimes, this assumption does not
hold, thus leading to some systematic errors in the SWA-method application
and aliasing of reconstructed wave characteristics [6]. Let us consider error
estimates connected with the fact that the exact value of threshold amplitude
a may be differ from relative wave amplitude a.. We assume a fully saturated
wave d. = a = 0.83, but in the common case a threshold amplitude a may be
arbitrary obeying inequality 1 > a > a,. So, the possible values of saturation
degree are in the interval 1 > d, > a,, or 83 < d, < 100 %. Simultaneous ra-
diosonde studies of temperature and wind speed show that saturated IGWs
are observed in most cases; however, exceptions are also possible [6]. We
adopt a reasonable deviation of ~10 % for the a.- and a-values. Points A and
B in figure 1 indicate our obtained results and 10 % deviation: A (f/w = 0.69;
d. =0.83) and B (f/w = 0.54; a = 0.91). The value f/w = 0.54 was calculated
with aid of equation (1) using a = 0.91. So, we see that relative uncertainty for
f/w is equal of ~22 %. We have found other mternal wave characteristics for
given case B. Their magnitudes are: w = 5.0- 10 rad/s (~28 %); T" = 34.9 hrs
(~22 %); |caml =9.9 m/s (~16%), |kp|= 0.5 10 m™* (%52 %); A = 1260 km
(~34 %); |u'|=9.0 m/s (~9 %) [V'|=4.9 m/s (~28%); |w'|=1.8-10" m/s
(~39 %). The relative errors for these parameters are shown in brackets. We
see that a deviation of ~10 % for the ae- and a-values leads to relative uncer-
tainties from ~9 % to ~52 % for the reconstructed IGW characteristics.

Thus, the observed great differences between wave parameters reconstruct-
ed by two independent methods may be connected with erroneous assump-
tions and significant systematic uncertainties for methods used. There is a
simple possible explanation allowing reconciling the results obtained by two
independent techniques. The data obtained in work [1] can indicate that an
analyzed internal wave is unsaturated. The values of the threshold ampli-
tude a and saturation degree d, calculated on the basis of the data from [1],
are ~0.99 and ~83 %, respectively. If the errors of the method allow these
estimates to be considered reliable, the assumption about the saturation of
the internal wave amplitude may not be fulfilled. In this case, the correction
(de = 0.83 = 83 %) in equation (1) makes it possible to reconcile the results
obtained by two independent methods.



13MS3-VN-17
ORAL

Table 1. Internal gravity wave characteristics in the Venus’s atmosphere inferred by
two independent methods from the radio occultation temperature data collected on

5-6 October 1991 during three successive orbits (orbit numbers 3212-3214) of the
Magellan spacecraft

Input radio occultation data taken from HJ-paper [1] for analysis

Solar zenith angle (SZA) 109°
Local true solar time (LTST) 22h05m
Latitude, ¢ 67°N
Longitude 127°E
(Venus’s r':gilttjl;(:ll?i’SGOSZ km) 257 km
Acceleration of gravity', g 8.7 m/s?
Angular rotation rate of the atmosphere, Q -1.5-10 rad/s (westward)
Coriolis parameter, |f|=]2Q-sing| 2.7-107 rad/s (at 67° N latitude)
Inertial period, tr= 21 /|f| ~64.6 hrs = 2.7 days (at 67° N latitude)
Background absolute temperaturel'*, Tp ~230 K
Background buoyancy frequency” *, Nyp ~2.13-107 rad/s
Vertical wavelength?, |A;| = 2r /| m| 2.5km
Vertical wave numbe?, |m| ~2.5:10%m™

Amplitude of temperature
perturbations?, | 7’| 40K

Normalized amplitude of temperature N 3
perturbations® ", 7| =IT"/T,| 17.4-10

Internal wave characteristics found by two independent methods

) ~0.83 (our results)
Relative wave amplitude?, |a,_,|5|u'|/|c;,"h 0.82 (was calculated by us

for HJ-paper results)

Intrinsic wave frequency’, w _;3.9-10‘5 rad/s (our results)
¢ 2:107" rad/s (parameter ¢ in HJ-paper)

e s 1 _in_ ~44.8 hrs = 1.9 days (our results)
Intrinsic wave period”, " = 2n /w ~9 hrs (value 2t/o in HJ-paper)

. ~0.69 (our results)
Ratio f/w ~0.14 (value f/o in HJ-paper)

~11.8 m/s (our results)

Intrinsic horizontal phase speed?,

[con |=w/ | k| 8.5 m/s (value N/m in Hl-paper)
) ~0.33-10 m™ (our results)
Horizontal wave number?, |k, |=w/|c/n ~2.33-10° m™ (was calculated from
HJ-paper)

~1895 km (our results)

Horizontal wavelengthl, Ap =21 Jkp 270 km (“meridional” wavelength in

HJ-paper)
Amplitude of wind speed perturbations ~9.9 m/s (our results)
along the horizontal propagation vector, 7.0 m/s (“meridional” amplitude in
lul=aclcy | HJ-paper)
Amplitude of speed perturbations ~6.8 m/s (our results)

transverse to the horizontal propagation

0.7 m/s (“zonal” speed amplitude in
vector, |V |=f/w|v’|

HJ-paper)
. . . ~1.3 102 m/s (our results)
Amplitude of vertical wind speed . . .
perturbations, |w' | =A, /As |/ | 0.07 m/s (verthcjzi\lpsa%eei;:l amplitude in

L At 65 km altitude;
" was calculated by us using data of HJ-paper [1]
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Fig. 1. Normalized wave amplitude (threshold amplitude) a required for shear wind
instability (Ri < 1/4) as a function f/w. The wave amplitude (a = 1) required for con-
vective instability is shown by a dashed line. This plot was built by using formula (7)
from the work [2]
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INTRODUCTION:
Here we present our last publication in Journal of Geophysical Research:
Planets [1].

More than 250 000 wind vectors in the Southern hemisphere were derived
from the VMC VIS image pairs using automated correlation procedure.
The observations covered almost entire Venus Express lifetime (eight Ve-
nus years).

The VMC VIS channel (513 nm) sounded the lower part of the upper cloud
(60£3 km) located between the layers at 70+2 km (cloud top) and 55+2 km
(middle cloud) probed by two other VMC channels: UV (365 nm) and near-
IR (965 nm) correspondingly. Effective altitudes of the layers depend on the
cloud structure and vary with space (especially, latitude) and time.

The mean VIS zonal wind speed gradually decreases with latitude from about
-85 m/s close to the equator to -35 m/s at 802 S.

We found acceleration of the mean zonal wind at 30+5° S over 5 years (8 Ve-
nusian years) by 18.5 m/s (Fig. 1a, green line).
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Fig. 1. Long-term variations of the mean zonal velocity at latitude 30+5° S: a) UV
(blue), VIS (green) and near-IR (red) winds. The error bars correspond to standard de-
viations o; b) the difference between mean zonal velocities derived from the UV and
VIS channels. The numbers indicate the data sets. The error bars correspond to 99.6 %
confidence interval (30y),shaded areas correspond to the standard deviations o

The meridional wind derived from the VIS images has equatorward direction
in the entire Southern hemisphere. The mean meridional wind speed peaks
at ~10° S with +9.4+1.3 m/s (o = 7.0 m/s) value and then gradually decreas-
es to +1.1+0.1 m/s (o = 7.4 m/s) at 50-55° S. Further towards the pole, the
meridional component increases to +2+0.2 m/s (o = 5.5 m/s). The VMC day
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observations alone do not allow to conclude whether these motions indicate
a thermal tide or a branch of a Hadley cell. However, comparisons with night
observations as well as general circulation modelling suggest that the latter
case is likely in the deep cloud.

Variations of the zonal and meridional wind components correlated with
both local time and surface topography are observed in the cloud layer. Both
zonal and meridional components have daytime maxima at low latitudes
(~15°S) at 14-15 h local time.
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Fig. 2. Mean latitudinal profiles of the zonal and meridional winds derived for the
“slow” (a) and “fast” (b) sub-sets. Error bars correspond to 99.6 % (305)) confidence
interval; colored shaded areas correspond to the standard deviations o.

The latitudinal profiles of the zonal wind derived from the VIS images usually
fall between those measured in UV and near-IR channels. In extreme cases
they can be quite close either to UV or to near-IR wind profiles (Fig. 2). We
think it would be more natural to expect VIS and near-IR wind profiles to
be close since these channels sound approximately the same altitude due
to similarity of the optical properties from visible through near-IR. Similarity
of the VIS and UV winds is likely due to that in some cases both VMC chan-
nels “see” similar cloud features. This could, for instance, result from the UV
absorption extending to the visible spectral range or presence of additional
absorbers at the cloud top.

We found a tentative evidence for quasiperiodic long-term variations in the
difference between the mean zonal wind speeds derived from the UV and VIS
channels with a period of about 3 Venusian years and amplitude of 5-6 m/s
(Fig. 1b). These quasiperiodic variations may be due to the degree of “visibil-
ity” of identical structures in the UV and VIS channels.
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INTRODUCTION:

UV (365 nm) images obtained by Venus Monitoring Camera (VMC/Venus
Express) from 2006 to 2013 and by Ultraviolet Imager (UVI/Akatsuki) from
December 2015 to August 2020 were used to study the mesosphere dynam-
ics. Wind vectors obtained by processing 528 orbits of VMC and 86 orbits of
UVI were derived by the digital tracking technique [1, 2]. We have studied
changes in the longitudinal dependence of the zonal speed at the cloud top
(70£2 km) in equatorial latitudes for limited time intervals of Venus Express
and Akatsuki missions. Since the longitudinal position of the zonal speed
minimum varies depending on local time, and the zonal speed minimum is
observed at noon [3], studies were carried out for 11:00—13:00 local time (LT)
interval for both missions.
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Fig. 1. Variations of the mean zonal wind speed at 202+2.59S over the mission time
(X axis — Julian Date) from 11:00 to 13:00 LT. Every point is the result of averaging over
the Venusian year (224.7 days) in latitude band 20+2.5° S. Blue circles show zonal
wind averaged through the Venusian year derived from VMC images, green circles are
the same for UVI. Red square shows zonal wind averaged by using only two days of
observation (2015.12.07-08). Error bars correspond to standard deviation o.

RESULTS:

The VMC registered in 2006—2013 the increase of the mean zonal wind speed
from 85 to 115 m/s in equatorial latitudes [1]. Figure 1 shows the zonal speed
variations at 20° S, from 2006 to 2020. The trend obtained from the VMC
data (2006-2014) shows the increase in the average zonal speed from 82 to
112 m/s by 2013. The results obtained from UVI images from the end of 2015
to 2020 manifest a downward trend of the mean zonal wind speed (from 95
to 84 m/s), opposite to the upward trend obtained from VMC images before
2013.

The study of the longitudinal dependence of the zonal speed on a set of lim-
ited trend intervals makes it possible to trace the evolution of the minimum
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over Aphrodite Terra over time. Figure 2(a—f) shows how, as the mean zonal
speed increases during the VMC/Venus Express mission, the minimum of the
mean zonal speed over Aphrodite Terra transforms into a maximum. Con-
versely, as the mean zonal speed decreases (UVI/Akatsuki), the relative max-
imum observed over Aphrodite gradually transforms into a zonal speed min-
imum (Fig. 2(g—j)), which is then smoothed out (Fig. 2k) and, forming again,
shifts in the direction of superrotation.
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Fig. 2. Dependences of the zonal speed (black lines) on longitude in the upward part
of trend (VMC) averaged for 6 Venus years: 01-06 (a), 03—-08 (b), 05-10 (c), 06—-11 (d),
07-12 (e), 08-13 (f). Dependences of the zonal speed (black lines) on longitude in
the downward part of trend (UVI) averaged for 3 Venus years: 01-03 (j), 02—04 (h),
03-05 (i), 04—-06 (j), 05—07 (k), 06—08 (/). Zonal speed is averaged in 10-deg latitude
band above the highest region of Aphrodite Terra (from 5 to 15° S) in local time inter-
val from 11:00 to 13:00 hours. The red line (all panels) shows the mean surface topog-
raphy at the same latitude band. The error bars correspond to the 99.6 % confidence
interval (3o5). Grey shaded are as correspond to the standard deviations o. Horizontal
coordinate corresponds to 1.5 longitudinal period (540°) for better presentation
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According to Fig. 2, the zonal speed maximum above Aphrodite Terra is ob-
served for the first time when the results, including ones corresponding to
the 11th Venusian year of the upward part of the trend (VMC), are averaged
(Fig. 2d). At the beginning of the downward part of the trend (UVI), a relative
maximum above Aphrodite Terra is observed only on the curve containing
measurements corresponding to the 1st Venusian year (Fig. 2g). Thus, we
can assume a change in the dynamics of the atmosphere of Venus from 2012
to 2015. The smoothing of the minimum (Fig. 2k), when the influence of the
surface on the zonal velocity is not visible, and the subsequent appearance
of the minimum, as well as its displacement (Fig. 21), suggests some changes
in atmospheric dynamics that require further study.

CONCLUSION:

The monotonous increase of the mean zonal speed at equatorial latitudes
from 82 to 112 m/s during 2006—2013 changed to its gradual decrease down
to 84 m/s in 2020. Change in the dynamics of the Venus atmosphere was
observed from 2012 to 2015 and corresponds to high mean zonal speed in
the trend.

REFERENCES:

[1] Khatuntsev LV., Patsaeva M.V., Titov D.V,, Ignatiev N.l., Turin AV., Limaye S.S.
et al. Cloud level winds from the Venus Express Monitoring Camera imag-
ing // lcarus. 2013. V. 226. No. 1. P. 140-158. https://doi.org/10.1016/].
icarus.2013.05.018.

[2] Patsaeva M.V., Khatuntsev LV., Patsaev D.V., Titov D.V., Ignatiev N.l., Mark-
iewicz W.J., Rodin A.V. The relationship between mesoscale circulation and cloud
morphology at the upper cloud level of Venus from VMC/Venus Express // Plan-
etary and Space Science. 2015. V. 113-114. No. 08. P. 100-108. https://doi.
org/10.1016/j.pss.2015.01.013.

[3] Patsaeva M.V, Khatuntsev LV., Zasova L\V., Hauchecorne A., Titov D.V.,, Ber-
taux J.-L. Solar Related Variations of the Cloud Top Circulation Above Aphrodite
Terra from VMC/Venus Express Wind Fields // J. Geophysical Research: Plan-
ets. 2019. V.124. P. 1864-1879. https://doi.org/10.1029/2018JE005620.



13MS3-VN-PS-03
POSTER

DESCENT IN THE ATMOSPHERE OF VENUS
WITH THE ULTRAVIOLET SPECTROMETER
(DAVUS): SCIENTIFIC CONCEPT

FOR A LANDING MISSION

D.A. Belyaev, D.G. Evdokimova, N.I. Ignatiev, N.A. Vyazovetskiy,
I.A. Dzuban, M.V. Spiridonov, l.l. Vinogradov
Space Research Institute, Moscow, Russia; bdenya.iki@gmail.com

KEYWORDS:
Venus atmosphere, descend probe, spectroscopy, UV absorbers

ABSTRACT:

We propose a new generation instrument, DAVUS (Descent in the Atmo-
sphere of Venus with the Ultraviolet Spectrometer), for in-situ measure-
ments of the atmospheric UV absorbers on board Roscosmos’s “Venera-D”
landing platform. The experiment implements active absorption spectros-
copy using an integrated UV source: its light penetrates through Venusian
gases in an optical cell and further is registered by a spectrometer at the
wavelength range from 250 to 400 nm. This spectral interval is sensitive to
the molecular absorption lines of minor species, such as SO,, SO, CIO, which
play key roles in the chemistry of the clouds and the lower atmosphere of
Venus. For example, sulfur dioxide SO,, being a volcanic gas, is a chemical
precursor of H,SO4-acid clouds (47-70 km) enshrouding the planet. In the
clouds, SO, mixing ratio sharply decrease with altitude: from ~10° ppbv at
50 km to ~10° ppbv at 70 km [1, 2] (Fig. 1).
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Fig. 1. Overview of SO, content measurements on Venus (ppbv — parts per
billion in volume) at various atmospheric altitudes (adapted from Vandaele
et al. [2]). The blue dashed line frames the DAVUS measurement scope

Another subject of interest is an unknown UV absorber situated at 300—
400 nm when measuring the contrast albedo of Venus clouds. So far, a pro-
found spectral characterization to define this component has been per-
formed neither remotely nor in situ. Sulfurs S, and dimeric sulfur monoxide
S,0,, studied by Frandsen et al. [3], are also considered by DAVUS as proba-
ble candidates for the unknown absorber.
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While the platform is descending from an altitude of 70 km to the surface,
the gaseous and aerosol species fill the multi-pass optical cell. The spectrom-
eter (isolated hermetically and thermally) measures the atmospheric trans-
mission with a high spectral resolution of 0.2 nm (Fig. 2). Thus, the consid-
ered gases’ concentration can be retrieved at an effective footprint length
(in the cell) about 2 m with the altitude sampling of ~500 m. An analogous
experiment was previously performed by ISAV/VEGA instrument [1], which
retrieved SO, abundance at the altitude range of 5-60 km, not covering the
uppermost cloud layer (see Fig. 1). With DAVUS we improve the sensitivity,
spectral resolution and the altitude coverage relative to ISAV measurements.
This will enlarge our knowledge about the atmospheric UV absorbers and
their linkage with volcanic activity on Venus.
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Fig. 2. Examples of SO, transmission spectra, modeled for DAVUS measurements at
different atmospheric altitudes (a). All spectra are convolved by a point spread func-
tion of the instrument with a spectral width of 0.2 nm (b)
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INTRODUCTION:

Using Venera-15 and -16 satellites, the radio occultation measurements of
the Venus'’s atmosphere were carried out in the period from October 1983 to
September 1984. The orbits of the satellites were such that the approaches
to the planet were made in the Northern Hemisphere of Venus, and exits —in
the Southern. As a result of radio probing of the atmosphere by satellites en-
tering the planet, a regular drop in the decimeter (wavelength ~32 cm) signal
intensity with the decreasing altitude was observed in the range from 80 to
45 km. Such a change in the signal level is due to the atmospheric refraction
of radio waves. The typical behavior of the normalized radio wave intensity
Inorm Versus altitude is shown in Fig. 1 (panel a).

< Venera-16 —
Venera 16 2 5| 31101883 =
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@
&
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Fig. 1. Examples of the behavior of the normalized radio wave intensity lnorm versus
altitude. Panel a) shows typical behavior in many sessions, panel b) shows behavior
with a striking feature that was observed in several sessions. The inset of panel b)
shows a fragment of the selected part in magnification

In some sessions, the experimental profiles of the refractive attenuation ver-
sus the ray altitude show a sharp drop in the radio wave intensity and a bright
feature is distinguished in the range from 60 to 56 km near tropopause. In
this altitude interval, an alternation of deep minima and sharp maxima of the
signal power is observed. The behavior of the normalized radio wave inten-
sity lhorm a@s the ray deepens into the planet’s atmosphere in sessions with
a singularity is shown in Fig. 1 (panel b). It was found that strong changes in
the signal level occur in the region where the transition from the isothermal
to the adiabatic polar atmosphere and a sharp change in the temperature
gradient are observed [1].

EXPERIMENTAL DATA:

It was noted above that during radio sounding of the atmosphere of Venus
at altitudes from 60 to 56 km, strong changes in the signal level were ob-
served on some profiles of the signal intensity. This feature manifested itself
in the following: the radio wave intensity dropped to almost zero levels at
an altitude of ~59 km, then, as the ray descended, it sharply increased with
the transition to a damped undulating behavior at the same level at altitudes
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near ~57 km. With further lowering of the ray into the atmosphere of the
planet, the radio wave intensity fell in a typical way characteristic of refrac-
tion. The described behavior of the intensity at the indicated altitude interval
in five radio occultation sessions is shown in Fig. 2.
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Fig. 2. Experimental data on the radio wave intensity (A = 32 cm) obtained during
radio sounding in October 1983 of the Venus’s atmosphere by the Venera-15, -16 sat-

ellites. The latitudes and longitudes of sounded region are shown for each session

The altitude positions of maxima for curves lyax — X1—Xg are shown on the left
vertical axes of panels a)—e) in Fig. 2. These positions are counted from the
lo/4 level (shown by a horizontal dashed line in the figure). The altitude in-
tervals from the planet’s surface are indicated on right vertical axes. Vertical
dashed lines mark the zero level |,,orm and mean level Iy, where the undulating
behavior of I,om occurs. Values of the normalized intensity l,orm are plot-
ted on the horizontal axes. In the sessions shown in Fig. 2, radio soundings
were carried out at latitudes 85.3—87.0° N. It is known that the altitude of
the region in the Venus’s atmosphere with a changing temperature regime,
including the position of the tropopause, varies greatly: from 55 km at the
equator to 62 km at 75° N, and closer to the pole it again drops to 57 km from
the surface.

CONCLUSION:

Analysis of the radio wave intensity (wavelength ~32 cm) profiles, obtained
during radio sounding of the Venus’s atmosphere and shown in Figu. 2, sug-
gests that in these sessions the conditions were similar to the conditions for
the formation of a diffraction pattern when light is incident on the edge of
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an opaque half-plane. The lower edge of this opaque half-plane is located
near tropopause level at altitudes of 58.2 to 58.7 km from the surface of
Venus. Taking into account the influence of atmospheric refraction and using
the Cornu spiral, we have shown that the observed features are due to the
Fresnel diffraction of radio waves in a zone starting from the edge of opaque
half-plane.
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INTRODUCTION:

Coronae — large (up to 2500 km across) landforms with a characteristic an-
nulus consisting of densely packed grooves and/or ridges [1-4]. Annulus
surrounds the interior of the coronae, which is dominated by volcanic for-
mations [4]. In some cases, lava flows extend beyond the annulus onto the
surrounding plain [5]. There is a consensus that coronae are the surface man-
ifestations of mantle diapirs [1-4, 6-13].

We have studied all cataloged coronae of Venus [4, 14] and found that three
main topographic classes characterize them: D (dome-shaped), W (multi-
ring), and U (topographic depressions) [15]. Some of these coronae may rep-
resent long-lived volcano-tectonic structures [16—19].

Coronae are often found in spatial association with rift zones, which may
indicate the genetic relationship of coronae and rifts [20-27]. Sometimes
coronae are spatially associated with lobate plains, and may represent the
sources of the plains [28].

In this work, we have carefully analyzed regions where coronae, rift zones,
and lobate plains occur together in order to establish how often or rarely the
spatial associations of these formations may suggest their genetic relation-
ships.

The results of the analysis of the spatial association of coronae with lobate
plains shows that ~32 % (169 coronae out of 532) of all coronae is spatially
associated with lobate plains. Among these, more commonly coronae are
sources of the plains (subpopulation 1, 90 features, or ~17 % of all coronae,
Table 1). Coronae of subpopulation 1 mainly belong to the D topographic
class. Less often, coronae are embayed by lobate plains (subpopulation 2,
79 coronae, ~15 % of all coronae, Table 1). Coronae of subpopulation 2 more
often have the W and U topographic profiles.

Table 1. Topographic and morphological characteristics of coronae spatially associat-
ed with lobate plains.

Populations of coronae spatially
associated with lobate plains

Subpopulation 1,
number (%)

Subpopulation 2,
number (%)

90 (17)" 79 (15)°
D class 40 (23 7(4)",
W class 25(15),, 37(22),,
U class 25 (15) 35(21)

* Percent of the entire population of coronae,
** Percent of coronae that are spatially associated with lobate plains.

The results of the analysis of the spatial association of coronae with rift
zones shows that ~19 % (102 coronae out of 532) of all coronae is associated
with rift zones (Fig. 1). The annulus of these coronae is either completely
consist of rift structures (rift coronae, 75 features or ~14 % of all coronae),
or formed by groove belts that are cut by rift structures (pre-rift coronae,
27 features or ~5 % of all coronae).
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Fig. 1. Rift coronae are in red; pre-rift coronae are in blue; yellow: lobate plains; black:
rift zones; geological boundaries are from [29]

Most of the rift-coronae (43, ~8 % of all coronae) are associated with lobate
plains and represent apparent sources of lobate plains. The pre-rift coronae
source the plains much less frequently (16 features or ~3 % of all coronae);
they are mostly the W-class coronae. The rift-coronae are often spatially as-
sociated with novae (21 coronae), while the association of the pre-rift coro-
nae with novae is less common (8 coronae). In all cases, novae postdate the
corona annulae and represent sources of lobate plains.

CONCLUSIONS:

1) About 1/3 of the entire population of coronae of Venus is spatially as-
sociated with lobate plains and only ~17 % of all coronae represent ap-
parent sources of lobate plains. These coronae mostly belong to the D
(dome-shaped) topographic class, which likely represents a progressive
stage of the diapir evolution accompanied by the growth of a dome-like
topographic feature.

2) About 1/5 of all coronae is spatially associated with rift zones and only
~8 % of the entire corona population is formed by rift-related structures;
a significant part of them are rift (~ 73 %) and a smaller part are non-rift
coronae (~27 %).

3) Thus, the rate of formation of coronae during the later geologic history of
Venus (the network rifting-volcanism regime during Atlian Period [30]) sig-
nificantly diminished. The rift formation (in contrast to groove belts during
the tectonic resurfacing regime of Giuneverian Period [30]) was not com-
monly accompanied by the corona formation. Instead, rifts are associated
with extensive topographic swells that are characterized by abundant vol-
canism and large positive gravity anomalies (e.g., [31]). This may suggest
that the mantle diapiric activity (development of rootless bodies) during
Guineverian Period was changed by mantle plume activity (formation of
bodies with deep roots or supplying channels) during Atlian Period.
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INTRODUCTION:

Geologic mapping has been used to study the Venusian surface since the first
radar images were transmitted back to Earth by the Venera-15 and -16 space-
craft. Since then, and with the high-resolution global coverage provided by
the Magellan mission, several efforts have been made to understand geo-
logic processes and test hypotheses with mapping on several scales. For ex-
ample, VMAP (Venus Geologic Mapping) program [1] consists of an ongoing
series of 1:5 000 000 scale maps of each of Venus’ 62 quadrangles (e.g., [2]).
In addition, other authors compiled a global map on a scale 1:10 000 000
(e.g., [3]). These efforts provided important insights on the overall geology,
major geologic units, global and regional stratigraphy and structures of Ve-
nus, as well as forming the framework for interpreting the geologic evolution
of the planet.

Detailed maps of volcanic centers on a scale 1:500 000, such as the ongoing
mapping of Atira Mons (Fig. 1; [4]) and [5] are less common, but are the focus
of the new International Venus Research Group [6]. In the example of Atira
Mons, we showcase how such efforts offer many perspectives to gain novel
information using the Magellan dataset and point to several challenges that
can potentially be solved by the new missions heading to Venus in the next
decades [7-10].

VALUE OF DETAILED MAPPING OF A LARGE SHIELD VOLCANO:
e Developing a detailed flow history and the evolution of any summit cal-
dera;

e Determining effusion rates and identifying cooling-limited and supply-lim-
ited flows [11-12];

¢ Understanding the relationship between the location of sources and tim-
ing of eruptions (e.g., mid-late flows are possibly sourced outside the sum-
mit, on the flanks);

e Estimating flow volume over time for a large shield volcano can provide
constraints into the volatile release history, and its potential role for cli-
mate change on Venus;

e A thoroughly characterized large shield volcano is an important target for
the future missions (for higher resolution images and a potential lander,
such as Venera-D).

CHALLENGES OF DETAILED MAPPING:
e Discerning lava breakouts from isolated patches of older flows;

e Determining whether radar dark channels in the center of bright flows
represent a part of the flow or a younger pulse;

e Assessing whether flow units of similar morphology and radar brightness
in different sectors belong to the same flow stage;

e Determining whether downslope radar backscatter changes indicate sep-
arate flows or variations in roughness of a single flow;
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e Marking and interpreting diffuse boundaries between flows;
e Dealing with data artifacts in SAR and topography data;

e Avoiding overinterpretation of subtle features, since we are mapping close
to the resolution limit of the datasets.

RESULTS OF DETAILED MAPPING OF ATIRA MONS:
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Fig. 1. Geologic map of Atira Mons. Colors indicate different generations of lava flows
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Fig. 2. Sector division of Atira Mons
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Atira Mons is a large shield volcano capped by a central caldera, locat-
ed on the NE portion of the Beta-Atla-Themis Region. It covers an area of
~310 000 km?, has a volume of ~280 000 km3 (comparable in size to a terres-
trial Large Igneous Province; [13]). Most of the flows are within ~300 km of
the summit, however one flow can be traced ~700 km to the SSW (Fig. 1). Our
current mapping includes 61 flow units, provisionally divided into one sum-
mit and four flank sectors (Fig. 2). It shows that 1) flow units concentrated on
Atira Mons’ summit are younger than the ones on the flanks and are possibly
related to caldera formation; 2) larger volumes of magma were emplaced as
initial stages of Atira Mons, including the ~700 km long flow in the SSW; 3) In
most cases, the youngest flows in each sector can be traced back to the sum-
mit; 4) Some flows seem to be sourced from sources on the flanks (dykes?).
For more details, see [4]. We are currently comparing the characteristics and
sequence of Atira Mons to other large Venusian shield volcanoes in the Beta
Regio area, such as the ~350-400 km diameter Tuulikki Mons [14].
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INTRODUCTION:

The surface of Venus is characterized by the presence of numerous craters
due to bolide impact, of various types seen in Magellan SAR images, which
were previously classified by [1] into six main types. An additional type of bo-
lide feature is “splotches” that are formed during the interaction of a bolide
and the dense atmosphere of Venus [1, 2]. The shockwave from such an air-
blast can affect the surface in different ways, leading to both radar darkening
and brightening [1, 3]. Shockwaves from these bolides are sufficient to form
large features on the surface [2, 4].

Fig. 1. a, b—Magellan SAR image of the study area showing splotches (circles)
and similar appearing features (stars) that have an ambiguous origin, but are
most likely volcano-tectonic

According to [5], the Phoebe Regio area is characterized by an abnormally
high density of splotches. The main goal of this study is to show the main
morphological characteristics of the “splotches” that were discovered as a
result of the geological mapping of the Phoebe Regio on Venus, and con-
sider their interpretation. Through our mapping, twelve well-defined bright
splotches are recognized to be distributed along a SSW-NNE trend that is
3000 km long and 200 km wide (extending between the SSW end at 17,2° S
and 266,8° E, and the NNE end at 6° N and 277,1° E) (circles 1-12 in Fig. 1).
Additional features (marked by stars in Fig. 1b) resemble splotches, but are
considered more likely of volcano-tectonic origin.

The diameters of the splotches vary from 70 to 180 km. The splotch shape
is predominantly circular and the centers of these splotches are dark (which
may or may not include a faint central crater) and they are surrounded by
356
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Fig. 2. Different splotches. See Fig. 1 for locations labelled by number. Key features
are labelled
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Fig. 3. Displays the diameters of splotches and their dark centers (from SSW to NNE
end of the Splotch chain)

wide radar-bright annuli. The inner dark circle can vary in diameter from
10 to 35 km. The dimensions of the bright outer ring vary from ~50 to 80 km
or more, and its boundaries are often quite blurred. Some particular charac-
teristics of each of the 12 splotches are presented below (Fig. 2, 3):

According to the size of the dark center, all splotches can be divided into
three main groups: splotches with a small dark center <20 km (1, 3, 4, 8,
10, 11 in Fig. 1), splotches with a large dark center 250 km (5 in Fig. 1) and
splotches with a dark center ranging from 20to 50 km (2, 6, 7,9, 12 in Fig. 1).
Some splotches have center which resemble the remains of craters in their
morphology (2, 6, 12 in Fig. 1). Special attention should be paid to splotch 5
in Fig. 1. The presence of a dark center with such a large diameter is unique
for this area.

As a rule, all splotches have a clear round shape, however, sometimes the
definition of this characteristic is influenced by the type of surface and the
presence of additional geological features. In some cases, due to the pres-
ence of rifts or grabens, which significantly increase the radar brightness of
357
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the area, it can be difficult to determine the outer boundaries of the bright
ring, as in splotches 3, 4, 8, 11, 12 in Fig. 1.

Of great importance is the type of surface on which the splotch is located. As
mentioned earlier, some splotches overlap older rifts and fractures, which
greatly complicates the identification of their outer boundaries. The same
applies to the splotches that were found within the tessera region (splotch-
es 7, 9). In addition to tectonic faults, in some cases we detect splotches
near radar-bright volcanic flows, which also complicates correct identifica-
tion (splotches 4, 5, 10, 11). Splotches are most clearly detected within the
radar-dark plains (splotches 1, 2, 6, 10), because the contrast that occurs at
the bright splotch-dark plain boundary allows one to correctly set the outer
and inner boundaries of the splotch.

The observation of such bright splotches allows us to make an assumption
about their relative age. As in the case of the halo observed in some impact
craters [6], we consider “splotches” as one of the youngest units on the sur-
face of the studied region. Our interpretation is based on the fact that the
material of the splotches is rather heterogeneous, is not very thick and would
be easily covered with other materials or removed by wind. The elongation
direction of the splotch distribution suggests a trajectory for the arriving
bolide oblique to the solar system ecliptic plane. We interpret the elongate
splotch distribution to have been formed by a stream of individual fragments
of a parent body that disrupted in solar orbit well before entering the atmo-
sphere of Venus. An analogous example is the 21 fragments of Shoemak-
er-Levy 9 which sequentially impacted on Jupiter [7].
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ABSTRACT

According to the long-term observations of the Sun performed in 1968-2022
by the CrAQ, Stanford and five other observatories, the mean magnetic field
of the Sun varies with the Hale’s period Py = 22.14(8) years; a saw-tooth
shape of this variation supports the recent hypothesis [1] about a cosmo-
logical origin of the cycle. We present also arguments in favour of a tight
connection between Py and the Earth’s orbital period Pg:

Pe=(1-3/m)Py,

noting that motions of the Sun, Earth and Venus are involved in the close
mutual resonance, since the Venusian spin period (sidereal, in days),

Py = 2Pg/3 = 3°Ps = 3°P, = 243000,

with the observed value Py = 243025 days, Ps = 27027(7) days, synodic pe-
riod of the Sun’s spinning, and Pp, the mean terrestrial day. The Sun-Ve-

nus-Earth gravitational configuration, moreover, repeats each time interval
Pye = 243 years, while

Py/Pp = Pyg/Pg = 3°,

Pe = 33P5/2, Ps = 33PD and Pp = 32Po, where Py = 372 days is a period of solar
pulsations [2]. A hypothesis is advanced that timescales Py, Ps, Pg, Ppand Py
are in fact fundamental constants of the World.
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Discussing the place of Russian science in the development of planetary sci-
ence of the solar system, it is necessary to pay tribute to the Russian sci-
entists of the XVIII century, whose forecasts and observations were ahead
of the achievements of European ones and were succe ssfully confirmed by
further scientific research of the Earth and the planets of the solar system.
The laws of motion of celestial bodies, descriptions of the features of their
structure and the matter of their constituents were studied in comparison
with the planet Earth. Of great interest was also the verification of their com-
pliance with the laws of physics discovered on Earth.

Let’s focus on two of the most significant figures of scientists of that time:
Russian scientists M.V. LOMONOSOV (1711-1765) and LEONARD EULER
(1707-1783), who success — fully worked in several branches of science at
once and laid the foundations of natural sciences.

Systematization of Russian science by M.V. Lomonosov (discovery of laws,
definition of concepts and terms): in chemistry, physics, the sciences of the
structure of matter, geography, geological surveys, astronomy, mathematics
and the structure of the Earth, it allowed laying the foundation for further
research. Many discoveries belong to him. In the field of astronomy, an as-
sumption was made, later confirmed, about the nature of the Sun as a gas-
eous, rather than a stony incandescent formation.

M.V. Lomonosov made this discovery while observing the transit of Venus
across the solar disk. It made a splash — it was the first evidence in history
of the presence of an atmosphere on another celestial body near the planet
Venus with the help of original scientific instruments designed by him. At
the same time, Mikhail Vasilyevich himself did not consider this discovery
important. Then the scientist’s discovery was confirmed. Later, the effect was
named after Lomonosov.

His contemporary, who also worked at the Academy of Saint Petersburg,
Russia. L. Euler was focused on research in mathematics, mechanics, phys-
ics, astronomy... his works describing the motion of the Moon in differential
equations are known. A special place is occupied by his work in the field of
“spherical motion of bodies”, in which one point of the body remains station-
ary. The name reflects the fact that with such a movement, the points of the
body move along the spheres. More fully, this movement is called rotation
around a point and the rotation of the body is set by three angular coordi-
nates

There are several ways to choose such angles. One of them includes: — pre-
cession angle, — nutation angle, angle of proper rotation.

Laid more than 300 years ago, their foundations still serve scientists in the
knowledge of nature. So, following Euler, a system of several spherical coor-
dinate systems and angles — “Spatial-Temporal technology” — STT (Bulatova,
2000), including the “Moving source Method” MST (Bulatova, 1999) allowed
solving many topical problems of navigation (determining coordinates by the
signal of a found satellite), remote sensing of the Earth, geodynamics, etc.
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Thus, V.P. Trubitsin calculated the process of disintegration into separate
continents of the ancient supercontinent PANGAEA using the HTP algorithm
and confirmed the theory of movement of modern continents constructed
by him. Previously, Lomonosov believed that every 20 years it is necessary
to update the maps, since the state of the planet changes during this period.

The ideas proposed by Lomonosov about the structure of the Earth, the doc-
trine “About the layers of the earth”, where different layers of our planet
(core, crust, mantle) rotate at different speeds relative to each other, and its
atmosphere (“the atmosphere has three layers: the lower one, in which the
main processes take place, the middle one, characterized by a consistently
low temperature, and the upper one, practically independent of the Earth”).
Modern concepts based on detailed studies of processes inside and on the
Earth’s surface and in its atmosphere (for example, the aurora — the glow of
the upper structures of the atmospheres of planets that differ in the magne-
tosphere, as a result of contact with charged fragments of the solar wind).

Works in the field of atmospheric electricity research (together with Georg
Richman) and the creation of a network of meteorological stations equipped
with devices. for constant monitoring of the electricity content in the atmo-
sphere. This made it possible to prove its presence in the air not only at the
time of a thunderstorm. The device began to be used to predict thunder-
storms. It was Lomonosov who first tried to explain the causes of lightning in
the Earth’s atmosphere by presenting his theory of atmospheric electricity.
Interestingly, modern scientists confirm that he was 100 % right.

Research continues.
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Small aperture ground-based telescopes are important instruments for de-
tecting and confirming exoplanets using transit photometry (Super-WASP [1],
HATNet [2]). To detect exoplanets by this method [3] it is necessary to carry
out surveys of one field of the sky for a long time.

The 50-cm robotic telescope for detection of exoplanets has been in opera-
tion at SAO RAS since 2020 [4]. During 6 months (from August 2020 to Janu-
ary 2021) the first 2.5 degrees field was observed. As a result of these obser-
vations 8 exoplanet candidates were found, as well as more than 100 variable
objects. From February 2021 to the present time observations of the second
field are carried out. The data from it are now being processed, and the first
results will be presented in this report.

In parallel with the process of detecting new candidates, additional photom-
etry and spectroscopic observations of interesting objects found earlier in
this program are regularly carried out since spring 2022 using the second
50-cm telescope, as well as other SAO RAS instruments.

A data processing pipeline was developed to perform photometry, light curve
analysis, and parameter estimation of the found exoplanet candidates.
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More than 5000 planets have been discovered, and some of them are ~Earth-
sized and exist in the habitable zone. However, it is difficult to characterize
them as Earth-like, Venus-like, or other. Transit spectroscopy observations
for the exoplanetary atmosphere have been performed to characterize larg-
er exoplanets however require very high accuracy for small Earth-like exo-
planets. A hydrogen exosphere has been detected around a Neptune-sized
exoplanet [1], but exospheres of Earth-sized exoplanets have not been de-
tected yet. Recently, Earth’s hydrogen exosphere was re-investigated, and it
was revealed that the Earth’s exosphere is extended to ~38 Earth radii [2]. On
the other hand, Venus’ and Mars’ hydrogen exospheres are not so extended
because of the low temperatures of their upper atmosphere. This is caused
by the difference in the mixing ratio of CO, in the upper atmosphere. Venus
and Mars have Co,- rich atmospheres W|th a lower exospheric temperature.
On Earth, CO, is removed from its atmosphere by a carbon cycle with its
ocean and tectonics. Translating these arguments to exoplanets in a habit-
able zone presents a possible marker distinguishing Earth-like planets from
Mars-like or Venus-like planets.

Some theoretical upper atmosphere model results for high EUV irradiation
show that the temperature of the upper atmosphere could be ~10000 K [3, 4]
with EUV irradiation 10-100 times higher than that at the present Earth.
We estimated the oxygen exosphere density distribution for TRAPPIST-1e.
In this presentation, we show the difference in the distribution between
these models and discuss their observability.
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INTRODUCTION:

The surface of hot exoplanets is exposed to intense radiation of host stars
resulting in intense hydrodynamic escape and mass loss of hydrogen-domi-
nated upper atmospheres. Transit absorption spectroscopy is widely used for
probing exoplanetary atmospheres, providing information on composition,
temperature, density, and physical processes that occur at upper layers of
escaping atmospheres interacting with the stellar radiation and plasma wind.

Atmospheres of many hot Jupiters and warm Neptunes consist mostly of hy-
drogen, and the Ly-a spectral line is valuable for providing evidence of at-
mospheric escape. However, it is strongly absorbed in interstellar medium
and contaminated by geocoronal emission. As it was suggested in [1] and
calculated in [2], the absorption by a metastable helium in the 23S state at
10830 A offers an alternative way to probe the evaporating exoplanetary
atmospheres. Calculations by simple hydrostatical model [2] predicted for
GJ-436b transit absorption in Hel(23S) line at a level of 8 %, but observa-
tions of this system have yielded unexpected non-detection at 10830 A [3].
At the same time, extremely deep and long transit was measured in Ly-a
line [4]. Such discrepancy motivates a detailed study of processes involved
in populating of Hel(23S) state for the GJ436b by more developed models.

Complex and complicated models are required to interpret the spectral tran-
sit features of hot Jupiters correctly. We use in this work a 3D gas-dynam-
ic code which takes into account the processes of recombination and plas-
ma-photochemistry of plasma components [5, 6] and treats hydrogen and
helium component as separate fluids. We found out that the main reason of
discrepancy between simplest 1D calculations [2] and observations [3] was
in neglecting the radiation pressure acting on metastable helium atoms. It
appears that strong acceleration induced by absorption of stellar radiation at

10830 A results in a wide dispersion of Hel(23S) atoms and reduction of peak

absorption by several times. Previously, we shown that radiation pressure

is important for interpretation of absorption by Hel(23S) atoms for another

warm Neptune — Wasp107b [7].
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INTRODUCTION:

Exoplanets with substantial hydrogen/helium atmospheres have been dis-
covered in abundance, many residing extremely close to their host stars.
Their atmospheres are forced by the extreme irradiation levels resulting in
the formation of the extended planetary envelopes due to the thermal and
non-thermal atmospheric escape. Ongoing atmospheric escape has been ob-
served to be occurring in a few nearby exoplanet systems through transit
spectroscopy both for hot jupiters and for lower-mass sub-neptunes [1].

In the recent study [2] the hydrodynamic simulations of the escaping atmo-
spheres of 18 hot exoplanets in the solar neighborhood were performed with
an aim to find ideal observational targets. It was found that the hot Neptune
GJ 3470b should have one of the largest mass-loss rates due to its low mass
(M =0.04M,, R =0.37R)) close orbit (a = 0.0336 a.u) and relatively high activity
ofthe host star Ml 5 dwarf(M =0.54M, R, =0.55R ). The first Lya observa-
tion [3] of GJ 3470b indeed revealed the ?arge absorptlon depth of 3517 % in the
blue wing [-94; -41] km/s of the line and, moreover, the absorption at the level of
2315 %, was also measured in the red wing [23; 76] km/s, as well as a relatively
short transit duration of ~2 hours without any distinct early ingress and extended
egress phases. Similarly to hot Neptune GJ 436b the exoplanet GJ 3470b appears
to be the next hot exoplanet with a large hydrogen envelope extending far be-
yond the Roche lobe. Existing models of the upper atmosphere of the planet GJ
3470b predict a significant outflow of atmospheric matter [2-4].
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Fig. 1. (top panel) The energy spectra of the atomic hydrogen flux escaping from the
upper atmosphere of hot Neptune GJ 3470 b due to exothermic photochemistry are
shown at the upper boundary of H2->H transition region. The vertical line indicates
the escape energy of hydrogen atoms at the upper boundary of the model atmo-
sphere at distance of ~2 planetary radii. (bottom panel) Height profiles of the upward
moving (solid line) and escaping (dashed line) fluxes of suprathermal H atoms formed
due to the exothermic photochemistry.
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Results of calculations of the effect of the extreme ultraviolet (UV) stellar
radiation on the production of the suprathermal fraction of atomic hydrogen
in the H,—>H transition region in the upper atmosphere of hot Neptune GJ
3470b are given in this report. The formation of the escaping flux of H atoms
created by this effect was also studied and the production rate and ener-
gy spectrum of the hydrogen atoms with excess kinetic energy due to the
exothermic photochemistry were calculated. Using the numerical stochas-
tic model for a hot planetary corona [5, 6], we had investigated the kinet-
ics and transport of suprathermal hydrogen atoms in the upper atmosphere
and the flux of H atoms escaping from the atmosphere was calculated (see
Fig. 1). The latter is estimated as 2.0x10™® cm™ s™ at distance of 1.85R/R_for
a moderate stellar activity level of UV radiation, which is an indication of the
non-thermal atmospheric loss due to the exothermic photochemistry. This
estimate corresponds to the non-thermal mass-loss rate of 4.4x10° g s * and
is comparable to the estimates [2-4] of the thermal atmospheric mass-loss
rates calculated with aeronomic models for GJ 3470b.
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INTRODUCTION:

The properties of forming planets in young planetary systems are largely a
reflection of the ongoing infall of planetosimals and the magnetic activity of
the young star that manifests itself in its excess ultraviolet and X-ray emis-
sions. The series of studies that are combined by the ZEIT (Zodiacal Exoplan-
ets In Time) and THYME (TESS Hunt for Young and Maturing Exoplanets) pro-
grams based on the photometric observations of the Kepler Space Telescope
(mainly the extension of its mission K2) and the TESS mission are devoted to
searching for and studying the properties of young planetary systems. Until
recently, there were no young planets among those discovered by the pri-
mary mission of the Kepler Space Telescope. The situation changed after the
appearance of an extended study of the Kepler-1627 (KIC 6184894) planetary
system by Bouma et al. [1].

KEPLER-1627:

Based on data from the Kepler Space Telescope archive, in [2] we have
studied the photometric variability of the young solar analog Kepler-1627,
a G8V-type star with a planet of 3.777 Earth radii in size and an orbital pe-
riod 7.2 days. Kepler-1627 is a member of the 6 Lyr cluster with an age of
38 Myr and is currently the system with the youngest planet with a precise
age detected by the Kepler primary mission. We have found the stellar rota-
tion period P = 2.606+0.020 days, the differential stellar rotation parameter
AQ = 0.06620.011 rad day™, and the photometric variability amplitude as
well as estimated the spottedness parameter of Kepler-1627 (in the range
1.1 - 6.5 %) of the stellar surface area. In absolute measure the spot area
on the surface of Kepler-1627 exceeds the maximum spot area on the Sun
and varies from 11 700 to 68 200 m.s.h. We suggest that during the interval
of its observations the spot area on the stellar surface had cyclic variations
similar to the Rieger periodicity on the Sun. High flare activity (88 flares with
an energy logE in the range from 33.41 to 35.25 have been recorded) and
spot activity have been detected in the star. Possible manifestations of the
cyclicity in the flaring activity of Kepler-1627 are considered. We have found
the chromospheric activity indices logR_HK(Teff) for Kepler-1627, which in-
dependently suggest that the object is young.
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INTRODUCTION:

Close orbiting hot exoplanets possess a unique feature of hydrodynamic out-
flow of upper atmospheres. It was revealed for a number of hot Jupiters and
warm Neptunes through observations of transit absorption in VUV lines of
such elements as H, C, O, Mg, Si as well as in infrared lines of H and He.
The planetary wind is driven by such important factor of space weather as
intensity of ionizing radiation. The multicomponent and partially ionized at-
mospheric material overflowing with a supersonic velocity the Roche lobe
comes into direct interaction with another important factor of space weath-
er — surrounding plasma of the Stellar Wind. This interaction principally dif-
fers from the processes in tenuous planetary exospheres in the Solar system.
The escape of upper atmospheres of hot exoplanets is a complex phenome-
non, and quantitative interpretation of observational data requires numeri-
cal simulations. The comparison of spectrally resolved transit measurements
of particular exoplanets and 3D simulations of their dynamical environments
gives a tantalizing evidence of planetary and stellar winds interaction, en-
abling to draw important conclusions about both the atmosphere of an exo-
planet and the parameters of a stellar wind plasma.

SIMULATION RESULTS:

Using the 3D aeronomy self-consistent global MHD code [1] we modeled sev-
eral hot Jupiters and warm Neptunes for which various spectrally resolved ob-
servations have been made —HD209458b, HD189733b, Wasp107b, Wasp80b,
GJ436b, GJ3470b, TOI421b&c, PiMenC [2, 3 and references there in]. For the
two of them (GJ436b, GJ3470b) simulations show that the observed strong
absorption in Lya line can be explained only by the interaction of planetary
outflow with SW having parameters compatible with the Solar Wind. The
non-detection of absorption by PiMenC in Lya line requires either a strong ra-
diation flux or a very weak SW. The modeling of HD189733b [3] confirms that
variability of observations can be explained by variability of space weather
conditions. Transit data on Hl, Ol, Cll, Hel lines available for HD209458b al-
lowed us to estimate the upper limit on the possible magnetic field of this
planet [1]. For the double planetary system TOI421 we predicted [2] strong
blue-shifted absorption in Lya line and marginally observable absorption in
Hel line.

These simulations of different systems give grounds for general conclusions
on how diverse a space weather can be around other stars and what obser-
vations are required to constrain its parameters.
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The most widespread elements in the Universe are hydrogen and helium. It is
known that such objects as Warm Neptunes’ and Hot Jupiters’ atmospheres
and surfaces mostly consist of these elements. So, our observational data
and modelling techniques can extract the most valuable information from
their spectral lines. Currently, there is a search for other lines suitable for
observation and research. It is expected that atmospheres contain mixture of
heavier elements including carbon or oxygen. Absorption of stellar radiation
and emission by trace elements, especially Mg and Fe may significantly influ-
ence the heating and cooling balance of planetary atmosphere.

Aeronomy modelling is a complex field for which many phenomena and
processes need to be taken into account. In many cases LTE approximation
is not viable. For example, modelling stellar atmospheres requires non-LTE
approach to calculate level populations of elements [1]. The general kinetic
approach, realized as independent module in aeronomy and hydrodynamic
codes may allow trace elements to be included in the consideration. At the
moment there are a number of ready-made solutions for kinetics model-
ling [2-5], but they have a number of features that do not allow them to be
included in the general aeronomic codes for the implementation of fast and
optimized calculations - slow languages/runtimes, lack of API, or dependence
on simplified descriptions such as LTE.

We are developing a non-LTE model containing the following atomic transi-
tions: collisional excitation and ionization, photoexcitation, photoionization,
and radiative transitions between a large set of levels of any given element.
The project is developed in C++, and intended primarily as a module for the
code described in [6], but it can also be connected as a static or dynamic
library to other C++ projects, or as a Python module thanks to the Cython
extensions. Also, a universal format for describing elements and correspond-
ing encoding/decoding and serialization/deserialization modules have been
developed. Another important element of the project is the visualization of
atomic diagrams of levels and transitions, since this allows to optimize calcu-
lations and generate appropriate computational configurations. To do this,
the TypeScript language is selected, which is transpiled to JavaScript, and ex-
ecuted in the web browser (frontend) and on the server Node.js (backend).

The project aims to implement accounting for arbitrary elements (first of all,
0O, C, Mg, Fe) using data and methods of previous extensive research of stellar
atmospheres [1]. At this stage, the main emphasis is on oxygen atom in order
to simulate the absorption at 777.4. A line of Ol recently detected at transits
of Kelt-9b [7].
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INTRODUCTION AND INITIAL MODEL:

The Proxima Centauri planetary system consists of the star with a mass
equal to 0.122 of the solar mass, and of three exoplanets. In my calcula-
tions of the motion of planetesimals, the gravitational influence of planets
b (ab= 0.04857 AU, e, = 0.11, m, = 1.17m_, m_is the mass of the Earth) and
c (ac = 1.489 AU, e_=0.04, m_= 7'”5) was considered. Other values of m_
(0.7m,, 3.5m,, 12m,) were also considered. The probabilities of collisions of
planetesimals with planet d (ad =0.02895 AU, m,=0.29m_, e, =i, = 0) were
calculated based on the arrays of migrated planetesimals and planets. The
motion of planetesimals and exoplanets was calculated with the use of the
RMVS3 version of the symplectic code from Levison and Duncan [1]. In most
calculations, the integration time ¢, equaled to 1 day. The integrations with
t_equaled to 0.5 day and 0.2 day have been also made. The obtained results
were about the same for different considered t.

Initial orbits of planetesimals were located in the feeding zone of planet
c. The considered time interval usually exceeded 100 Myr, and sometimes
reached 1000 Myr. Planetesimals were excluded from integration, if they col-
lided with planets or the star or were ejected into hyperbolic orbits. In [2]
planets and planetesimals were considered as material points, and probabil-
ities of collisions with planets were calculated based on the arrays of orbital
elements of planetesimals and planets. Schwarz et al. [3] studied the motion
of exocomets with initial eccentricities between 0.95 and 0.9999 considering
Proxima Centauri c with a semi-major axis a_from 0.06 to up to 0.3 AU. In my
calculations, initial eccentricities e_ of planetesimals equaled to 0.02 or 0.15.
Greater initial eccentricities correspond to the case of mutual gravitation-
al influence of planetesimals. Calculations showed [4-6] that even for the
feeding zone of the terrestrial planets the mean eccentricity of planetesimals
could exceed 0.2 during evolution and reach 0.4 at the late stages. In each
calculation variant, initial semi-major axes a_ of orbits of planetesimals were

in the range froma_. toa__=a_. +0.1 AU. The considered values of a
min max min min
varied from 0.9 to 2.2 AU. The number of planetesimals with a_ was propor-
tional to a 1/2, i.e. surface density was proportional to a_ 12, For the (i+1)
th planetesimal the value of a_ was calculated with the use of the formula
2, 2 1/2 . ;
Ayis1) = (a, +l(a,,,+d, )2 -a,.“1/N,) / , Where a ; is the value of a_ for ith plan-
etesimal, da 0.1AU,N_=250is the number of planetesimals in one variant.
Initial inclinations of the planetesimals were equal to e0/2 rad.

THE MOTION OF PLANETESIMALS IN PROXIMA CENTAURI PLANETARY
SYSTEM AND PROBABILITIES OF THEIR COLLISIONS WITH PLANETS:

The results of calculations showed that the probability of a collision of a planetes-
imal during its dynamical lifetime with planet ¢ was about 0.05 at 1.1<a <1.2 AU,

0.4-0.55 at 1.2<a <1.7 AU, 0.3 at 1.7<a <1.8 AU, 0.02 at 1.8<a <1.9 AU for
e, =0.02. This probability was about 0.15 at 1.0a, <1.1AU,0.3at1.1<a <1.9AU,
0.04-0.05 at 2.0sa 2.2 AU for e = 0.15. Most collisions with planet ¢ took
place during the first 10 Myr. For e_= 0.02, the ratio of the number of plane-
tesimals collided with planet ¢ to that ejected into hyperbolic orbits was about
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2 at 1.1Saosl.2 AU, 1.2 at 1.2Saosl.4 AU, 0.85-1 at 1.4Saosl.6 AU, 1.3 at
1.6<0,£1.7AU, 0.5 at 1.7<a <1.8 AU, 0.2 at 1.8<a <1.9 AU. For e =0.15, this ratio
was about 0.9 at 1.050051.2 AU, 0.5-0.6 at 1.2300S1.4 AU, 0.4 at 1.4Saosl.8 AU,
0.05 at 2.0<a_<2.2 AU, and 0.02 at 2.2<a_<2.3 AU. At time T = 100 Myr the frac-
tion of initial planetesimals that were left in elliptical orbits was not more than
0.06 at 1.2<a,<1.7 AU and 2.0<0,<2.1 AU, not more than 0.3 at 1.1<a <12 AU,
not more than 0.2 at 1.7<a <1.9 AU, and not more than 0.1 at 2.1<0,£2.2 AU for
e, = 0.15. It was not more than 0.25 at 1.2<a <1.8 AU for e_= 0.02. The ratio of
the fraction of planetesimals ejected into hyperbolic orbits to that collided with

exoplanets is greater for a greater mass of a planet moving in the orbit of planet
c and for greater initial eccentricities of orbits of planetesimals. Based on esti-
mates of the amount of planetesimals ejected into hyperbolic orbits, it is possible
to conclude that during the growth of the mass of planet ¢ from 3.5m_ to 7m,

the semi-major axis of its orbit could decrease by at least a factor of 1.5.

After hundreds of millions of years, some planetesimals could still move in el-
liptical orbits inside the feeding zone of planet c that had been mainly cleared
from planetesimals. Often such planetesimals could move in some resonanc-
es with the planet, e.g. in the resonances 1:1 (as Jupiter trojans), 5:4, and 3:4.
The number of such left planetesimals was greater at small eccentricities. For
some (typically resonant) subregions of a_ located outside the main feeding
zone of planet ¢, planetesimals could be ejected into hyperbolic orbits or
could collide with planets.

Only one of several hundred planetesimals, which migrated from the feeding
zone of Proxima Centauri ¢, reached the orbits of Proxima Centauri b and d. The
probability of a collision of a planetesimal initially located in the feeding zone
of planet ¢ with planets b or d (averaged over all considered planetesimals)
was ~10™-107 at initial eccentricities of planetesimals equal to 0.02 or 0.15.
The probability was greater for greater initial eccentricities. Such probabilities
are greater than the probability of a collision with the Earth of a planetesimal
migrated from the zone of the giant planets in the Solar System [7]. The latter
probability is typically less than 10 per one planetesimal. A lot of icy material
and volatiles could be delivered to planets b and d. Depending on initial eccen-
tricities of planetesimals (such variations correspond to possible mutual grav-
itational influence of planetesimals), the total mass m_, of material delivered
from the feeding zone of planet c to planet b was estimated to be in the range
from 2><10'3mE to 2><10'2rnE. The temperature of planet c is considered to be
much below zero, and the feeding zone of planet c was located farther from the
star than the snow line. At fraction k, _ of ice in the planetesimals between 0.05

and 0.5, the values m, =k, -m_, of the amount of water ice delivered to plan-

et b are between 10'4mE to 10'2mE. Probably, the amount of water delivered
to Proxima Centauri b exceeded the mass of water in Earth’s oceans, which is

2x10'4mE. The amount of material delivered from the feeding zone of planet ¢
to planet d could be a little less than that delivered to planet b.

The duration of the motion of ejected planetesimals from 500 to 1200 AU
(the Hill radius of Proxima Centauri) from the star was studied. For the pres-
ent mass of Proxima Centauri ¢, about 90 % of ejected planetesimals moved
from 500 to 1200 AU in less than 1 Myr, and not more than 1 % moved in such
region for more than 10 Myr (but during less than a few tens of millions of
years). For the mass of the planet embryo equal to a half of the mass of plan-
et ¢, the fraction of planetesimals moved from 500 to 1200 AU in less than
1 Myr was about 70-80 %. The consideration of the gravitational influence of
the star binary system (Alpha Centauri AB) would not change the above con-
clusions, because the motion of planetesimals was considered inside (mainly
deep inside) the Hill spere of Proxima Centaury and ejected planetesimals
have very small chances to return to the Hill sphere of Proxima Centauri.

CONCLUSIONS:
During the growth of the mass of planet ¢ by a factor of 2, the semi-major
axis of its orbit could decrease by at least a factor of 1.5. After hundreds
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of millions of years, some planetesimals could still move in elliptical orbits
inside the feeding zone of planet c that had been mainly cleared from plan-
etesimals. The amount of water delivered to Proxima Centauri b probably
exceeded the mass of water in Earth’s oceans.

ACKNOWLEDGEMENTS:

The work was supported by the grant 075-15-2020-780 of Ministry of Science and
Higher Education of the Russian Federation.

REFERENCES:

[1] Levison H.F., Duncan M.J. The long-term dynamical behavior of short-period
comets // Icarus. 1994. V. 108. P. 18-36.

[2] Ipatov S.I. Delivery of water and volatiles to planets in the habitable zone in
the Proxima Centauri system // Abstracts of the AASTCS Habitable Worlds 2021
Workshop (22-26 February 2021, a virtual conference). Open Engagement
Abstracts, Bulletin of the American Astronomical Society, 2021a, Vol. 53, No. 3
e-id 2021n3i1126, 5 pages. https://baas.aas.org/pub/2021n3i1126/release/2.

[3] Schwarz, R. Bazso A., Georgakarakos N., Loibnegger B., Maindl T.I., Bancelin D.,
Pilat-Lohinger E., Kislyakova K.G., Dvorak R., Dobbs-Dixon I. Exocomets in the
Proxima Centauri system and their importance for water transport // Mon. Not.
R. Astron. Soc. 2018. V. 480. P. 3595-3608. doi: 10.1093/mnras/sty2064.

[4] Ipatov, S.I. Solid body accumulation of the terrestrial planets // Solar Syst. Res.
1987. V. 21. P. 129-135.

[5] Ipatov, S.I. Migration of bodies in the accretion of planets // Solar Syst. Res. 1993.
V. 27. P. 65-79.

[6] Ipatoy, S.I., Migration of celestial bodies in the solar system, Editorial URSS Pub-
lishing Company, Moscow, 2000 (also 2021). 320 P. doi: 10.17513/np.451, in Rus-
sian.

[7] Ipatoy, S.I. Migration of planetesimals from beyond Mars’ orbit to the Earth // 14th
Europlanet Science Congress 2020. EPSC2020-71. doi: 10.5194/epsc2020-71.



SESSION 7. EXTRASOLAR PLANETS (EP)
POSTER SESSION



13MS3-EP-PS-01
Oy

POSSIBLE TRANSIT FEATURES OF THE TOI-421B
AND TOI-421C IN Lya AND HEI 10830 A LINES

A.G. Berezutsky12 I F. Shalkhlslamov1 23 , ML.S. Rumensklkh123

M.L. Khodachenko®, H. Lammer?, I.B. eroshnlchenko , M.A. Efimov’
Institute of Laser PhyS/cs SB RAS Novosibirsk, Russia;

Institute of Astronomy, Russian Academy of Sciences, Moscow, Russia;
Novosibirsk State Technical University, Novosibirsk, Russia;

Space Research Institute, Austrian Academy of Sciences, Graz, Austria,
a.berezuckiy@yandex.ru

B W N

KEYWORDS:
Exoplanet, plasma, stellar wind, absorption, numerical simulations

We simulate with a global 3D aeronomy code two warm Neptunes in the
TOI-421 system and show that both planets experience significant escape of
their upper atmospheres. The code solves continuity, momentum, and en-
ergy equations for all considered species, which are H, H+, H,, H,+, H,+, He,
He+, and He,+. Along with that, the metastable Hel(2 S) atoms are treated
as a separate fluid with its own velocity and temperature, which are deter-
mined by those of the species from which they originate, namely He+ or Hel,
depending on whether recombination or excitation from the ground state,
respectively, generate the Hel in the metastable (23S) state. Elastic collisions
with other species also affect the macroscopic physical parameters of the
Hel(23S) fluid. The ENAs are also treated as a separate fluid, which is crucial
for calculation of Lya absorption.

The double shock structures, generated around the planets in course of their
interaction with the stellar wind (SW) plasma flow are revealed. Further de-
tails of the PW and SW interaction are given in the Figure 1, where the spatial
profiles of velocity, temperature and density of most important molecular,
atomic and ionic species are shown along the star-planet line. The X axis
starts at the star and is broken from 0.065 to 0.11 a.u. The temperatures of
thermospheres of TOI-421b and TOI-421c reach the maxima 8000/7000 K at
the distance of about 3R , and gradually decrease then with the distance due
to the adiabatic cooling caused by the expansion. Similar to other simulat-
ed warm Neptunes, such as GJ-436b and GJ-3470b, the molecular hydrogen
population extends rather far from the planets and strong outflows with the
integral mass loss of about (2-3)-10'° g/s.

V, kmis; T,10° K

| He(2's]

log (n), cm™
L4 B 2 N W s o@m o@a

{Ha(z's)
LA

0,045 0,0475 0,05 0,0525 0,055 0,11 0,125 0115 01175 a.u. 012

Fig. 1. Profiles of spatial distribution of the main physical quantities along the
star- planet line, obtained for TOI-421b (left panel) and TOI-421c (right panel) Integral
XUV flux is 20 erg/cmz/s at 1 a.u. and stellar integral mass loss M’ is 2x10* g/s
Star is positioned at zero coordinate. Right boundaries of the panelss correspond to
the position of each respective planet. The scaling of vertical axes (left — for the log
of density, and right — for the speed and temperatur ) is common for both panels.
Black line shows the electron temperature in units of 107K, grey line shows the proton
velocity, and other colored lines depict densities of the main speaes Black dashed
vertical lines indicate, from left to right, the position of SW shock, |onopause PW
shock. Note that planets radii in terms of a.u. are 1.14x10" 4/2 16><10 while the star
radius is 4x10°3

The calculations of stellar Lya transit absorption by the planets reveal that
it reaches a detectable level only for a moderate or strong SW, with a suf-
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ficiently high density. In this case, the energetic neutral atoms provide sig-
nificant absorption at the high velocity blue wing of the Lya line, whereas
the corresponding transit light curves exhibit an early ingress and extended
egress features. With the same code, we modeled also the absorption at the
position of the 10830 A line of the metastable helium, showing that it can
be detected only for the farthest planet of the con5|dered two, if the helium
abundance is comparable to the solar value. The increased absorption in the

blue wing of Lya for the decreasing F, ,, is caused by two factors.

The increase of Hel(23S) absorption with the increasing stellar XUV flux is
caused by the growing HeI(ZZS) population, because the photoionization in-
creases the amount of He+ ions, from which the Hel(22S) is produced We
found that the Hel(2?S) absorption at both TOI-421b and TOI-421c is pro-
duced within small regions <3Rp around the planets. This explains why the
expected absorption level remains relatively low, being marginally detectable
only for larger TOI-421c, if the He/H ratio is not significantly below the solar
value.
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INTRODUCTION AND INITIAL MODEL:

The exoplanetary system TRAPPIST-1 consists of a star with a mass equal to
0.0898 of the mass of the Sun and 7 planets (from b to h) with masses from
0.33 to 1.37 Earth’s masses. The semi-major axes of the planets’ orbits are
in the range from 0.012 to 0.062 AU. The orbital elements and masses of
the planets are presented in Table 1. The motion of planetesimals under the
gravitational influence of the star and seven TRAPPIST-1 planets (from b to
h) was calculated with the use of the symplectic code from [1]. The late gas-
free stage of formation of almost formed planets was studied. Planetesimals
collided with planets or the star or ejected into hyperbolic orbits (reached
50 AU from the star) were excluded from integration. In each variant of the
calculations, the initial values of semi-major axes of orbits of 250 planetesi-
mals varied from a . to a__, initial eccentricities of their orbits were equal
to e = 0.02 or e = 0.15, and their initial inclinations equaled to e0/2 rad.
The values of @, and a__ are presented in Table 1. The considered disk of
planetesimals was located near the orbit of one of the considered planets.
Earlier | studied [2-3] the migration of planetesimals during formation of the
terrestrial planets. The considered model of mixing of bodies in the zone of
the TRAPPIST-1 planets can also characterize the migration of bodies ejected
from some planets after collisions of these planets with some planetesimals
or other bodies.

Table 1. Orbital elements, masses m (in Earth masses m,) of exoplanets in the TRAP-
PIST-1 system, and the values of a_. and a,__ for the considered disks near planets
bcdef g h.

m/m, a, AU e a.., AU a0 AU
b 1.37 0.0115 0.0062 0.0094 0.0137
c 1.31 0.0158 0.0065 0.0137 0.0190
d 0.39 0.0223 0.0084 0.0190 0.0258
e 0.69 0.0292 0.0051 0.0258 0.0339
f 1.04 0.0385 0.0101 0.0339 0.0427
ol 1.32 0.0468 0.0021 0.0427 0.0544
h 0.33 0.0619 0.0057 0.0544 0.0694

PROBABILITIES OF COLLISIONS OF PLANETESIMALS WITH DIFFERENT
PLANETS:

The results of calculations showed that, as the Earth and Venus, several plan-
ets in the TRAPPIST-1 exoplanetary system accumulated planetesimals initially
located at the same distance. The conclusions are the same for calculations with
the step t_ of integration equaled to 0.1 day and 0.01 day (the step can decrease
for the motion near a planet). Times of evolution of disks b, ¢, d, e, f g, h varied
from 12 Kyr to 63 Myr (see Table 2). The numbers of collisions of planetesimals
with planets (from b to h) for different disks (from b to h) are presented in Ta-
ble 3 for the considered time intervals. The total number of such collisions of all
planetesimals with planets ¢ - h was greater than that for 100 Kyr (the numbers
for 100 Kyr were presented in [4]) by not more than 4 %. Not more than 3 %
of planetesimals were ejected into hyperbolic orbits. There was no ejection for
disks initially located near orbits of the planets b and c. There were no collisions
of planetesimals with the host star. More than a half of planetesimals from disks
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near orbits of planets from b to g collided with planets in less than 1000 yr, and
for disks b - d even in 250 yr. Planetesimals with a dynamical lifetime greater
than 100 Kyr typically were ejected into hyperbolic orbits or collided with plan-
et h. The fraction of planetesimals collided with the ‘host’ planet (compared to
collisions with all planets) typically decreased with the considered time interval.
In each calculation variant, there was at least one planet for which the number
of collided planetesimals was greater than 25 % of the number of collisions of
planetesimals with the ‘host’ planet. The fraction of collisions of planetesimals
with the ‘host’ planet was usually smaller for disks located farther from the star.
For the initial disk near the orbit of the planet h, the number of collisions of plan-
etesimals with the planet g was about that with the planet h. Planetesimals mi-
grated from distances greater than 0.7 AU could collide with all planets, but most
of their collisions (>70 %) were with planets g and h. Planetesimals could collide
with all planets for disks near orbits of planets from d to h. Therefore, outer layers
of neighbouring planets in the TRAPPIST-1 system can include similar material, if
there were a lot of planetesimals near their orbits at the late stages of the accu-
mulation of the planets.

Table 2. Times of evolution of disks b, ¢, d, e, f, g, h (until collisions of all planetesimals
with planets or their ejections into hyperbolic orbits) in Kyr for initial eccentricities
of planetesimals equaled to e at the step t_of integration equaled to 0.1 day (first
values) or 0.01 day.

e b c d e f g h

o
0.02 | 1504, 12.0, 32.4, 6446, | 6282, 212,1106 |63135,1133
>6200 52.3 11.1 367.4 1815
0.15 20.1, 24.5, 355, 437, 128, 119,467.6 | 3391,933.5
41.4 13.7 282.3 | 3942 | 229.7

Table 3. The number of collisions of planetesimals with planets (from b to h) in the
TRAPPIST-1 system for different disks (from b to h). Initial eccentricities of planetesi-
mals equaled to e . There were 250 planetesimals in each initial disk. Variants with an
integration step t_= 0.01 day are marked by bold letters in the left column, for other
variants t_= 0.1 day.

e, b c d e f g h ejected
b | 0.02 | 199 47 2 2 0 0 0 0
b 0.02 187 54 2 3 2 1 0 0
b | 0.15 | 188 55 6 1 0 0 0 0
b | 0.15 | 180 63 5 2 0 0 0 0
[o 0.02 49 153 32 9 3 4 0 0
c 0.02 56 148 26 11 3 5 0 0
c 0.15 77 140 13 10 6 2 2 0
c 0.15 73 141 23 7 0 5 1 0
d 0.02 13 42 120 43 18 11 3 0
d 0.02 13 47 128 29 16 14 3 0
d 0.15 28 69 68 45 16 19 3 2
d 0.15 30 71 59 43 23 19 5 0
e | 0.02 5 20 31 110 38 39 3 3
e | 0.02 7 27 24 105 46 34 4 3
e | 0.15 11 38 32 69 53 32 12 3
e | 0.15 7 29 22 72 57 53 3 7
f [0.02 6 11 10 37 98 75 11 2
f 0.02 4 7 14 43 108 58 14 2
f 0.15 6 21 26 42 61 77 12 5
f 1.0.15 7 20 23 45 57 80 10 8
q 0.02 3 12 12 33 45 110 31 4
g 0.02 1 11 16 20 48 114 33 7
g 0.15 2 12 20 36 62 94 18 6
g | 0.15 5 16 16 26 68 95 22 2
h 0.02 1 10 7 15 43 79 90 5
h 0.02 6 3 6 24 31 71 105 4
h | 0.15 6 9 8 22 48 83 66 8
h 0.15 1 6 14 31 51 86 54 7
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CONCLUSIONS:

Outer layers of neighbouring exoplanets in the TRAPPIST-1 system can in-
clude similar material, if there were a lot of planetesimals near their orbits at
the late stages of the accumulation of the exoplanets.
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ON THE TRANSIT SPECTROSCOPY FEATURES
OF WARM MINI-NEPTUNES IN THE HD-63433
SYSTEM, REVEALED WITH THEIR 3D
NUMERICAL SIMULATIONS

M.A. Efimov, A.G. Berezutsky, I.F. Shaikhislamov, I.B. Miroshnichenko,
M.S. Rumenskikh
Russia, Novosibirsk, Akademika Lavrentiev ave., 15B, efim.sci@gmail.com
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frared; Transit Spectroscopy; Numerical Simulation; Warm mini-Neptune.
With an 3D aeronomic model, we have numerically modeled Lya and
He (10830 A) absorption from the escaping atmosphere of HD 63433c
(R=2.67R,, P=20.5 day), mini-Neptune orbiting a young (440 Myr) solar ana-
log in the Ursa Major Moving Group [1]. To compare the obtained numerical
calculations with the transit spectral data, we varied the extreme ultraviolet
radiation (XUV) and the mass loss of the stellar wind. With the calculated
mass loss of the stellar wind M_, = 2-10, the mass loss of the planet was
2.13-10'%g/s, which is 3.2 times less than for the nearby planet HD 63433b.
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INTRODUCTION:

At present, several dozen compact planetary systems containing more than
two planets with masses of the order of the Earth’s mass are known [1]. It is
shown that the stable evolution of compact planetary systems requires the
presence of resonances that prevent close encounters of planets moving in
neighboring orbits (see, for example, the five-planet systems Kepler-80 [2],
K2-138 [3] and the seven-planet system TRAPPIST-1 [4]). In this case, res-
onances between pairs of planets can form chains. The longest resonance
chain known to date is realized in the TRAPPIST-1 system: 8:5 — 5:3 — 3:2 —
3:2 — 4:3 - 3:2 [4]. In the K2-138 system, five planets form the longest chain
consisting of identical 3:2 resonances [3]. On the other hand, simulation re-
sults show that in wide systems with massive planets, chains of high-order
resonances can lead to the destruction of planetary systems [5].

We consider the compact planetary system K2-72 and search for resonance
chains within the errors of determining the semi-major axes of orbits from
observations. For compact systems, an important factor affecting evolution
is tidal interaction; therefore, when analyzing the feasibility of the proposed
resonance chains, we will model dynamic evolution taking into account tides.

RESONANT ANGLES:
When analyzing the resonant properties of planetary systems, the behavior
of resonant angles is studied. For two planets i and j+1, which are in reso-

i

nance of mean motions , the resonant angle can be set as follows [6]:

Prjiajes =k =14 =k Ay + @, (1)

where is the resonance order, 4,, A, are the mean longitudes of planets i

and i+1, @, is the longitude of the periapsis of planeti (s =0) or i+1 (s = 1)

k.
orbit. For the next pair of planets i+1 and j+2, which is in resonance %
i1 i+l

the resonant angle
(Di+1,i+2,i+1+s = (ki+1 - /i+1)ﬁ'i+1 - ki+12’i+2 + /i+1wi+1+s (2)

Instead of two resonances between two neighboring pairs of planets, three-

body resonances can be considered. In this case, the three-body resonance
i i+1

and with a resonant

ki _Ii ki+1 “lin
angle that does not depend on the periapsis longitude [6]:
O = pA —(p+ak,, +a4,,

i,i+1,i+2

is a chain of two two-body resonances

(3)
where p=1,,(k, —1), g=1k,

SEARCH FOR POSSIBLE CHAINS OF RESONANCES:

The search for chains of resonances was carried out for the values of the
semi-major axes of the orbits of the planets, which varied within the stan-

dard deviation a, =a,, + o, . Here a,, is the nominal value of the semi-major
axis of the orbit, o, is the standard deviation of the determination of the
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semi-major axis. To determine the resonant combinations of the semi-major
axes of the orbits, the ratio of the mean motions n, and n,,, was represented
as a segment of a sequence of convergent fractions

. b, b b,
BT L1 e & T (4)
ni+1 dl dZ dj
We obtain a rational approximation of the real ratio of mean motions
b,
Mmook 5 (5)
n k-1 d

i+1 j
After the sets of relations of the form (5) are obtained for all pairs of neigh-
boring planets, possible chains of resonances are formed (if the resonance
values of the major semiaxes of the outer and inner orbits in neighboring
pairs coincide). The final selection of potential resonance chains is based on
an estimate of the frequency of the resonant angle

vesas =|pn, —(p+q)n,,, +an,,| <& (6)

i,i+1,i+2

where the values are chosen as a criterion e¥10™-107 day ™.

POSSIBLE CHAINS OF RESONANCES IN A COMPACT PLANETARY
SYSTEM K2-72:

In table 1 shows the parameters of the K2-72 system. The masses of the plan-
ets m are expressed in solar masses M, and calculated from the radii of the
planets R, assuming that they have the same average density as the Earth.
Star radius is given in solar radii R, and planetary radii are given in Jupiter
radii R, The orbital elements a, e, i, g are the semi-major axis, eccentricity,
inclination, periapsis argument, respectively. The moment Tconj corresponds
to the conjunction of the planet with the star.

Table 1. Parameters of the planetary system K2-72 [1].

Parameter K2-72 K2-72 b K2-72 ¢ K2-72d K2-72 e
m, M 0.27 | 3.797x10°° | 4.705x107° | 3.106x107° | 6.471x107°
+0.08
-0.09
R, Rs' RJ 0.33 0.096 0.103 0.090 0.115
+0.03 +0.010 +0.012 +0.011 +0.012
a, au 0.040 +0.005 0.078 0.050 0.106
+0.007 +0.004 +0.009
-0.010 —0.006 -0.013
e 0.11 0.11 0.11 0.11
+0.20 +0.20 +0.20 +0.20
-0.09 -0.09 -0.09 -0.09
i, deg 0.85 0.46 0.74 0.32
+0.59 +0.32 +0.50 +0.22
-0.86 -0.44 -0.70 -0.32
g, deg 7.49 16.83 14.28 11.39
+120 +113 +114 +117
-134 -138 -137 -136
conj’ 7010.376 6989.465 6984.788 6987.054
ID — 2450000 +0.002 +0.005 +0.008 +0.005
-0.007

The application of the described technique made it possible to obtain sets of
possible resonance chains. Table 2 lists for each chain the resonant values of
the semi-major axes of the orbits, two- and three-body resonances, and the
frequencies of resonant angles of three-body resonances (6). The planets are
numbered in order of increasing semi-major axis of the orbit: 1 — K2-72 b,
2 —K2-72d,3 —K2-72 ¢, 4 — K2-72 e.
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Resonance chain 1 2 3
a, au 0.03905 0.04079 0.04271
a, au 0.05117 0.05345 0.05345
a, au 0.07193 0.07004 0.07004
a, au 0.11418 0.11118 0.11118
1-2 3:2 3:2 7:5
2-3 5:3 3:2 3:2
3-4 2:1 2:1 2:1
1-2-3 p=4,q=5 p=2,q9=3 p=54g=6
Vips day™ 5.23x10” 1.55x107 3.71x107°
2-3-4 p=3,q9=4 p=2,9=2 p=2,9=2
Vs day? 1.86x10™° 2.88x107° 2.88x107°

We considered a number of scenarios for the evolution of the K2-72 system
over 100 Myr using the Posidonius software [7], which takes into account
tidal interactions. At nominal values of the semi-major axes, the simula-
tion ended with the decay of the system 3 Myr after the start of integra-
tion. Under the initial conditions corresponding to the chains of resonances
3:2 —5:3—2:1and 7:5 — 3:2 — 2:1, the system decayed in less than 55 Myr.
In the vicinity of the chain of resonances 3:2 — 3:2 — 2:1, the system remains
stable over the entire interval under consideration. A detailed study of the
dynamic evolution of the planetary system in the vicinity of the resonance
chain 3:2 — 3:2 — 2:1 will be carried out.
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