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10M-S*SCIENTIFIC PROGRAM

10MS3-MS-01

10MS3-MS-02

10MS3-MS-03

10MS3-MS-04

10MS3-MS-05

10MS3-MS-06

10MS3-MS-07

10MS3-MS-08

10MS3-MS-09

10MS3-MS-10

Lev ZELENYI
James W. HEAD

session 1. MARS
convener: Oleg KORABLEV

Opening Remarks

The Apollo lunar
exploration

program: scientific legacy
and the road ahead

conference hall, second floor

Alexander
TROKHIMOVSKIY
et al

Anatoliy PAVLOV
etal

Anna FEDOROVA
et al

Mikhail LUGININ

et al

Dmitrij TITOV
et al

Alexey
MALAKHOV
etal

Sergei NIKIFOROV
etal

Maya DJACHKOVA
et al

James W. HEAD

Ashley PALUMBO
et al

Methane and other trace
species detection attempts
using ACS MIR channel
onboard TGO ExoMars
mission

A novel mechanism

for rapid methane
destruction by cosmic rays
on Mars

The O, vertical profiles
in the Martian atmosphere
with ACS-NIR onboard TGO

Dust and water ice
aerosols during the
first year of ACS TIRVIM
and NIR observations

Mars Express recent
science highlights

FREND onboard ExoMars:
global near-surface water
abundance and local
features

Analysis of the water
distribution in Martian
subsurface estimated by
passive measurements
with the DAN instrument
onboard NASA/MSL

Subsurface water content
in Gale crater from DAN
measurements and its
correlation with mineral
abundance on the surface

Toward an understand-
ing of early Mars climate
history: new themes,
directions and tests

Volcanism on early Mars:
Exploring the influence
of the SO, plume on local
and short-term climate
change

10.00-10.10
10.10-11.00

11.00-19.00

11.00-11.20

11.20-11.40

12.00-12.20

12.20-12.40

12.40-13.00

14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40



10MS3-MS-11

10MS3-MS-12

10MS3-MS-13

10MS3-MS-14

10MS3-MS-15

10MS3-MS-16

10MS3-MS-17

10MS3-MS-18

10MS3-MS-19

Mikhail IVANOV
and
H. HIESINGER

Boris IVANOV

Vladimir
OGIBALOV
and G. SHVED

Maria
PILAR VELASCO
etal

Thomas
DUXBURY and
Natalia SEREGINA

Mikhail VERIGIN
etal

Marina
DIAZ MICHELENA
and C. R. KILIAN

Marina
DIAZ MICHELENA
etal

Jose Luis
VAZQUEZ-
POLETTI et al

The Acidalia Mensa region
on Mars: A key element
to test the Mars ocean
hypothesis

Air shock wave traces
on Mars

Effect of aerosol
scattering on radiative
transfer in the CO,

and CO infrared bands

in the daytime Martian
atmosphere under break-
down of vibrational LTE

The Martian atmospheric
dust dynamic through
fractional differential
models and simulations

Looking Back at Mars
50 years: Mariner Mars
1969 imaging

Measurements

of the Martian crust
magnetization 25 years
before its discovery

Magnetic measurements
in terrestrial analogues
of Mars

Newton novel magnetic
instrument. Potential
application to unveil key
questions as the origin
of Martian moons

Serverless Computing
for Mars Exploration
and Colonization
Applications

15.40-16.00

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



session 2. VENUS 10.00-16.00
convener: Ludmila ZASOVA

conference hall, second floor

10MS3-VN-01 Vladimir A. Venus Nighttime Photo- 10.00-10.20
KRASNOPOLSKY chemical Model: Night-
glow of O,, NO, OH and
Abundances of O3 and CIO

10MS3-VN-02 Peter WURZ etal Measurement 10.20-10.40
of the composition
of Venus atmosphere
during aerobreaking

10MS3-VN-03 Helmut LAMMER Atmospheric noble gas 10.40-11.00
etal isotope and bulk K/U ratios
as a constraint on the
early evolution of Venus
and Earth

10MS3-VN-04 Maike BAUER et al Implications 11.00-11.20
of hydrodynamic escape
for the Venusian water
inventory, constrained

by D/H
10MS3-VN-05 Richard Geological tests of global  11.20-11.40
ERNST et al warming models on Venus
10MS3-VN-06 |[Leonid Bright flashes of lightning  12.00-12.20

KSANFOMALITY on Venus were
recorded in infrared

images of the Akatsuki
mission
10MS3-VN-07 Dmitry Circulation 12.20-12.40
GORINOV et al of the lower cloud level

on the nightside of Venus
from VIRTIS-M (Venus
Express) and IR2 (Akatsuki)
datain 1.74 um

10MS3-VN-08 Vladimir Internal waves charac- 12.40-13.00
GUBENKO teristics in the Venus’s
and atmosphere revealed

I. KIRILLOVICH from the Magellan
and Venus Express radio
occultation data by two
independent methods

10MS3-VN-09 Richard GHAIL EnVision: European 14.00-14.20
et al concept of a mission
to Venus
10MS3-VN-10 Patricia Proposed Venus Flagship ~ 14.20-14.40
BEAUCHAMP et al Mission
10MS3-VN-11 Ludmila ZASOVA  Venera-D: a potential 14.40-15.00
and the JSDT joint Roscosmos — NASA

mission to explore Venus’
atmosphere, surface,
interior structure and
plasma environment

10MS3- VN-12 Vladimir A model of microwave 15.00-15.20
GROMOV absorption of atmospheric
and gases for the radiometric

Alexander KOSOV experiment
in the Venera-D mission



10MS3- VN -13

10MS3- VN -14

Valentin
PARMON et al

Anastasia
KOSENKOVA et al

Hypothetical living forms
on Venus planet and their
possible nature

Maneuverable Entry
Vehicles for Venus
research

session 3. EXTRASOLAR PLANETS
convener: Alexander TAVROV

15.20-15.40

15.40-16.00

16:20-18:45

10MS3-EP-01

10MS3-EP-02

10MS3-EP-03

10MS3-EP-04

10MS3-EP-05

10MS3-EP-06

10MS3-EP-07

10MS3-EP-08

10MS3-EP-09

10MS3-EP-10

conference hall, second floor

Daniel
ANGERHAUSEN
etal

Shingo KAMEDA
etal

Andreas KRENN
etal

Valery
SHEMATOVICH
etal

lidar
SHAIKHISLAMOV
etal

Daria
KUBYSHKINA
etal

Vladislava
ANANYEVA et al

Vladislava
ANANYEVA et al

Anastasia
IVANOVA et al

Leonid
KSANFOMALITY

and Alexander
TAVROV

The LIFE mission:
a Large Interferometer
for Exoplanets

WSO-UV/UVSPEX
for observation
of Earth-like Exoplanets

Energy-limited escape:
an examination of the
range of applicability

Atmospheric escape
of close-in Neptunes

3d gasdynamic modeling
of transitiong hot
exoplanets

The past rotation history
of Kepler-11 revealed

by the present
atmospheres of its planets

Mass distribution

of exoplanets considering
observation selection
effects in the transit
detection technique

Mass distribution of
transit planets depending
on the host star spectral
class (considered: K, G, F)

RV-exoplanets mass
distribution at M-dwarf-
type host stars

On a possible role of giant
exo-rings of the j1407b
type in physical properties
of the KEPLER KIC 8462852
object

16.20-16.40

16.40-16.55

16.55-17.10

17.10-17.25

17.25-17.40

17.40-17.55

17.55-18.10

18.10-18.20

18.20-18.30

18.30-18.45



session 4. MOON AND MERCURY 10.00-18.00
conveners: Igor MITROFANOV,

Maxim LITVAK
conference hall, second floor
10MS3-MN-01 Johannes BepiColombo 10.00-10.20
BENKHOFF et al en route
to Mercury
10MS3-MN-02 Alexande MGNS: first data 10.20-10.40
KOZYREV et al. en route to Mercury
10MS3-MN-03 Evgeny Geology, geochemistry 10.40-11.00
SLYUTA and geophysics

of the Moon: from
priority scientific tasks
to scientific equipment

10MS3-MN-04 James W. HEAD Rethinking lunar mare 11.00-11.20
and Lionel basalt regolith
WILSON formation: new

concepts of lava flow

protolith and evolution

of regolith thickness

and internal structure
10MS3-MN-05 Jinsong PING et al Low frequency radio 11.20-11.40

astronomical experi-

ments on the Moon

10MS3-MN-06 Mikhail Morphologies 12.00-12.20
GERASIMOV et al of impact-simulated
condensates
10MS3-MN-07 Elliot Targeting lunar 12.20-12.40

SEFTON-NASH et al volatiles with ESA’s
PROSPECT payload

on LUNA-27
10MS3-MN-08 Rahul Lunar lava tubes 12.40-13.00
SHARMA et al represent vast poten-
tial
10MS3-MN-09 Sergey Features of the fossil 14.00-14.20
VOROPAEV and tidal bulge formation
AYu. DNESTROVSKY for the early Moon
10MS3-MN-10 Wang Prospect of planetary  14.20-14.40
MINGYUAN et al radio emission based

on low frequency de-
tection of Chang’E-4
10MS3-MN-11 Susanne LIBS for in-situ geo- 14.40-15.00
SCHRODER et al chemical investigations
of extraterrestrial sur-
faces of atmosphere-
less bodies
10MS3-MN-12 Egor SOROKIN et al Experimental 15.00-15.20
simulating
of a micrometeorite
impact on the Moon



10MS3-MN-13

10MS3-MN-14

10MS3-MN-15

10MS3-MN-16

10MS3-MN-17

10MS3-MN-18

10MS3-MN-19

Svetlana
DEMIDOVA

James W. HEAD
and
Lionel WILSON

Alexander
BASILEVSKY et al

Zhanna
RODIONOVA
etal

Maya
DJACHKOVA et al
Maxim

LITVAK et al

Igor
MITROFANOV
etal

Distribution of P-bearing
olivines sources

in the lunar crust

Dike intrusion-related
processes in the lunar
crust: the role of country
rock porosity/permeabil-
ity in magmatic percola-
tion and thermal anneal-
ing, and implications

for gravity signatures

Potential lunar base

on Mons Malapert:
Topographic, geologic
and trafficability consid-
eration

Topographical Features
of the Lunar Maria

and Basins

Landing site selection
for future lunar landers
The nearest perspectives
for Lunokhod 2.0

The concept

of LUNA-28 mission

for polar soil return

15.20-15.40

15.40-16.00

16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.40-18.00



session 5 . GIANT PLANETS 10.00-13.10

convener: Scott BOLTON
conference hall, second floor

10MS3-GP-01  Scott BOLTON Result from Juno 10.00-10.15
et al on the Origin of Jupiter

10MS3-GP-02  John CONNERNEY Jupiter’s Magnetic Field 10.15-10.30
etal and Magnetosphere

at the Midpoint
of the Juno Mission

10MS3-GP-03  Alberto ADRIANI Infrared observations 10.30-10.45
etal of the Jupiter’s atmo-
sphere
10MS3-GP-04  Masafumi IMAI Observations 10:45-11:00
et al of radio and plasma

waves at Jupiter
from Juno Waves investi-

gation
10MS3-GP-05  Alessandro MURA Observations of Jupiter 11.00-11.15
etal Aurorae from Juno
10MS3-GP-06  Vladimir Photochemical Model 11.15-11.30

KRASNOPOLSKY  of Pluto’s Atmosphere
and lonosphere
10MS3-GP-07  John Jovian Moon interaction  11.30-11.45
JOERGENSEN et al with energetic electrons
as measured by the Juno

ASC
10MS3-GP-08 Erica NATHAN Experimental and Numer- 12.00-12.15
et al ical Model for Freezing Icy
Satellites
10MS3-GP-09 Manuel SCHERF The origin and evolution ~ 12.15-12.30
etal of Titan’s nitrogen atmo-
sphere

10MS3-GP-10  Igor ALEXEEV et al Diagnostics of the Jovian ~ 12.30-12.40
magnetospheric state
during the Juno mission

10MS3-GP-11  Alexander The resonant semi- 12.40-12.50
PERMINOV analytical motion theory
and Eduard for giant planets
KUZNETSOV of the Solar system
10MS3-GP-12  Valery KOTOV Rotation of giant planets  12.50-13.00
10MS3-GP-13  Michel BLANC Science objectives and 13.00-13.10
et al mission scenarios

for future missions
to the Jupiter system

session 6. SMALL BODIES 14.00-18.00
(including cosmic dust)

conveners: Alexander BASILEVSKY,
Alexander ZAKHAROV

conference hall, second floor

10MS3-SB-01  Thomas DUXBURY The International Phobos/ 14.00-14.15
Deimos Data Working
Group



10MS3-SB-02

10MS3-SB-03

10MS3- SB-04

10MS3- SB-05

10MS3- SB-06

10MS3- SB-07

10MS3- SB-08

10MS3- SB-09

10MS3- SB-10

10MS3-SB-11

10MS3-SB-12

10MS3- SB-13

10MS3- SB-14

Mikhail
MAROV and
Sergei IPATOV

Mikhail
MAROV et al

Sergei
IPATOV

Sergey
EFIMOV and
V. SIDORENKO
Sergey
KRASILNIKOV
et al

Vladimir
BUSAREV

and

Ekaterina
FEOKTISTOVA

Yuri SKOROV

Sergey
VOROPAEV
etal

Ute BOETTGER
etal

Ekaterina
KOREN and
Eduard
KUZNETSOV

Eduard
KUZNETSOV
et al

Sergey POPEL
et al

llan ROTH

Migration of planetesimals
from different distances
outside Mars’ orbit

to the terrestrial planets
and the Moon

Simulations of fragmentation
of dust aggregates

at the snowline in a
protoplanetary disk:

first results

Probabilities of collisions

of planetesimals from
different parts of the feeding
zone of the terrestrial planets
with the forming planets,

the Moon, and their embryos

Lidov-Kozai cycles in secular
dynamics of resonant Kuiper
belt objects

Pinnacles on the surface
of the 67P/Churyumov-Gera-
simenko comet nucleus

Assessment of the possibility
of ice presence on 101955
Bennu

Thermal models of comets.
New challenges after
the Rosetta mission

Small bodies’ strength:
failure model

Raman spectrometer

for Phobos in-situ explora-
tion

Features of the Dynamical
Evolution of Near-Earth
Asteroid Pairs

Search for young asteroid
pairs with close orbits

Dusty plasmas
in environments of Mars

Present solar

observations — a catalyst
of processes at the birth

of solar and death of stellar
system

PANEL DISCUSSION

CONCERT
RECEPTION

14.15-14.30

14:30-14:45

14:45-15:00

15:00-15.15

15.15-15:30

15.30-15.45

15.45-16.00

16.20-16.35

16.35-16.50

16.50-17.05

17.05-17.20

17.20-17.35

17.35-17.50

17.50-18.00
18.00-19.00
19.00-20.00


https://ms2019.cosmos.ru/users/ute-boettger

10MS3-SW-01

10MS3-SW-02

10MS3-SW-03

10MS3-SW-04

10MS3-SW-05

10MS3-SW-06

10MS3-SW-07

10MS3-AB-01

10MS3-AB-02

10MS3-AB-03

session 7:

SOLAR WIND INTERACTIONS
WITH PLANETS AND SMALL BODIES

conveners: Oleg VAISBERG

room 200, second floor

Eduard
DUBININ et al

Lev ZELENYI et al

Salvador JIMENEZ
et al

Valery
SHEMATOVICH et al

Alexander
GRIGORIEV et al

Andrey
DIVIN et al

Viadimir
BUSAREV et al

What is a main driver
for ion losses at Mars
and what is

a role of the crustal
magnetic field?

Thin current sheets
of sub-ion scales
observed by MAVEN
in the Martian
magnetotail

Induced magnetic field
in Mars ionosphere.
Solar wind and aurorae

Kinetic Monte Carlo
Model of High-Energy
H/H+ Precipitation
into the Martian
Atmosphere

The Fine Structure
of the Interface
between

the Magnetosheath
and the Venusian
Induced Magneto-
sphere

A Fully Kinetic Study
of Electron
Acceleration Around
a Weak Comet
Similarity

of sublimation
activity of the main-belt
primitive asteroids
704 Interamnia,

24 Themis, and 449
Hamburga and solar
flares’ influence

session 8: ASTROBIOLOGY
conveners: Elena VOROBYOVA,

Oleg KOTSYURBENKO

conference hall, second floor

Elias

CHATZITHEODORIDIS

Sohan JHEETA

Viadimir
KOMPANICHENKO

Biosignature detection
with state-of-the-art
instrumentation

Astrochemistry:
synthesis of the basic
‘building blocks’ of life

Origin of life through
the efficient reaction
of prebiotic systems

to external oscillations:
application to Mars,
Europa, and Enceladus

10.00-12.40

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

12.00-12.20

12.20-12.40

10.00-17.00

10.00-10.20

10.20-10.40

10.40-11.00



10MS3-AB-04

10MS3-AB-05

10MS3-AB-06

10MS3-AB-07

10MS3-AB-08

10MS3-AB-09

10MS3-AB-10

10MS3-AB-11

10MS3-AB-12

10MS3-AB-13

10MS3-AB-14

10MS3-AB-15

Vladimir MATVEEV
and A. MALYGIN

Valeriy
SNYTNIKOV

Martin FERUS

Daniel
ANGERHAUSEN et al

Valery SHEMATOVICH
and M. SACHKOV

Vinod KUMAR GUPTA

Chandra
WICKRAMASINGHE
and Richard HOOVER

Sergey BULAT et al

Richard HOOVER and
E.V. PIKUTA

Oleg KOTSYURBENKO

Anton RYUMIN
and M. KAPRALOV

Nikita DEMIDOV

Panel DISCUSSION

Sorption theory
of theorigin of life

The most likely places
to detect traces

of extraterrestrial life
in the Solar System

Exoplanets: Natural
laboratories

of chemical evolution
and origin of life

Big Data and Machine
learning for Exoplan-
ets and Astrobiology:
Results from NASA
Frontier Development
Lab

Study of exoplanet
habitability: potential
atmospheric biomark-
ers 0,/0, in ultraviolet

Emergence

of photoautotrophic
assimilative mecha-
nisms in an irradiated
sterilized aqueous
mixture of some
inorganic

and organic substances
induced

by electromagnetic
radiation of Sun

Comets, carbonaceous
chondrites
and extraterrestial life

Microbial life under
thick glacier sheets:
lessons from

the subglacial Antarctic
Lake Vostok
exploration

Advances

in astrobiology:

life in ice
Methanogenic archaea
as model microorgan-
isms for astrobiology

Astrobiological studies
in Dubna

Pingos on Spitsbergen
and on Mars as
astrobiological target

11.00-11.20

11.20-11.40

12.00-12.20

12.20-12.40

12.40-13.00

14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

15.40-16.00

16.20-16.40

16:40-17:00



POSTER SESSION

7 october 19.00-20.00
9 october 18.00-19.00

exhibition hall, ground floor

10-MS3-PS-01

10-MS3-PS-02

10-MS3-PS-03

10-MS3-PS-04

10-MS3-PS-05

10-MS3-PS-06

10MS3-PS-07

10-MS3-PS-08

10-MS3-PS-09

10-MS3-PS-10

10-MS3-PS-11

10-MS3-PS-12

10-MS3-PS-13

10MS3-PS-14

10-MS3-PS-15

10-MS3-PS-16
10-MS3-PS-17

Benjamin

D. BOATWRIGHT
and James W. HEAD

Ashley PALUMBO
and James W. HEAD

Mariya

ZHARIKOVA et al

Natalia

SAVELYEVA et al

Ekaterina

STARICHENKO et al

Gennady

DOLNIKOV et al

Manuel
DOMINGUEZ-
PUMAR et al

Yulia IZVEKOVA

et al

Victor BENGHIN

et al

Sergei

NIKIFOROV et al
Alexander KOSOV

etal
Diego

RODRIGUEZ DiAZ

et al

Imant

VINOGRADOV et al

Kirill

ZAKHARCHENKO

et al

Gennady
KOCHEMASOV

Olaga TRETYUKHINA
Sergei KULIKOV

et al

Testing the Effectiveness
of Impact Bombardment on Early Mars
Landscape Degradation

Rainfall on Noachian Mars: Nature,
timing, and influence on geologic pro-
cesses and climate history

0, nightglow observations
in the Martian atmosphere
by SPICAM/MEx

First measurements of Carbon Monox-
ide in Martian Atmosphere

from ACS-TIRVIM Solar Occultation
Observations Onboard ExoMars TGO

Gravity waves in Martian atmosphere
from ACS/TGO solar occultations:
preliminary results

Investigation of the Martian dust
dynamics with Dust Complex:
Instrument Development and Calibration

Performance of a miniature Martian
3d wind sensor in the dust devil scale

Hydrodynamic similarity
of dust devils on Earth and Mars

Comparison of Liulin-MO dosimeter ra-
diation measurements during ExoMars
2016 TGO Mars’ a circular orbit with
dose estimations based on galactic
cosmic ray models

The ADRON-RM instrument onboard
the ExoMars rover

LaRa (Lander Radioscience)
on the ExoMars 2020 Kazachok lander

AMR instrument for ExoMars 2020
scientific payload for stationary mag-
netic measurements on the surface
of Mars

M-DLS experiment

for the ExoMars—2020 mission
Stationery Landing Platform:
instrument design,

fabrication and calibration results

Characterization of space radiation moni-
tor based on diamond sensitive elements
for future interplanetary missions

Warm and wet martian period in com-
parison with mantle heating in other
rocky planets and the Moon

Multiscale hipsometric web-map of Mars
Possible electromagnetic emissions

above the magnetic anomalies:
Phobos-2 observations



10MS3-PS-18

10MS3-PS-19

10MS3-PS-20

10MS3-PS-21

10MS3-PS-22

10MS3-PS-23

10MS3-PS-24

10MS3-PS-25

10MS3-PS-26

10MS3-PS-27

10MS3-PS-28

10MS3-PS-29

10MS3-PS-30

10MS3-PS-31

10MS3-PS-32

10MS3-PS-33

10MS3-PS-34

Ekaterina
GRISHAKINA et al

Sergey
KRASILNIKOV et al

Alexandra
BERMEJO et al

Alexey
BATOV et al

Tamara
GUDKOVA et al

Inna
STEPANOVA et al

Alexey MARTYNOV
etal

Daria EVDOKIMOVA
et al

Anatoly GAVRIK

Marina PATSAEVA
et al

Jacob BENHEIM et al

Vladimir GUBENKO
et al

Tamara
GUDKOVA
and Vladimir
ZHARKOV

Eugenia GUSEVA and
Mikahil
IVANOV

James W. HEAD and
Boris IVANOV

James W. HEAD et al

Aaron CHERIAN et al

Physical, mechanical, hydrophysical,
and microbiological properties
of Martian soil simulant

Measuring of volume and thickness-
es of remnant massifs of layered
deposits on Mars, using altimetry
data and math approximation

Controlling electromagnetic waves
with all dielectric metamaterials

Estimates of stresses beneath Elysi-
um Planitia on Mars

Estimates of density anomalies
beneath Elysium Planitia on Mars

Method of S-, and R-approximations
in solving the problems of geophys-
ics: application for Mars

Development of the Venera-D
Spacecraft Design

Water vapour distribution in the
Venus deep atmosphere by the
SPICAV-IR/VEX night observations

Radio occultation of Venusian
ionosphere

Dependence of cloud top circula-
tion above Aphrodite Terra on so-
lar-related effects and topography.
Variations in the behavior of zonal
wind over mission time from VMC/
Venus Express wind fields

Autonomous aerodynamic repeat-
ing diver for Venus atmospheric
research of clouds

Activity of small-scale internal
waves in the Venus’s northern
polar atmosphere by using radio
occultation measurements of signal
intensity

(A =32 cm) from the Venera—15
and —16 satellites

Corrections to model Love number
k. due to inelasticity of the interiors
of Venus

Topographic configuration of
coronae on Venus: supporting
evidence for time-dependent styles
of resurfacing

Ina Irregular Mare Patch (IMP):
new insights from observations

of superposed impact craters
Volcanically-induced transient
atmospheres on the Moon: assess-
ment

of duration and significance

Project Orpheus:
lunar laboratory



10MS3-PS-35

10MS3-PS-36

10MS3-PS-37

10MS3-PS-38

10MS3-PS-39

10MS3-PS-40

10MS3-PS-41

10MS3-PS-42

10MS3-PS-43

10MS3-PS-44

10MS3-PS-45

10MS3-PS-46

10MS3-PS-47

10MS3-PS-48

10MS3-PS-49

10MS3-PS-50

10MS3-PS-51

10MS3-PS-52

Ariel DEUTSCH et al

Ariel DEUTSCH
et al

Alexey BEREZHNOY
etal

Sergey
KRASILNIKOV

etal

Gennady SIZENTSEV
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Half a century ago, the Apollo lunar exploration missions began the transforma-
tion of the Moon, terrestrial planets and outer planet satellites, from objects
of astronomical study to objects of geologic exploration and characteriza-
tion (Figures 1-3). The Apollo missions resolved fundamental questions about
the Moon (origin of the Moon and its craters, the age and origin of the maria,
the formation of basins; did the Moon form hot or cold?). It also provided a fun-
damental framework and paradigm for understanding the history and evolution
of the terrestrial planets, including Earth [1]. What have we learned about plan-
etary formation and evolution in the ensuing five decades from this Moon-based
comparative planetology? Ejecta from a large Mars-sized projectile impacting
into early Earth appears to have formed the Moon. Impact cratering plays a fun-
damental role in initial impact heating and melting to create a molten magma
ocean whose thermal and chemical evolution dictates much of subsequent
history. Planetary internal heating, melting and extrusion of molten rock (lava)
to the surface supplies additional volatiles to the primordial atmospheres and
resurfaces significant areas. Earth loses heat through plate tectonics, but smaller
bodies lose heat primarily by conduction and rapidly become “one-plate plan-
ets”. Planets lose atmospheres as a function of time and Mars is a laboratory
for this change, perhaps evolving from warm and wet to today’s sub-freezing
desert. The current position of planets relative to their stars is not necessarily
where they started out. Abundant planetary environments have the ingredients
for life, but life has thus far only been detected on Earth. As usual, astronomers
are leading the way to the future, with the discovery of many dozens of exoplan-
etary systems and thousands of exoplanets. Today astronomers and planetary
scientists are teaming up to tackle fundamental questions in comparative plan-
etary systems: How can we use our knowledge about our Solar System and the
characteristics and histories of its planets and satellites to interpret the nature
of exoplanets? (Figure 4) Where does the Solar System fit in the menagerie of
exoplanetary systems? Is our Solar System typical or anomalous?

Fig. 1. Earth-based telescopic view of the Earth’s Moon showing how it was known
prior to the Space Age.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Fig. 2. Apollo 11 begins the geological exploration of the Moon and planets, July 20,
1969.

Fig. 3. The Solar System, illustrating the difference between the small, solid terrestrial
inner planets, and the outer gas giants. The shadow of one Jovian satellite appears
as a black dot on Jupiter.

Fig. 4. A small selection of exoplanets known today
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Introduction:

In this work we present highly sensitive attempts to detect methane and
other trace species in the Martian atmosphere by the ACS instrument
onboard the ESA-Roscosmos ExoMars Trace Gas Orbiter (TGO) [1]. No meth-
ane was detected during the time period of our measurements and over
a range of latitudes in both hemispheres. Our upper limit for methane
of ~0.05 ppbv is 10-100 times lower than previously reported positive detec-
tions [2]. The upper limits for other trace species are also better by at least
one and up to several orders of magnitude.

Given its potential implications for exobiology or geochemistry, highly sen-
sitive measurements of atmospheric methane and other trace species were
identified as the primary science goal of the TGO mission [3]. The 2-hour
circular orbit of the TGO satellite was designed for detecting trace gases using
solar occultations, a technique in which the spacecraft instruments observe
the atmospheric absorption spectrum of sunlight during sunsets and sun-
rises [4]. ACS instrument consists of three infrared channels featuring high
accuracy, a high resolving power, and broad spectral coverage (0.7 to 17 um).
The mid-infrared (MIR) channel is a high dispersion echelle spectrometer
dedicated to solar occultation measurements in the 2.3-4.5 um range. MIR
has been conceived to accomplish the most sensitive measurements of Mar-
tian trace gases, while simultaneously profiling more abundant compounds
such as CO,, H,0, and their isotopologues. When staring at the solar disk out-
side the atmosphere, the SNR of the transmittance spectra recorded by ACS
MIR channel reaches 10,000. While CH, constitutes a central target for the
“Breakthrough” science, ACS MIR instrument is used to search and the quan-
tification thereof of the abundance of a suite of companion trace gases: CH,,
CH, CH,, CH,0, H.S, H,0, OCS, N,O, HCI, HCN and others.
References:
[1] Korablev O. et al. The Atmospheric Chemistry Suite (ACS) of three spectrometers
for the ExoMars 2016 Trace Gas Orbiter. Space Sci. Rev. 2018. V. 214:7.
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Introduction:

Rapid variations of methane abundance in Martian atmosphere is one of
the most intriguing problems in Mars exploration. Methane molecules can
be produced by a potential martian biosphere. Tunable laser spectrometer
on the Curiosity rover detected seasonal variations of methane at sub ppb
levels over 5 year period [1]. Such observations are in conflict with the cur-
rently accepted photochemical modeling of the Martian atmosphere. Accord-
ing to all published photochemical models the lifetime of CH, molecules in
the Martian atmosphere should be 300-500 years. Global atmospheric mix-
ing time is about one Martian year. Therefore, additional rapid process of
methane destruction is needed to explain global seasonal variations even for
local and variable methane sources on Mars [2].

In this work we consider cosmic rays ionization of the Martian atmosphere
and subsequent atmospheric ion-molecular reactions as possible process of
rapid methane destruction. We demonstrate that the lifetime CH, decrease
by a factor of 10 and more in comparing to the standard photochemical
model (see Fig. 1).

Fig. 1. Atmospheric methane lifetime. Initial methane concentration is 0.6ppb. Curve
1 shows photochemical methane destruction. Curve 2, 3, 4 — ion-molecular methane
destruction. Curve 2 — GCR ionization of Molina Cuberos [4] . Curve 3 — GCR ion-
ization with GCR spectra of PAMELA mission 2012 year, Curve 4 — GCR PAMELA 2012
ionization and SCR ionization with spectra index y=3 (flux 50 p*cm-2s-1).
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We further demonstrate that the global methane loss rate is correlated with
seasons due to effective seasonal destruction of methane in the polar regions
during winter seasons.

Recently, the observations of ExoMars Trace Gas Orbiter (TGO) discovered
very low methane concentration (<50 ppt) in upper atmosphere [3]. It is very
unusual result because of the MSL experiments demonstrate variations of
methane concentration in range 0.2—0.6 ppb and short time spikes up to sev-
eral ppb. We simulated a combination of short time emission of subsurface
methane and low Eddy diffusion coefficient in framework of our model. This
combination can support the observed difference of methane concentration
during 600 sols (see Fig. 2).

Fig. 2. Evolution of methane profiles after 5-days spike. Curve 1 — is resulting profile
of 5 days emission with flux 5*107 molecules*cm-2s-1. Curve 2 — methane profile
after 90 sols; Curve 3 — after 300 sols; Curve 4 — after 600 sols. This profiles was cal-
culated with assumption of eddy diffusion coefficient for mixing of 4km atmospheric
layer during 1 martian year (~2.6*¥103 cm?/sec).
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Introduction:

The molecular oxygen is the minor constituent of the Martian atmosphere with
the mean mixing ratio of (1.56 * 0.06) 103. As it is a long-lived incondensable
species (with the lifetime ~60 years) the O, mixing ratio should have latitudi-
nal variations induced by condensation andzsubllmatlon of CO, from the polar
caps that result in enrichment and depletion and seasonal variations following
the total CO, amount in the atmosphere. The O, column-averaged mixing ratio
was provided by several ground-based observations as well as by Herschel
orbiting observatory [1-3]. Now the high precision measurements of the O,
mean surface mixing ratio were obtained by the quadrupole mass spectrome-
ter as a part of Mars Science Laboratory at the Curiosity rover [4].

Observations:

The Atmospheric Chemistry Suite (ACS) is a set of three spectrometers
(-NIR, -MIR, and -TIRVIM) intended to observe Mars atmosphere onboard
the ESA-Roscosmos ExoMars 2016 Trace Gas Orbiter (TGO) mission [5]. ACS
started a science program on orbit of Mars in Mars 2018. The near infra-
red channel (NIR) is a compact spectrometer operating in the range of 0.7—
1.7 um with a resolving power of A/AA ~ 25,000. It is designed to operate in
nadir and in solar occultation modes. In solar occultation mode NIR provides
a simultaneous measurement of CO, band at 1.56 um (order 49) to get tem-
perature-pressure profiles (0-110 km) 02 band at 0.76 um (order 101) and
CO band at 1.56 um (order 49) for vertical profiling in the low atmosphere
(0-60 km). A vertical profiling of the O, density is a unique feature of the ACS
NIR science in occultation. No other instrument on a Mars orbiting platform
being sensitive to O, from 10 to 60 km altitude range. The ratio of 0,/CO
is also an important indicator of the Martian photochemistry.

Results:

Fig. 1 The O, vertical profiles before the MY34 Global Dust storm in the Northern and
Southern hemlspheres as observed by ACS-NIR and prediction published in MCD 5.3 [6]
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The first O, profiles were obtained for 36 observations gives a value of :
1582483 ppm at latitude of 80N and 1756+101 ppm at 44-57S and Ls 167-169
before the dust storm, and 2361+270 ppm at 43-53N and 187741187 ppm at
80S and Ls 196-198 during the global dust storm.

Here we present the first results of the O, density retrievals from the ACS/NIR
solar occultations for the first year of observations and a comparison with
the LMD General Circulation model.
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Aerosols play a big role in the atmospheric circulation, thermal structure, and
climate of Mars [1, 2]. Dust particles cause changes in atmospheric dynam-
ics and inflation of the atmosphere through the solar heating of the atmo-
sphere [1]. Water ice particles play fundamental role in photochemistry and
transport of volatiles on Mars [1, 3]. Knowledge of the spatial and tempo-
ral distribution of dust and water ice aerosols is highly important for better
understanding of dust and water cycles on Mars.

The ExoMars Trace Gas Orbiter (TGO) is a joint ESA—Roscosmos mission
to Mars [4]. It began orbiting Mars in October 2016 and started its observa-
tions in April 2018, just before the beginning of the 2018 global dust storm at
the beginning of June (solar longitude Ls=185°).

The Atmospheric Chemistry Suite (ACS) is a set of three infrared spectrom-
eters (NIR, MIR, and TIRVIM) featuring high accuracy, high resolving power
and a broad spectral coverage (0.7-17 um).TIRVIM is a Fourier-transform
spectrometer capable of operation in nadir and solar occultation modes.
In occultations, TIRVIM operates mostly in ‘climatology’ mode, cover-
ing the full spectral range of 1.7-17 um every 0.4 s with spectral resolu-
tion <1 cm™ [5]. Aerosol properties from TIRVIM solar occultation data
were retrieved from 19 wavelengths in the spectral range of 2-6 um
(1700-5000 cm™), chosen outside of strong-gas-absorption bands.
To increase the signal-to-noise ratio, the spectra were averaged using the
simple moving mean within a spectral window of 50 cmcentered at the
chosen wavenumbers.NIR is an echelle spectrometer, with selection of dif-
fraction orders performed by an acousto-optical tuneable filter. It operates
in nadir and solar occultation modes and covers the spectral range 0.7-
1.7 um. During an occultation, ACS NIR measures 10 preselected diffraction
orders in two seconds, including the absorption bands of H,0, CO, and O,,.
For the aerosol retrieval, diffraction orders centered at 0.76, 0.86, 0.99,
1.38, and 1.57 um were used.

The first step in retrieval procedure is calculation of aerosol transmission
profile. For TIRVIM, it is straightforward and standard for all solar occulta-
tion experiments. The reference spectrum for an occultation | is obtained
when observing the Sun out of the atmosphere. Inside the atmosphere solar
radiancel is attenuated by aerosols. Transmittances are obtained by divid-
ing the spectra measured through the atmosphere by the reference spec-
trum recorded outside the atmosphere: T=I/I . For NIR, the spectra fitting
and retrieval of aerosol transmission profile follow the method described
for the SPICAM Mars Express 1.38-um band [6, 7].

The second step, retrieval of the extinction vertical profiles, is identical
to the one used for SPICAM and SPICAV solar occultations [8, 9]; that is by
making use of the standard ‘onion peeling’ method.

The final step involves fit of the experimental data to the modelled one.
As a result, vertical profiles of size distribution and number densityare
retrieved (Figure).To distinguish between water ice and dust particles, we
applied the optimal-estimation retrieval scheme independently for both
types and made the decision based on the fit quality.
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Fig. 1. Retrieved vertical profiles of transmission (a), slant opacity (b), extinction coef-
ficient (c), particle effective radius (d), and number density (e) from orbit #821_|.

In this work, we will present analysis of retrieved dust and water ice aerosol
properties from the first year of observations on the orbit of Mars.
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After 15 years in orbit Mars Express remains one of ESA’s most scientifically
productive Solar System missions whose publication record now exceeds
1200 papers. Characterization of the geological processes on a local-to-re-
gional scale by HRSC, OMEGA and partner experiments on NASA spacecraft
has allowed constraining land-forming processes in space and time. Recent
results suggest episodic geological activity as well as the presence of large
bodies of liquid water in several provinces (e.g. EridaniaPlanum, Terra Chi-
meria) in the early and middle Amazonian epoch and formation of vast
sedimentary plains north of the Hellas basin. Mars Express observations
and experimental teams provided essential contribution to the selection
of the Mars—2020 landing sites and supporting characterization of potential
landing sites for the Chinese HX-1 mission. Recent discovery by the subsur-
face radar MARSIS of subglacial liquid water underneath the Southern polar
layered deposits has proven that the mission science potential is still not
exhausted. The radar will continue searching for subsurface water pockets
using its high resolution mode.

More than a decade-long record of the atmospheric parameters such as
temperature, dust loading, water vapor and ozone abundance, water ice and
CO, clouds distribution, collected by SPICAM, PFS, OMEGA, HRSC and VMC
together with subsequent modeling have provided key contributions to our
understanding of the martian climate. Spectroscopic monitoring of the global
dust storm in 2018 revealed dust properties, their spatial and temporal vari-
ations and atmospheric circulation.

Recently PFS has reported a firm detection of 15.5 + 2.5 parts per billion
by volume of methane in the Martian atmosphere above Gale crater on
16 June 2013, just one day after the in-situ observation of a methane spike
by the Curiosity Rover. Numerical simulations of the Martian atmosphere,
using stochastic gas release scenarios, identified a potential source region
east of Gale crater. Most importantly, independent geological analysis also
pointed to the same region, where faults of Aeolis Mensae may extend into
proposed shallow ice of the Medusae Fossae Formation and episodically
release gas trapped below or within the ice.

More than 10,000 crossings of the bow shock by Mars Express allowed
ASPERA-3 to characterize complex behavior of the magnetic boundary topol-
ogy as function of the solar EUV flux. Observations of the ion escape during
complete solar cycle revealed dependencies of the atmospheric erosion rate
on parameters of the solar wind and EUV flux and established global energy
balance between the solar wind and escaping ion flow. This led to import-
ant conclusion that the ion escape at Mars is production rather than energy
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limited. The analysis showed that ion escape can be responsible for removal
of about 10 mbar over Mars history that implies existence of other more
effective escape channels.

The structure of the ionosphere sounded by the MARSIS radar and the MaRS
radio science experiment was found to be significantly affected by the solar
activity, the crustal magnetic field, as well as by the influx of meteorite and
cometary dust. MARSIS and ASPERA-3 observations suggest that the sunlit
ionosphere over the regions with strong crustal fields is denser and extends
to higher altitudes as compared to the regions with no crustal anomalies.
Several models of the upper atmosphere and plasma environment are being
developed based on and in support of the collected experimental data.
The models aim at creating user-friendly data base of plasma parameters
similar to the Mars Climate Database that would be of great service to the
planetary community.

A significant recent achievement was the flawless transition to the “gyroless”
attitude control and operations mode on the spacecraft, that would allow
mitigating the onboard gyros aging and extending the mission lifetime. The
mission operations are now confirmed till the end of 2020 and the mission is
notionally extended till the end of 2022. The talk will give the Mars Express
status, review the recent science highlights, and outline future plans focusing
on synergistic science with TGO.
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Introduction:

FREND stands for Fine Resolution Epithermal Neutron Detector, an instru-
ment orbiting Mars onboard Trace Gas Orbiter spacecraft. It began mapping
campaign in May 2018 and we present major mapping results in this work.

Mapping of Hydrogen abundance:
FREND is a neutron telescope instrument installed onboard Roscosmos/ESA
ExoMars 2016 mission, Trace Gas Orbiter (TGO) spacecraft.

Its main objective is to map hydrogen (water equivalent) abundance in the
shallow subsurface of Mars. The instrument is sensitive to hydrogen up to
1 m deep. Epithermal and fast neutrons ratio, measured from orbit, depends
greatly on the content of hydrogen in the subsurface.

Characteristic FREND feature is its collimator that shields detectors from
neutrons from outside the field of view. Such technique allows for mapping
with spatial resolution of up to 60 km per pixel, which was never before per-
formed on Mars [1].

Global maps and local features:

In this work we will present FREND’s latest results — global maps of Martian
hydrogen abundance as measured by the instrument.

Thanks to its high spatial resolution, it becomes possible to study also local
features in comparison with topography and geomorphology features.
We will also present such findings for locations of most interest.
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Introduction:

During more than 7years MSL Curiosity is successfully traversing across Mars
surface exploring Gale crater. In our study we have used the data received
from Dynamic Albedo of Neutron (DAN) instrument installed onboard Curios-
ity rover. The main objective of the DAN instrument onboard Curiosity rover
is to study the bound water in shallow layer of Martian subsurface (up to 0.6
m) [1,2]. We paid our major attention to the DAN passive observations to
suggest new technique and to reconstruct continuous profile of subsurface
water along the traversed distance in Gale crater. We have also compared our
results with previous analyses [5, 6, 7].

Instrumentation: The DAN instrument uses a method of active and passive
neutron sensing of the shallow subsurface. Active neutron measurements are
provided with the pulsing neutron generator (PNG), which produces 2 micro-
second pulses of 14 MeV neutrons at a frequency of 10 Hz. In passive obser-
vations, the instrument detects neutrons that are produced by two different
sources: 1) the neutrons born in the interactions between charge particles
of galactic cosmic rays (GCR) and soil nuclei; 2) the neutrons produced with
rover’s Multi-Mission Radioisotope Thermoelectric Generator (MMRTG).

Neutrons from the both sources are initially produced with high energies and
then moderated down to epithermal and thermal ranges in the subsurface
under the rover. The efficiency of the moderation process is known and it
depends on the presence of hydrogen in the oil because during a neutron-hy-
drogen collision, the light nucleus of hydrogen atom takes about the same
recoil energy, as the scattered neutron. It means that DAN detects elevated
content of hydrogen through the variations of low energy neutron flux leak-
ing from the subsurface.

Data Analysis:
In our analysis, we processed of DAN passive observations over the period of
2100 Sols in the Gale crater.

The estimation of water component is based on the comparison and the cali-
bration of passive data using active ones at the rover stops. This method uses
two parameters: the ratio between count rates of thermal and epithermal
detectors and the content of neutron absorbers. The last one is described
by chlorine concentration as most important (taking into account many fac-
tors) neutron absorber in the Martian subsurface [1,3]. For the simplicity, we
implemented homogeneous model of the subsurface. This regolith structure
is prevailing according to the active measurements (see for details [4]).

Results. The analysis of DAN passive data shows that WEH (water equivalent
hydrogen) varies from 0.5% up to 7% along the rover traverse over the period
of 2100 Sols and distance up t020 km. The implemented method shows good
correlation with the active measurements (up to 90% degree of correlation
for ~ 400 individual spots) andcould be used for the continuous monitoring
of the average content of subsurface water.
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Introduction:

The Dynamic Albedo of Neutrons (DAN) instrument designed to detect
neutrons in order to determine hydrogenabundance in the Martian subsur-
face (down to 1 m deep) [1, 2] is successfully working onboard Mars Sci-
ence Laboratory (MSL) rover Curiosity for more than 6 years. The Curiosity
rover covered more than 19 km on the Martiansurface and crossed a range
of terrain types and geological structures of different mineralogical composi-
tion. We investigated the possible correlation between water content value
as measured by DAN instrument alongthe Curiosity traverse and the presence
of hydrated minerals as seen from orbit (for example, by Compact Reconnais-
sance Imaging Spectrometer for Mars instrument onboard Mars Reconnais-
sance Orbiter [3]) in order to connect geochemical features of the surface
to the subsurface water measurements. Our cross-analysis of soilwater con-
tent from DAN passive measurements in Gale crater and special data sets,
reflecting distribution of hydrated/hydroxylated minerals on the surface
of this crater, shows an increase of the average water content for the surface
containing certain types of minerals as related to the surface, which does
not contain them. This increaseis higher, with the more prominent spectral
feature of the mineral on the surface. Thus, certain types of minerals being
part of the sedimentary deposits composing the Gale crater surface have
considerable thickness, which issufficient for being detected by the DAN
measurements.
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rainfall, snowmelt, “warm and wet”, “cold and icy”.

Discussion and debate continue concerning the nature and evolution
of the atmosphere and climate in the Noachian and Hesperian periods
of the history of Mars, centering on two end-member hypotheses (Fig. 1):
1) “warm and wet/arid” (WW/A), with fluctuations in the amount and inten-
sity of rainfall (infiltration versus overland flow), and a Late Noachian climate
optimum causing overland flow [1], valley network (VN) formation, open and
closed basin lakes (CBL/OBL) and a northern lowlands ocean; and 2) “cold
and icy” (Cl), with mean annual temperatures (MAT) ~ 225 K, an adiabatic
cooling effect forming a Noachian Icy Highlands (NIH), and transient pertur-
bations to the ambient CI climate to cause melting of the NIH to form VN,
OBL/CBL [2, 3]. Here we outline a series of concepts and themes that are
currently emerging from this discussion and identify several drections for the
path forward.

Time Period Involved:

The Noachian begins with the formation of the Hellas basin, and continues
with Isidis and Argyre (Fig. 2); therefore the Middle and Late Noachian (M—LN)
are characterized by significant inheritance from the influence of these large
basins on the atmosphere, hydrosphere, surface temperatures, regional to
global resurfacing, geomorphology, exposure of deep primary and secondary
rock types and anomalous alteration mineralogy. It is also a period of relatively
higher impact flux, with temporally decreasing flux offset by decreasing atmo-
spheric pressure. This is all built on top of Pre-Noachian inheritance (Fig. 2).

Nature of the Ambient Background Atmosphere and its Evolution:

What is the nature of the ambient atmosphere, the long-term background
atmosphere that exists throughout the 250 Ma Middle-Late Noachian (M-
LN)? Critical to this question is how the atmosphere responds to and recov-
ers from impact basin formation, the fate of the magnetic field, and the tim-
ing and rates of early loss-to-space mechanisms. These effects are largely
poorly known/unknown, but are likely to have occurred and been in place
by the M-LN. Atmospheric pressure is unlikely to have exceeded 1 bar, CO2
is the dominant component, and other greenhouse gases appear to have
been minimal. These conditions and Mars’ distance from a faint young Sun
favor MAT ~ 225 K. Long-term loss-to-space rates decreased atmospheric
pressure with time, but it is unlikely that a M-LN ambientatmosphere could
have been characterized by sustained MAT > 273 K; sustained evolutionary
warming mechanisms to > 273 K appear difficult.

Nature of M—-LN Background Climate:

Barring major changes in our understanding (which are certainly possible!),
the characteristics of the ambient background atmosphere predict that
the background M-LN climate (Fig. 1) is characterized by MAT ~ 225 K, an
adiabatic cooling effect, highlands which act as a cold-trap for water, and
accumulation and storage of the water as snow and glacial ice there (the ‘icy
highlands’). This strongly suggests that the abundant geological evidence of
surface liquid water may be due to perturbations to this background climate,
not to a sustained > 273 K climate itself. In searching for such perturbations,
peak annual and seasonal (PAT, PST) temperatures are likely to be important,
as well as intermittent (occur for time to time) and heterogeneous (occur in
some places but not others) melting conditions.



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Nature of Precipitation (rainfall, snowmelt):

Most contributions use the term precipitation and parenthetically add
(rainfall, snow; or snowmelt). It is important to distinguish between rain-
fall and snowmelt in proposed hypotheses for M—LN climate conditions.
It is extremely difficult to produce sustained or widespread rainfall in a cli-
mate with MAT < 273 K, but such a climate can undergo intermittent or het-
erogeneous melting of snow and ice under a variety of conditions, producing
significant volumes of glacial meltwater.

Hydrological System and Cycle:

End-member climate models predict very different water cycle scenarios.
In the WW/A model, the hydrological system is vertically integrated, rain-
fall is common, groundwater plays an important role, and northern lowland
oceans are an important part of the cycle. In the Cl model, there is a thick
global cryosphere, the hydrological system is horizontally stratified, there
is no sustained ocean or connection to the groundwater system, and the
majority of the water is located as snow and glacial ice in the uplands above
an ELA of ~ + 1 km. Any ocean formed from the release of groundwater is very
short-term, rapidly freezing and returning to upland cold-traps.

Water Budget:

The M-LN surface-near surface estimated water budget is uncertain but may
only have been within a factor of 2—3 of the current 34 m GEL [4]. Further-
more, water recycling needs to be considered in all estimates of total water
volumes required to erode VN and fill CBL/OBL, and thus estimating the total
water budget. Water recycling readily occurs in both WW/A and Cl scenar-
ios. Increased total water budget in the Cl scenario means more ice in the
uplands available to melt during climate perturbations.

Polar Deposits:

The presence of significantly larger (~ 2.5> area) LN-EH south polar-circumpo-
lar deposits (the Dorsa Argentea Formation; DAF) are consistent with Cl cli-
mate models in which the ACE causes ice to reside in the southern uplands
and not in the relatively “warmer” northern lowlands.

ML-N Geological Processes:

Impact basin aftermath hot rains may be a critical erosional and alteration
process in EN basins [5, 6] but ML-N impact craters have little effect on the
climate except for hot ejecta melting surface snow and ice [6]. Cl upland glaci-
ation is cold-based except under extreme water budgets, and thus is likely to
leave little evidence of its presence except when top-down melting occurs (flu-
vial) [7]. Flood volcanism is a very significant ML-N-H process, resurfacing >30%
of Mars; although gas release may locally contribute to raising PAT/PST toward
melting [8], the most important effect may be lava/ice contact/deferred melt-
ing, which can produce very significant amounts of meltwater [9].

Mineralogical Perspectives and Constraints:

The surface phyllosilicate and related mineralogical record is an important
constraint on climate history but uncertainty as to the provenance and envi-
ronment of origin of these has precluded definitive application to the climate
discussion. Advances are needed in terms of understanding necessary water/
rock ratios, temperatures, time-scales and micro-environments; also neces-
sary is a better understanding of the climate implications of preserved salts
and olivine.

Lander/Rover Perspectives:

Surface exploration of a variety of local environments will help resolve many
of these issues by providing evidence to distinguish between local microen-
vironments and global climate effects. At the same time, global climate mod-
els provide paradigms to test with surface exploration data (e.g., are Merid-
iani deposits due to fluctuating groundwater table flooding levels or could
they be doe to intermittent overland flooding and evaporation? Similarly,
improved understanding of sediment protoliths and the role of impact pre-
processing in influencing sediment grainsize/shape is important [10].
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Candidates and Timescales of Climate Perturbations:

A sustained WW/A MAT >>273 K climate needs only minor perturbations
to produce sustained liquid water and runoff; in contrast, a nominal CI
MAT ~225 K climate needs significant perturbations to produce the same
effects. Among the types of variability and Intermittencies are: 1) Episodic/
Periodic: Two scales: Normal atmospheric system variability: This episodic
intermittency operates on < 1-103 years timescales; Spin axis/orbital varia-
tion-forced climate cycles: This periodic intermittency operates on 103-106
year timescales. 2) Punctuated: Two types: Variability in effusive/explosive
volcanic processes: Volcanism is likely to be punctuated and more episodic
than periodic, with uncertain intermittency; External stochastic variability:
Impact cratering: Episodic and punctuated (but vary in magnitude); dura-
tions of atmospheric effects estimated at 102—103 years [5, 6]. Introduction
of additional greenhouse gases can also cause significant perturbations of
uncertain duration. Examination of the durations of fluvial activity (Fig. 3)
suggest that the required duration of individual perturbations may be short
and their total number may not be large.

The Early Mars Climate Aftermath:
All Noachian climate models must account for LH and Amazonian events [11]
in an evolutionary manner.

Fig. 1. Temperature-time framework [12].

Fig. 2. Major factors in early Mars history [13].
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DURATION OF NOACHIAN PERIOD
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MIDDLE NOACHIAN |

«+————» Total estimated range of time to carve VN systems (<10%-10%a)

Various intermittencies/hiatus scenarios/computer simulations (10°-10%)

Valley network fluvial analogs, Earth intermitences (10°-10"a),
Longest VN system (~5,000 km) total travel time at 1-10 m/s (6-58 days).

Continuous fan/delta formation, oBL filling (<10%a) |
o 100 200 300 400
Million Years

Fig. 3. Process duration estimates [12-14].

References:

[1] Ramirez and Craddock. 2018. V. NG 11. P 230
[2] Wordsworth et al. 2015. V. JGR 120, P. 1201
[3] Head and Marchant. 2015. V. AS 26. P. 774
[4] Carr and Head. 2015.V. GRL42.P. 1

[5] Palumbo and Head. 2017. V. MAPS 53. P. 687
[6] Turbet et al.2019. V. LPSC 50

[7]1 Fastook and Head .2015. V. PSS 86. P 102

[8] Palumbo et al. 2019. V. LPSC 50

[9] Cassanelliand Head. 2016. Icarus 271, 237
[10] Arp etal. 2019. Icarus 321. P. 531

[11] Carr and Head. 2010. EPSL 294. P. 185

[12] Head et al. 2017. 4th Early Mars

[13] Fassett and Head. 2011. Icarus 211, 1204;
[14] Buhler et al. 2014. Icarus 241. P. 130.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-MS-10

VOLCANISM ON EARLY MARS: EXPLORING
THE INFLUENCE OF THE SO, PLUME ON LOCAL
AND SHORT-TERM CLIMATE CHANGE

A.M. Palumbo !, J.W. Head !, and R.D. Wordsworth 2

1 Dept Earth, Environmental & Planetary Sciences, Brown University,
Providence, RI 02912 USA, Ashley_Palumbo@Brown.edu

2 Sch Engineering & Applied Sciences, Harvard University, Cambridge, MA
02138 USA

Keywords:
volcanism, climate, Noachian, rainfall, cold and icy

Introduction:The nature of the early martian climate is a compelling scientific
problem [1]. Widespread valley networks (VNs) [2] and lakes [3, 4] suggest
that there was abundant liquid water on the surface during the Late Noa-
chian-Early Hesperian (LN-EH). This has led to suggestions that the early cli-
mate was “warm and wet”, with mean annual temperature (MAT) > 273 K
and abundant rainfall [e.g. 5]. In contrast, recent climate modeling suggests
that the climate may have been “cold and icy”, with MAT ~ 225 K and water
ice in the highlands [6, 7, 8]. In this “cold and icy” scenario, fluvial activity
would have occurred during periods of transient heating, ice melting, and
runoff. Many transient heating mechanisms exist, including volcanism-in-
duced heating [9-14].

Background:

SO, and H,S are strong greenhouse gases in the martian atmosphere because
they have fundamental absorptions in the IR atmospheric window [10].
Thermochemical modeling suggests that martian magmas are more sulfur
enriched than terrestrial magmas [15], implying that large quantities of sul-
fur can be released for relatively small eruption volumes. Further, at least
30% of Mars was resurfaced with basaltic plains by LN-EH flood volca-
nism [16, 17]. For these reasons, volcanism was an active and important pro-
cess in the LN-EH, when the VNs and lakes formed. Understanding the influ-
ence of volcanism on the early climate is critical for interpreting the geologic
and climatic history of Mars.

Previous studies have used climate and radiative transfer models to estimate
the heating from volcanic gases in the martian atmosphere [9, 11-13, 18].
Many concluded that sulfur-based gases cannot produce the necessary cli-
mate change because (1) MAT does not exceed 273 K for reasonable gas con-
centrations [12] when considering global gas distribution, (2) temperatures
above freezing can occur in the summer for modest concentrations of glob-
ally-distributed SO, [19], but the percentage of the year above freezing is low
and ice melting and runoffis insignificant, and (3) heating may only last a few
months to years [11, 20] due to rapid conversion to aerosols, which are atmo-
spheric cooling agents. Although the influence of volcanism-induced heating
has been extensively studied, one important aspect has not been explored in
detail: localized heating is predicted to occur when gases are concentrated
near the source and have not yet dispersed globally. This effect is well-estab-
lished for terrestrial analogues, such as the 2001 Mt. Pinatubo eruption, but
has not yet been analyzed for early Mars.

Methods:

We use the 3D Laboratoire de MétéorologieDynamique (LMD) global climate
model (GCM) for early Mars to assess the localized SO, greenhouse heating
that occurs following a volcanic eruption, before the gas distributes globally.
The ambient background climate is simulated as 1 bar CO,[21], 34 m GEL
water [22], 25-55° oblqu|ty [23], 0-0. 17 eccentricity [23], and 0 ppm SO,;
these conditions produce a “cold and icy” climate.

We run the model with this ambient, SO,-free atmosphere until it reaches
equilibrium, then simulate the eruption pIume by introducing 10 ppm SO,
near a LN-EH volcanic edifice (Fig. 1); 10 ppm is an upper limit for atmo-



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

spheric SO, concentration during this period of high volcanic outgassing
rates [9]. SpeC|f|caIIy, the ‘plume’ is simulated as an SO, column above a
volcanic edifice. The column has a lateral SO, gradient, with most SO, con-
centrated in the center, and the column is continuous until ~ 28 km altitude
(following [24,25]). As the model progresses through time, we track the dis-
tribution of SO, in the atmosphere and the associated heating of the surface.
We do not account for photochemical effects, including OH radical attack,
which convert the SO, to aerosols; our temperature predictions are maxima.

Fig 1. Locations of volcanoes which are used as starting points for plumes.

Results and Discussion:

Based on our results, we identify two key phases of atmospheric SO, distri-
bution following a volcanic eruption. Phase one is defined as the perlod of
time in which SO, is focused near the volcanic edifice and spreading through
a latitudinal band. By day 45, the SO, has dispersed through the latitudinal
band (Fig. 2A). Phase two is defined as the period of time in which the SO2
is spreading poleward and becomes globally distributed. By day 70 follow-
ing the eruption, the SO, has reached the poles (Fig. 2A). After the SO, has
reached the poles, it continues to redistribute for 10s of days longer until it is
relatively homogenously distributed across the planet. Next, we analyze the
SO,-related greenhouse warming in phase one and phase two.

Phase one. The first 45 days following an eruption introduce important local
climate change; the SO, greenhouse effect is focused near the eruption
site and then within a latitudinal band, strengthening the local greenhouse
effect. To quantitatively understand the localized greenhouse warming, we
compare the temperature at the eruption site as a function of time for two
different scenarios: following an eruption and for an SO,-free atmosphere
(Fig. ZB) Recall that an SO_-free atmosphere is the ambient background Noa-
chian “cold and icy” " climate. To describe our results, we assess local warming
following a single eruption at Hadriacus Mons (HM). The simulated eruption
occurs at southern hemispheric spring equinox, obliquity is 25°, eccentricity
is 0, there is 1 bar CO,, and the 10 ppm SO, plume is initiated as a column.

In the first 10 days following an eruption at HM, the temperature near the
eruption site is predicted to be ~ 15 K warmer than in the SO _-free case
(Fig. 2B). Summer temperatures at HM are ~5-10 K warmer folfowing the
eruption than in the SO,-free climate, but average daily temperatures do not
exceed 273 K (Fig. 2B). *Note that an eruption at the beginning of the local
summer season, instead of spring equinox, would be required to increase
temperatures above 273 K locally, but even in that case, the heating would
be short-lived (10s of days) because the plume rapidly disperses and the
magnitude of localized heating decreases. For comparison, in the Antarctic
Dry Valleys, temperatures are only >273 K for 20-25 days each year, but suffi-
cient meltwater is produced to activate the ~30 km long Onyx River.

Phase two. Temperatures continue to be warmer in the post-eruption case
than in the SO_-free case. However, in phase two, as the SO, disperses pole-
ward and distributes globally, the difference in temperature between the
post-eruption and SO, -free cases becomes smaller (~5 K; Fig. 2B) than in
phase one. Although temperatures gIobaIIy are hlgher than in an SO_-free
atmosphere, the amount of warming in phase two is not enough to increase



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-MS-10

temperatures above 273 K at the eruption site, regardless of the season in
which the eruption occurs. In agreement with previous work [e.g. 12], we
find that phase two conditions, 10 ppm globally distributed SO,, are not suffi-
cient to increase temperatures >273 K for more than a few hours yearly any-
where on the planet. Further, photochemical conversion to aerosols causes
atmospheric SO, concentration and associated warming to decrease after
the first few months [11, 25]. In summary, the most drastic heating occurs
during phase one, immediately following the eruption (Fig. 2B).

Fig. 2. (A left) Dispersal of 10 ppm SO, following eruption at HM (31°S 92°E). The
plume spreads latitudinally then poleward. (B, right) Time series of mean daily tem-
perature at HM after an eruption(green) and in an SO,-free atmosphere (gray).

Conclusions:

We used a 3D GCM to explore localized heating following volcanic erup-
tions on early Mars. We identify two phases: phase one, in which the plume
is focused near the volcanic edifice and spreading in a latitudinal band, and
phase two, in which the SO, reaches the poles and becomes homogeneously
distributed. During phase one, significant heating can occur locally and
regionally. For specific conditions, including an eruption at the beginning of
local summer, the local heating may cause average daily temperatures >273 K
for 10s of days, which may cause some ice melting and runoff. Although heat-
ing is local and short-lived, the cumulative amount of heating and melting
from all LN-EH volcanism could produce significant volumes of meltwater
and potentially contribute to formation of VNs and lakes.
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Introduction:

The giant circum-Chryse system of outflow channels are likely the principal
source of water that may have flooded the northern plains [1, 2]. The Chryse
basin is the region of convergence of the largest outflow channels and the
Acidalia basin is at continuation of the northward trend of the channels and
their possible floods. The basins represent the first sizable lowlands where
the channels effluents may have been deposited.

Acidalia Mensa is the largest positive topographic feature that is at the pro-
jection of the outflow channels into the northern plains. The overall mor-
phology of Acidalia Mensa suggests that this features existed prior to the
emplacement of the VBF [3, 4]. Despite the lines of evidence suggesting the
presence of an ocean-sized body of ice/water/mud in the northern plains,
the topographic characteristics of Acidalia Mensa and its interpretation as
an outcrop of the ancient uplands could be strong arguments against this
hypothesis. Indeed, the topographic position of Acidalia Mensa below
the level of the proposed shorelines would be inconsistent with the ocean
hypothesis if the surface of the Acidalia plateau always remain subaerial.

The potential conflict between the consequences of the ocean hypothesis and
possible nature of the surface in Acidalia Mensa motivated our photogeologi-
cal study of the Acidalia Mensa region (43-50 N, 15-35 W) that was oriented
to address the following questions relevant to the Mars ocean problem. What
is the inventory and nature of materials exposed in Acidalia Mensa? What is
the crater retention age of the surfaces within Acidalia Mensa and its surround-
ings? Is there evidence in Acidalia Mensa of its surface being either subaerial
or submerged? Did Acidalia Mensa control the outflow channel floods? Is there
evidence for the 3.6 Ga old resurfacing in Acidalia Mensa?

Data:
We conducted our study using available medium- and high-resolution images
and topographic measurements in combination. Our database included:

1) THEMIS-IR daytime and nighttime images, resolution is 100 m/px. 2) CTX
images,resolution is5 m/px. 3) HiRISE images, resolution is25-50 m/px 4) The
topographic data of MOLA; 1/128 degree gridded topography.

Topography of the study region:

The study region represents flat plains slightly sloped toward northeast;
the topographic amplitude of the majority of the plains is slightly less than
~ 400 m. The Acidalia plateau represents an elevated feature, the base of which
occurs mostly at about -4.6 km (corresponds to the mean elevation of the sur-
face of the VBF around the plateau). The tops of the Acidalia plateau are ~500-
600 m above the surrounding plains, About 80% of the plateau, is within a
200-meters-interval above its base. The plateau is below the level of -3.92 km
(the mean elevation of the VBF boundary in the Chryse-Acidalia region [5]).

Material units and structures in the study area

Smooth plains of Acidalia plateau (unit Nspm

These plains make up the majority of the Acidalia plateau. Walls of an impact
crater (~8.5 km diameter) demonstrate the deeper subsurface of this unit
represents stacks of thick layers with jagged and blocky edges. Knobby ter-
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rain (unit Hkt): Occurrences of this unit are around the edges of the Acida-
lia plateau. Mesas within this unit suggest that the knobby terrain consists
of disintegrated pieces of the plateau. Background plains (Unit HVBI) is the
most abundant unit in the study area and correspond to the Vastitas Bore-
alis interior unit mapped by [4]. Mantling flow-like materials (units Hmmp,
Hmmd, and Hmmr) form extensive material units on the surface of the back-
ground plains and occur throughout the map region except for the areas
occupied by the Acidalia plateau plains and the knobby terrain. Occurrences
of the mantling units usually have flow-like and/or lobe-like shapes. These
units, Hmmp (preserved), Hmmd (degraded), and Hmmr (relicts), are similar
morphologically to the flow-like features that have been detected in Uto-
pia Planitia and in Acidalia Planitia and interpreted as mudflows [6, 7]. Thick
flows (unit Hfm) occur in the map area exclusively in close spatial associa-
tion with the Acidalia plateau. This unit forms broad bands (tens of kilome-
ters wide) with lobate margins usually bounded by low scarps. The shape
of the flow edges resembles that observed along the edges of the VBF [8, 5].
The flows of unit Hfm extends downslope at higher elevations and are con-
trolled by a moat-like topographic depression that outlines the base of the
Acidalia plateau. Small cones/mounds (unit Hbm) usually appear as cones
with a summit pit. They overlay the surface of the background plains and
the mantling flows embay the cones. Areas occupied by the plateau smooth
plains (unit Nspm) and knobby terrain (unit Hkt) represent regions free of
the bright cones/mounds. Troughs of the polygonal terrain [9] are relatively
narrow linear and curvilinear topographic depressions that cut the surfaces
of both the background plains and the mantling flows; materials of the thick
flows (Hfm) cover the troughs.

We recognize three distinctly different morphologies of ejecta in the study
area. Many larger craters (several kilometers diameter and larger) show
heavily degraded ejecta. These craters with the pancake-like ejecta [10]
are typical features of the northern plains [11]. Pedestal-like craters pres-
ent [10] the second type of ejecta in the study area. Ejecta of these craters
form a plateau-like features bounded by sharp scarps. In contrast to the pan-
cake-like ejecta, the pedestal ejecta show no evidence for fluidized features
or enhanced degradation within the ejecta blankets. Ballistic ejecta repre-
sent the third type of impact-related morphologies. Craters with the ballistic
ejecta are usually small (<1 km).

Chronology:

In order to estimate the AMAs of key units in the study area, we counted
craters using THEMIS-IR daytime images with resolution of 100 m/px. In our
study, we estimated AMAs for the most widespread units in the study area:
(1) unit Nspm, (2) unit HVBI, and (3) unit Hfm. These units are extensive and
represent distinctly different stratigraphic levels.

The CSFD curve for craters on the Acidalia plateau has a complex shape and
likely reflects multiple ages. The size-frequency distribution of the largest
(3-50 km diameter) craters defines an oldest isochron that gives the age of
3.92+0.04/-0.05 Ga; this age corresponds to the Noachian epoch. The sec-
ond isochron corresponds to the age of 3.65+0.02 Ga. This age is close to
the range of ages determined for the edges of the VBF in many regions of
the northern plains [5]. We interpret the AMA of the background plains as
the age of the emplacement of the Vastitas Borealis Formation materials in
the study area. The size-frequency distribution of craters in a diameter range
from 0.7 to 4 km on the surface of the flow-like materials on the Acidalia
plateau (unit Hfm) is also better fit by a single isochron that corresponds
to the age of 3.47+0.04/-0.05 Ga.

Discussion:

The apparent sequence of events in the study area begins with the formation
of the Acidalia plateau plains ~ 4 Ga ago. The darker smooth plains of the
plateau (unit Nspm) show a specific texture at depth formed by rough layers.
The similarity of the subsurface textures of the plains of the Acidalia plateau
with that in the volcanic provinces suggests that the Acidalia plains are also
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of volcanic origin and that the Acidalia Mensa represented originally a volca-
nic province.

The Noachian age of the Acidalia volcanic plateau suggests that potentially
it could be a subject of the late modification. Three lines of evidence support
this suggestion.

(1) Although the subsurface of the Acidalia plains is morphologically iden-
tical to that of the volcanic provinces, its surface is strongly different and
characterized by hummocky texture with abundant boulders. This specific
small-scale morphology of the surface of the Acidalia plains suggests that the
Acidalia plateau was modified by the deposition of poorly sorted materials.

(2) The larger impact craters (>10 km) on the plateau belong to the ancient,
Noachian in age, population. These craters show no evidence for the ejecta
blankets, are unusually shallow, and have lower rims that their counter-
parts elsewhere within the cratered uplands. This topographic configuration
of the older craters on the Acidalia plateau indicates that the plateau was
strongly degraded since its formation and accumulation of the ancient crater
population.

(3) The SFD curve for all craters on the Acidalia plateau indicate that the pla-
teau was resurfaced and suggests that the resurfacing was related not to a
single event but was rather prolonged and consisted of multiple episodes.
During these episodes, however, resurfacing was broadly distributed that
prevented formation of localized erosional landforms such as valley networks
or features that characterize the outflow channels (e.g., streamlined islands
and/or steep-sided banks).

We interpret the surface texture of the Acidalia plains, the topographic con-
figuration of the larger impact craters and the lack of localized erosion fea-
tures as evidence that the sheet-wash removal and re-deposition of materi-
als were responsible for the resurfacing in the Acidalia plateau.
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Introduction:

Atmospheric shock waves (ASW) generated by high velocity entry of small
meteoroids are well known phenomenon — see, for example, the recent
Chelyabinsk meteorite fall [1]. The rarified Martian atmosphere is able to
fragment small meteoroids, as well as to support ASW generation and propa-
gation. High resolution HiRISE images of new impact craters on Mars in many
cases revealed dark “fresh” dusty halo around craters, as well as albedo/
color contrast curved strips near craters [2] named “parabola” and “scimi-
tar” (Fig. 1). The most spectacular case has been analyzed in [3], where the air
shock waves were proposed as the most probable cause of the elongated
curved “scimitar”. The analysis [4] supports that the impact-related ASW
a most probable mechanism of halo’s formation. We assume that two kinds
of ASW could act: 1) the ballistic “sonic boom” formed during meteoroid’s
flight through the atmosphere, 2) the spherical (quazi-spherical) “blast” ASW,
driven by fast impact products injected to the atmosphere at the moment
of meteoroid’s collision with the surface. ASW could mobilize the near sur-
face dust creating a concentric halo [4], and strips along the trace of two col-
liding shock fronts [2].

Fig. 1. A fragment crater’s cluster (ESP_022299 2040) where ~ 33 craters occupy
an ellipse ~ 1000 x 200 m (left-b/w image, right-stretched color image with outlined
features). Craters 1 and 2 have diameters of ~ 4 and 2.5 m. The parabola A-A could
be traced up to~ 100 m from the crater 1 (~ 25 D). Scimitars B-B (attached to the crater
Ne 1) and C-C (attached to the crater Ne 2) are visible up to 100 m from “parent” craters
(~25 D for Ne 1 and ~ 40 D for Ne 2). The cluster is formed between December 2002
and March 2008, imaged in April 2011 (https://www.uahirise.org/ESP_022299_2040).
The cluster is 6 + 3 years old.

The idea to visualize shock wave passage along the dusted (sooty) surface
has been proposed and tested by Ernst Mach [5]. Using sooty glass Ernst
Mach found the irregular air shock wave reflection, known today as Mach
reflection. Here we present some new thoughts about air blast generation
by impacts in a tiny Martian atmosphere, illustrated with a reconnaissance
numerical modeling of the process.

ASW impact efficiency:

The strength of ballistic shock waves may be estimated for known meteor-
oid’s diameter, its entry velocity, and possible ablation and deceleration [6].
The intensity of a spherical blast wave due to cratering impacts is poorly
known. We find only one experimental paper with direct measurements
of a laboratory impact ASW [7], where the air shock blast corresponded
to an explosion with energy ~ 1.7% of the impact kinetic energy (KE).
P. Schultz [8] estimated the energy of expanding impact vapors in a range
of 1 % to 20 % of KE.
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To constrain the minimum impact ASW efficiency we use the numerical mod-
eling where a rocky projectile fly through the atmosphere (ideal gas CO,)
and collide the rocky surface (Fig. 2).The air shock wave front motion is com-
pared with theoretical results for point source explosion, and the effective
energy of this explosion serves as a proxy for the impact ASW efficiency.

. i t
o 5 0 15 0 5 10

m X, run name: 4kms_V208_60

X, run name: 4kms_V2

Fig. 2. Selected time moments of the vertical impact of a sphere (Dpr =6m)
with the velocity of 4 km:s? after the passage through the Martian atmosphere
(up to down: 0.4, 1.0, and 2.5 ms after the first touch). Left column-density, right col-
umn — artificial viscosity, outlining air shock wave fronts. The lower part of the com-
putational grid is covered with Lagrangian massless tracers. The visible gridat left
panels is formed with plotting of each 5% row and each 5 column.

Fig. 3. The ratio of energy of an equivalent atmospheric point explosion to the kinetic
energy of a projectile for a range of impact velocities and spatial resolutions.

The modeling shows that the efficiency decreases as the impact velocity
increases (Fig. 3). The problem of a spatial resolution is not still resolved,
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and we see the that the efficiency decreases factor of 4 when we compare
the projectile of 30 computational grid cells per radius (CPPR) and model
runs with CPPR = 100. Anyway, we can conclude that for a vertical impact
in the Martian atmosphere the spherical air blast wave may be estimated with
the point source solution with the source energy equal to 0.1 % to 0.4% KE.

The obtained result allows us to estimate shock wave intensity and dura-
tion at maximal distances where we see crater related haloes, parabolas,
and scimitars. These estimates are necessary for the further analysis of Mar-
tian ASW collision, regular and irregular reflection and refraction. The quan-
titative knowledge of ASW pressures and durations could help to interpret
dust layering around fresh impact sites.

Conclusion:
We estimate that a minimal efficiency of a quazi-spherical air shock wave
in the Martian atmosphere is in the range of 0.1 % to 0.5 % of KE. The effi-
ciency could be enhanced for oblique impacts and the volatile presence near
the surface.
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Introduction:

The Martian atmosphere consisting of almost 95 per cent carbon dioxide has
a relatively low density. Therefore, the rarity of molecular collisions, on the one
hand, and the high rate of excitation of the vibrational states of the CO, and CO
molecules due to the absorption of solar radiation in the near-infrared (NIR)
spectral range range of~1.05+5 um, on the other hand, result in the breakdown
of the Boltzmann distribution in values of the concentrations (populations)
of the vibrational states of these molecules. By another words, the breakdown
of the local thermodynamic equilibrium (LTE) over the vibrational degrees of
freedom of these molecules (vibrational non-LTE) takes place. The altitude
of the level in the Martian atmosphere, lower which one needs to take into
account for the vibrational non-LTE effects when assessing the populations
of vibrational states of the CO. and CO molecules, varies depending on the wave-
lengths of the fundamental E)and (FB) in which the excitation of these states
by absorption of the solar NIR radiation from the molecular ground state takes
place. Thus, these altitude levels may even descend to the planet’s surface
for vibrational states of the main isotopologue *C**0, (or 626, in the HITRAN
notification) which are excited by solar radiation in the ro-vibrational (R-V) transi-
tions of the CO, molecule with the wavelengths shorter than 1.6 um.

Since the Martian atmosphere is sufficiently rarified already at the sur-
face, the breakdown of vibrational local thermodynamic equilibrium (LTE)
for the CO, and CO molecules starts in the daytime from the troposphere.
As the Mars lower atmosphere is dusty, the scattering of infrared solar radi-
ation by aerosols should affect the vibrational state populations of these
molecules. The problem of radiative transfer in the ro-vibrational molecu-
lar bands under condition of local thermodynamic equilibrium breakdown
in a planetary atmosphere is generalized for the case taking into account the
extinction (i.e. scattering and absorption) of the continuum radiation pro-
duced by aerosols. The method for calculating the non-equilibrium popu-
lations of vibrational states of gas molecules in the planetary atmospheres
is developed. The report presents the first results of modeling the radiative
transfer under non-LTE conditions in the CO, and CO bands in the wavelength
range of 1-5 um, taking into account the radiation scattering by aerosols.

Methodology:

In the papers [1, 2], the radiative transfer problem for the R-V bands of CO,
and CO molecules with accounting the vibrational LTE breakdown in the Mar-
tian atmosphere has been solved by using the technique of Accelerated
Lambda Iterations (ALI) which allows to find out effectively the non-equilib-
rium values of the populations of the CO, vibrational states [3].

The model takes into account for the 206 vibrational states of 7 isotopologues
of CO, molecule (the most high excited state included into the model is the
20031 vibrational state of the molecule *C'°0, with the energy of the order
of 9500 cm?) and the 8 vibrational states of 2 isotopologues of CO mole-
cule (the most high state is the one excited four times in the fundamental
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stretch mode). In total the 555 vibrational transitions numbering about
64200 R-V lines within the spectral range of 1.05+15 um are considered.
The spectroscopic parameters of the R-V lines of the CO, and CO molecules
(the frequency, intensity, and Lorentz half-width) are taken from the HITRAN
database. The abundances of isotopologues of the CO, and CO molecules
correspond to the terrestrial ones. The intensities of extraterrestrial solar
radiation correspond to the mean distance of Mars from the Sun, 1.52 AU.

1E'007|||||||||||||||||||

1E-006 200

Tdust=2.0; HgusF7.0 km; sza=60
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Fig. 1. The ratio of some vibrational states (according to the nomenclature
of the HITRAN database) of the main isotopologue 12(31602 for the case
of the presence of aerosols (model parameters t,,,=2.0 and H,,,=7.0 km)
in the Martian atmosphere to such populations obtained for the case of
aerosol absence. Conditions: Lambertian surface albedo for bright areas [5];
@=70N, A=45E, local time t=12", L ,=90°, solar zenith angle SZA=60°.
In the legend, the most optically thick fundamental ro-vibrational transition
(FB) within the corresponding CO, band is shown.
Atmospheric and aerosol optical models:
The models of the Martian atmosphere and its composition were borrowed

from the Mars Climate Database (Version 5.2) [4].

Reflective properties of the surface of Mars correspond to those for ortho-
tropic (Lambertian) one with the spectral dependence of the surface albedo
Aswf borrowed from the paper [5].

To explore qualitatively the effects on the values of the non-equilibrium pop-
ulations of the CO, and CO molecules when accounting for the aerosol scat-
tering of radiation, the simple model of aerosols in the Martian atmosphere
from the study [6] has been supplemented. The vertical profile of concentra-
tion of the aerosol particles was assumed to be exponential with the height
scale H, . The concentration of aerosols at the surface of Mars is determined
by the vaiue tdust of the total optical depth of the Martian aerosol. The phase
function of aerosol particles is supposed to be of Henyey-Greenstein type with
parameter g. The spectral dependence both of values g and the values of the

aerosol single-scattering albedo Adust are borrowed from the paper [7].

Results:

The presented results correspond mainly to the conditions of j=70°N, I=45°E, solar
longitude Ls:=90°, local time t=12h. The values of A_ . correspond to the ones
for bright areas [5]. Thus, the input parameters are the values: tdust at the wave-
length A=0.55 mcm, height scale H, _, and solar zenith angle SZA.

It is convenient for presenting the results of numerical modeling the values

dust (

n

d I
nl, it was chosen the ratio P (z) = mo—dust 7 N dust( ) , Where n,d”“ (z) is the pop-
n z

ulation of the vibrational states of molecules calculated with accounting
for the interaction of radiation with aerosols, n/°” d”“(z) is the popula-

tion of the vibrational states obtained for the case of absence of aerosols
in the Martian atmosphere (examples are given in Fig. 1, 2).
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Fig. 2. The same as in the Figure 1 but for the aerosol model parameters
Tas=2.0 and H,,=11.5 km, and solar zenith angle SZA=85°.

Conclusions:

The populations were studied depending on the optical thickness both
of the aerosol layer and of the bands, the vertical distribution of aerosols,
the solar zenith angle, and the aerosol parameters describing the scattering
and absorption of radiation. The weaker the band, the stronger the aerosol
effect on a population. This effect manifests as an increase and a decrease
in population above and below a certain altitude level, respectively.
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Introduction:

The dust storms are very frequently seen features of Mars and they play
an important role in governing the climate of Mars [1, 2]. For instance,
the global storms alter the planet’s total heat balance, promote variations
in seasonal frost formation and dissipation, and greatly affect the distribution
of water vapour.

One of the effects of the atmospherics dust is the solar radiation scatter-
ing. This is a complex phenomenon, which depends on many space and time
scales associated to the concentration, distribution and size of the dust as
well as the radiation wavelength.The theory of radiative transfer stablishes
that the attenuation of the solar radiation traversing the atmosphere due to
the dust aerosols is modeled by the Lambert-Beer-Bouguer law, where the
aerosol optical thickness plays an important role. Through Angstrom law [3],
the aerosol optical thickness can be approximated as a second order moment
of a non-ordinary diffusive process. This dynamic is governed by different-
time/space scales and, thus, it is natural to think about diffusive integro-dif-
ferential equationsto describe a better modeling [4, 6].

By continuing the work started in [7, 9], we define fractional diffusion mod-
els to obtain a more accurate model of the attenuation of the solar radia-
tion traversing the atmosphere and we obtain information of higher order
moments, which is relevant to understand the atmospheric dynamic. We
discuss some questions of the model: interpretation of variables, statement
of initial and boundary conditions, analytic and numerical solutions in one
and three space dimensions, and computational simulations vs observational
data. Furthermore, our objective is to apply these models in the context of
the development of the sensors of Universidad Carlos Ill de Madrid, and to
deal possible experiments in the Planetary Atmosphere and Surface Cham-
ber of the Astrobiology Center.
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Introduction:The Far and Near Encounter images from the Mariner 6 and 7
spacecraft on the Mariner Mars 1969 Mission have been restored. In addi-
tion, new NAIF SPICE kernels have been created, making this archive fully
useable using today’s SPICE-based image processing. The images [1] view the
surface of Mars 50 years ago, including some of today’s landing sites. The
restored archive is found at:

http://pds-geosciences.wustl.edu/missions/mariner/duxbury_mariner69.htm

Fig. 1
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Introduction:

About 45 years ago, in the late 1971, Mars 3 spacecraft was placed into orbit
around Mars. On January 21, 1972 this orbiter recorded strong (~27 nT)
and regular magnetic field in the vicinity of its closest (~ 1500 km) approach
to the day side of the planet. This observation was originally interpreted
by Dolginovet al. [1] and Gringauzet al. [2] as an evidence of planetary
dipole magnetic field. Later Russell [3] qualified the same observations in
terms of magnetic field draped over the Martian obstacle. After analyzing
the data of early planetary missions,Slavin&Holzer [4] concluded that “Mars
most probably possesses a small intrinsic field magnetosphere”. Subsequent
Mars 5, Phobos 2, MGS, MEX, MAVEN and othermissions revealed many-
exclusive features of complicated Martian magnetosphere, and clarified an
essential role in its formation of multipole magnetic field of planetary crust
and planetary atmosphere.

Earlier Mars 3 data will be revisited in the present paper. It will be shown
that this orbiter observed strong and regular magnetic field exactly above
the region of the strongest magnetization of the Martian crust in the south-
ern hemisphere of the planet revealed by Acuiia et al. [5] according toMGS
measurements. Magnetic field and plasma measurements from Mars 3
are compared with those of MGS to provide evidences that Mars 3 really
detected the magnetic field of Martian crust in the early 1972 about 25 years
before MGS.

Reanalysis of Mars 3 measurements:

(a) (b)

Fig. 1. Magnetic field measurements aboard Mars 3 on Jan. 21, 1972 (a) and its inter-
pretation as inclined planetocentric dipole (b).

Fig. 1a[1] presents results of flux gate magnetometer aboard Mars 3 orbiter
on Jan. 21, 1972. During this period the orbiter first crossed the bow shock
(1), then twice crossed the magnetopause (2, 3) and exited to solar wind after
final bow shock crossing (4). The strongest (~27 nT) and regular magnetic field
was measured in the vicinity of the closest approach (~ 1500 km) by Mars
3 to the day side of the planet. These measurements were originally inter-
preted as an evidence of planetary dipole magnetic field Mm = 2.4x1022 G
cm?3(Fig. 1b, [6]). Later Russell [3] draw a conclusion that “observed mag-
netic field was draped over the Martian obstacle as expected if the field were
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simply shocked and compressed solar wind magnetic field.”Their deduction
looksto be inconsistent with magnetic field direction (Fig. 2, multiple black
lines) to those one expected for simple draping (Fig. 2, blue line) in the clos-
est approach region, marked in Fig.2 by orange arrows. After analysis of early
Mars 2, 3, 5 planetary mission data Slavin&Holzer[4]accepted theexistence
of small intrinsic field in Martian magnetosphere.

from North

4

X0 R,

ase’

Fig. 2. Projection of magnetic field measurements aboard Mars 3 on Jan. 21, 1972 taken
from Fig. 1 onto (Xase, Yase) plane.

Color plates in Fig. 3a,b are taken
from [7] and are representing compli-
cated distribution of Martian crust
magnetic field horizontal component at
400 km above planetary surface as
deduced from MGS measurements.
Smooth white lines in Fig. 3a,b are pro-
jection of closest approach region of
Mars 3 orbit onto planetary surface.
White arrows in Fig. 3a are 150 aver-
aged MGS magnetic field horizontal
component and white arrows in Fig. 3b
are the same component from Mars 3
Fig. 3. Comparison of MGS and Mars magnetic field measurements. It is
3 magnetic field observations above obvious that Mars 3 orbiter O,bser}’ed
the same planetary region. strong and regular magnetic field

exactly above the region of the stron-
gest magnetization of the Martian crust in the southern hemisphere of the
planet revealed by MGS measurements, and that directions of magnetic field
over both orbiters data are in close correspondence to each other. Thus Mars
3 really detected the magnetic field of Martian crust in the early 1972 about
25 years before MGS. Unquestionably, Mars 3 observations were not prop-
erly interpreted before MGS crustal magnetization discovery.

Discussion:

Solar wind ram pressure during Mars 3 magnetic field measurements can
be evaluated with the aid of IMP 6 Earth’s orbiter and Mars 3 electron spec-
tra observations. In this period, heliocentric distances to the Earth and Mars
were 0.98 a.u. and 1.49 a.u., respectively, while the Earth was ahead of Mars
by 62.40. Thus, with the velocity of 455 km/s (IMP 6) the solar wind emitted
from the certain place of the solar corona reaches Mars 2.8 days earlier than
the Earth.Taking into account proper radial scaling, the ram pressure at Mars
can be evaluated as 0.4 nP. Thus,magnetic field of Martian crust observed by
Mars 3 can reliably stagnate/deflect impacting solar wind.




Itis worth mentioning that above Mars 3 magnetic field measurements were
realized at low solar wind ram pressure conditions: 0.4 nP< 2 (0.98/1.49)2
~ 0.9 nP when effect of Martiancore magnetization can prevail in solar wind
deflection around planet. On the other case, under high solar wind ram
pressure conditions planetary ionosphere, effects can prevail in solar wind
deflection around Mars. What is the ram pressure margin between the two
prevailing effects?

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Fig. 4. [8] presents varia-
tion of the shape of the
Martian magnetopause
modeled according to
the Phobos 2 data with
increase of solar wind
ram pressure (red and
black lines). The short
lines are centered
on the individual mag-
netopause crossings and
they are inclined to the
X axis at their deduced
flaring angles. The spe-
cific feature of the mod-
elis the “stagnation”
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Fig. 4. Comparison of different Martian magnetopause
models.

of the subsolar magne-
topause when the ram pressure increases to values >0.6 nPwhen planetary
ionosphere effects start to prevail in solar wind deflection around Mars [8].
The same ~ 0.6 nP margin separates different prevailing processes of oxy-
- PV2 < 0.6 nP

oV2 > 0.6nP gen ion acceleration in
the plasmasheet of Mar-
tian magnetotail. When
solar wind ram pressure
> 0.6 nP (red points in
Fig. 5) heavy ion ram
pressure in the Martian
plasmasheet correlates
with (left panel in Fig. 5)
thus implying that in

heavy ion ram pressure, dyn/cm2
Heavy ion velocity, km/s
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BZ*B /T, nTo(10%)"?
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Fig. 5. Solar wind ram pressure 0.6 nPis the margin

that separates different prevailing processes of oxy-
gen ion acceleration in the plasmasheet of Martian
magnetotail: magnetic field lines stress acceleration

this case heavy ions gain
energy via magnetic field
line stress acceleration

(left panel) and cross tail electric field acceleration process and planetary
(right panel). ionosphere effects are
prevailing in solar wind deflection around Mars [9]. When solar wind ram
pressure < 0.6 nP (blue points in Fig. 5) heavy ion velocity in the Martian plas-

1
masheet correlates with e (right panel in Fig. 5) thus implying that in this

min
case plasmasheetheavy ions gain energy via cross tail electric field and plan-
etary magnetic field is prevailing in solar wind deflection around Mars.[9].

Conclusions:

e Mars 3 data (Dolginov et al. [1], Gringauz et al. [2]) are revisited in the pres-
ent talk. It is shown that this orbiter observed strong and regular magnetic
field exactly above the region of the strongest magnetization of the Mar-
tian crust in the southern hemisphere of the planet found by Acuia et al.
(1998) by MGS data.

e Magnetic field directions by both Mars 3 and MGS measurements
are in close correspondence to each other. Thus Mars 3 really detected
the magnetic field of Martian crust in 1972 about 25 years before MGS.

e There are two different regimes of solar wind flow around Mars. At low
solar wind ram pressure conditions < 0.6 nP the effect of Martian core
magnetization prevails in solar wind deflection around planet,
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the magnetosphere is compressible, and plasmasheet heavy ions gain
energy via cross tail electric field.

e At high solar wind ram pressure conditions > 0.6 nPMartian magneto-
pause subsolar part is “stagnating”, and plasmasheet heavy ions gain
energy via magnetic field line stress acceleration.

e Mars 3 magnetic field measurements were realized at low solar wind ram
pressure conditions < 0.6 nP when effect of Martian core magnetization
prevails in solar wind deflection around planet.
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Mars, as it is the Earth, presents a complex geological map. Its crust has been
formed by means of a whole variety of processes and shows different compo-
sitions, mineralogies and evlolutions, which should provide typical magnetic
signature patterns.

Many of the scenarios, which appear on Mars might have representatives
on Earth. The investigation of these analogues can be of much help in the
interpretation of magnetic data on the surface of Mars.

In the frame of the investigations of Exomars 2020 mission, AMR team has
developed a number of scientific surveys of high resolution in different ter-
restrial analogues.

They comprise results of the magmatic and tectonics in an active conti-
nental margin, different craters associated to volcanism or impacts, as well
as the result of alteration processes like fluvial valleys, which are the main
landing scenarios for the Exomars—2020.

In this work, the team would like to present some of the main results and
interpretations derived from the measurements with special attention in Rio
Tinto area, considered as analogue of the landing site target. This target,
Mawrth valley, is a Northward running valley formed during an early flu-
vial activity. It is located at 22.3°N, 343.5°E (Oxia Pallus) with an elevation
approximately two kilometers below datum. This valley casts low magnetic
anomalies from the the satellites due to ist mineralogy with a mixture of fine
grained phyllosilicates, silicates as well as iron oxides and hydroxides.
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The main objective of this contribution is to present the evolution of NEWTON
novel magnetic susceptometer for planetary exploration, a state of the art
sensor for the measurement of the complex magnetic susceptibility devel-
oped in the frame of an EU H2020 funded project [1].

The magnetic susceptibility is a complex parameter dependent on the exter-
nal magnetic field amplitude, direction and frequency. NEWTON susceptom-
eter has been developed to determine the magnetic susceptibility of rocks
and soils, with the capability to determine not only the real part but also
the imaginary part of the susceptibility. The NEWTON susceptometer is on
an advanced stage of its development and last efforts have been focused
on its calibration.

The calibration and validation process for the susceptometer prototype casted
very good results in comparison with other commercial and high resolution
laboratory devices, reaching a resolution in the order of x = 10 (I.S. Vol. Sus-
ceptibility), representative of Earth, Moon and Mars rocks. The critical parts
of the prototype have been subjected to different tests, i.e. vibration and
TVT, to verify the capability to withstand the hard environmental conditions
of interplanetary missions.

His new generation of instruments can play a key role in the unveiling of some
unanswered questions in the planetary context as the origin of Phobos and
Deimos.

Some works [2,3] suggest that the moons could be accreted within an impact
generated disk, which could have formed as well the Borealis basin of Mars.

In the near future, MMx seems to be the mission to explore the Martian
moons with a mission including a landing on one of them as well as collection
and return of samples to ground.

The mission is very well equipped with powerfull scientific instruments,
which will be able to image the moon, generate morphologic maps, deter-
mine the composition of surface rocks, etc.

In this work we discuss the potential improvement of the scientific investiga-
tion which could take place in case that NEWON instrument would be part
of the landing module instrumentation.
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Introduction:

Cloud computing is a dynamic, elastic and on-demand resource provision
solution [1] that starts to be used widely in Space Exploration. The main rea-
son is that budget restrictions and non-dedicated environments prevent the
use of in-house solutions (like supercomputers) [2].

Serverless computing represents a new step further, where massive short
data-intensive tasks can be executed in almost real time. The user only needs
to upload the code and define the events that would trigger the execution.

In this contribution we explain two use cases where Amazon Web Services
Lambda serverless framework [3] is being used.

MARSIS ionogram processing:

In the first use case data from the active ionospheric sounding (AlS) experi-
ment from the MARSIS instrument is processed. The objective is to identify
magnetic fields to, for instance, study the effects of solar wind and under-
stand dust storms.

Magnetic fields are identified through an image processing algorithm [4].
These images are a result of AIS dataset conversion. Processing times depend
on the data file size and range from seconds to a few minutes. The file retrieval
pattern prevents relying on a dedicated machine by means of budget.

Fig. 1.

In the serverless solution, code for processing the AlS dataset and the result-
ing images is directly uploaded to AWS Lambda and declared as a service
or function. This function, coded in Node.js and acting as a wrapper of a C
executable, is triggered every time a file is uploaded to a repository (bucket)
hosted by AWS Simple Storage Service [5].
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Fig. 2.

This architecture allows parallel processing in almost real time, as a new func-
tion is started upon each file arrival. Experimental results show an improve-
ment in both execution time and cost when comparing this solution with
a traditional server architecture [6].

Martian crop model simulation:
The second use case deals with the simulation of crops using Martian soil, in
order to find the best conditions for future production during colonization efforts.

Crop models use a high number of parameters to define aspects of crop genet-
ics, soil, weather and crop management. Within each of these, many variables
need to be specified, resulting in an increase of the number of simulations.

For crop genetics, varietal parameters related to potential (under no limita-
tion) and attainable (under biotic or abiotic stress) crop yield as well as to
crop architecture and phenology (development) are required. For soil, the
crop model uses a by layer description of moisture limits (field capacity, satu-
ration and wilting points), density and depth, among others. Radiation, tem-
peratures, precipitation (or applied water), wind, [CO_], and possibly other
features relevant under Martian environment have to be considered in rela-
tion to weather.

Fig. 1.

Finally, crop management encompasses a large number of options specified by
the corresponding parameters: operation dates and frequency (tillage or soil
preparation, sowing, fertilization, irrigation), intensity (seeds/ha or m?, kg ha*
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of fertilizer, mm of applied water), efficiencies (e.g. 0.95 in dripping irrigation),
etc. This large list of parameters results in a huge number of combinations to be
simulated for a single crop, unaffordable with classic computational approaches.

In the proposed solution, crop simulations are done with DSSAT, which is a
widely used software, which contains dynamic growth simulation models for
many crops [7]. Its FORTRAN source code is available under request and the
version used in our serverless architecture is 4.7. Its execution time falls into
the limits imposed by AWS Lambda.

This time, the function that wraps the DSSAT executable is coded in Python
and it is launched every time a simulation file is uploaded to the AWS S3
bucket. The resulting architecture allows a massive execution of the model
with permutations of all possible parameter values, improving the quality of
the study by means of a deeper analysis and maintaining a reasonable cost.
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Introduction:

Detections and first studies of Venus’ nightglow were made four decades ago
usingthe Venera9-10(8, 6] and Pioneer Venus [15] orbiters and ground-based
high-resolution spectroscopy [2, 13]. Later, long-term observations by Venus
Express in 2005—-2014 provided the most detailed studies of the O, nightglow
at 1.27 um [11] and in the visible range [4] and the NO UV nightgfow [5, 16].
The NO band at 1.224 pum [3] and the OH rovibrational bands [10, 14] were
discovered on Venus. Nighttime ozone layers near 95 km [9] were detected
using the SPICAV stellar occultations from Venus Express. Recently CIO [12]
was detected on the Venus night side using ground-based high-resolution
spectroscopy in the submillimeter range.

All these phenomena refer to the altitude range of 85-120 km in the nighttime
atmosphere. Lifetimes of atoms, radicals, and some molecules are smaller
than the duration of Venus’ night (=2 Earths days) at these altitudes. There-
fore the global-mean models are inapplicable for comparison with observa-
tions of short-living species on the night side. Here we update our previous
nighttime photochemical model [7] using the recent detection of CIO.

Model

The nighttime chemistry at 80-130 km is induced by transport of atomic
species from the day side, where the density at 150 km exceeds that
of the night side at this altitude by a factor of =30. The model involves 86
reactions of 29 species. Downward fluxes of O, N,H, and Cl at 130 km are
the model parameters to fit the observed mean intensities of the O,, NO,
OH nightglow and abundances of O, and CIO. The chosen quxes are (D
3x10*%?, ®, = 1.2x10°, ®©, = 9x10°, and @ =4x10°% allin cm? s, The mocOIeI
chemistry converts the#lux of O at 130 km completely to flux of O, at 80
km, the flux of N to flux of N, the fluxes of H and Cl return a flux of HCl at
80 km and the excess of H over Cl returns almost equal fluxes of H, and
H,0 formed by the reactlons of HCl with H and OH, respectively. Flux of CO
(DCO = 2x10" cm s is included to simulate the nighttime CO bulge and
returned unchanged at 80 km. The calculated mean nighttime composition
of the atmosphere is shown in Fig. 1.

The measured ClO [12] is either 2.6 £ 0.6 ppb in a 10 km layer at 90 km or 2.3
+ 0.5 ppb at 85-100 km (Fig. 2). The model profile of the CIO mole fraction
peaks at 88 km with f_ = 4.3 ppb and full width at half maximum FWHM =
3.7 km. Averaging of the mole fraction within 10 km glves 1.7 ppb at 87.5 km,
while a ratio of the averaged ClO and total density is 2.3 ppb at 90.5 km
(Fig. 2). The same for the layer at 85-100 km is 2.2 ppb. Therefore the model
agrees with the observed CIO.

The calculated ozone (Fig. 1a) peaks at 93 km with [0,] = 1. 4><108 cm® and
FWHM = 6.3 km. Its peak limb column abundance is 7. 8x10% cm?2 , in accord
with the SPICAV occultations [9].

Calculated vertical profiles of the nightglow of O2 NO, and OH are shown in
Fig. 3. Here we assume that the OH nightglow is excited by H + O, - OH(v)
+ 0, only. The observed mean nightside intensities of the OH bands (1-0),
(2— 1) (3-2), and (4—3)are2 74, 2.40,0.57, and 0.44 kR, respectively [14, 7].
The adopted yields of v” |n quenchlng of OH (v’) by CO, are those of the col-
lisional cascade model v” = v/ — 1 with corrections to fit the observed line
distribution.
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Fig. 1. Chemical composition of the mean nighttime atmosphere at 80—-130 km: (a) CO,
products and SO,, (b) hydrogen species, (c) chlorine species, and (d) nitrogen species.
The dashed curves are the midnight density profiles of O and N from VTGCM [1]

Fig. 2. CIO mixing ratio in the model (blue) and in two versions of a ten-km layer (green
and red) are compared with those adopted in [12] to fit their observations (black)

The fluxes of O, N, H, and Cl are properly chosen to fit the observed mean
nightglow intensities and the abundances of O, and CIO. However, the model
does not have parameters to fit the observed altitudes of the nightglow and
species layers. Peaks of volume emission rate are typically =2 km above those
observed on the limb. The excellent agreement of the model with the obser-
vations confirms adequacy of the model.

Variations of the nighttime composition and nightglow

The fluxes of O, N, H, and Cl vary on the night side and result in variations of
the nightglow and abundances of O, and CIO. The model is a convenient tool
to study these variations. While the predicted variations of the nightglow and
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O, are moderate, those of CIO may exceed two orders of magnitude. Major
reactions that control CIO are

Cl+0, - ClO+0, ;k, = 2.3x10™" €T cm? 5™

ClO+0 -> CI+0, ;k, = 2.8x10™ e*/Tcm? ™.

If transport is neglected, then

[ClO] = 0.8 e***T[CI][0,]/[O].

All species involved are highly variable near 90 km (Fig. 1).

Fig. 3. Calculated vertical profiles of the O,, NO, and OH nightglow and two reactions
that may form OH(v)

Variations of the O,, NO, OH nightglow and abundances of O, and CIO may
be approximated by analytic relationships that make it possi%le to convert
the fluxes into nightglow intensities, O, and CIO abundances and vice versa.
Modeling of dynamic and composition of the Venus upper atmosphere,
including fluxes from the day side to the night side and their variations, are
among the problems under consideration by the Venus Thermosphere GCM,
and some results on this subject are presented in [1].
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Introduction:

Venus is the closest and most similar planet to Earth in the whole solar
system, yet, basic measurements are still missing. The atmospheric com-
position has been studied to some extent with the Pioneer Venus Orbiter
mission and the more recent Venus Express, however, the concentration
of many species and their isotopic ratios are not yet known with satisfying
accuracy. Especially when it comes to the heavy noble gases as Kr and Xe,
there are little to no collected data in this field. These elements form a key
link to the reconstruction of the atmospheric evolution, which would provide
crucial information on the formation of Earth-like bodies. Knowing the abun-
dances of the noble gases may allow us to answer the question why Venus
did not evolve to a potentially habitable planet like its neighbour Earth.

We present a review of existing observations of Venus’ upper atmosphere
and exosphere and from that developed an exospheric model for the thermal
and hot atmosphere of Venus above the homopause. Mass spectra for possi-
ble future Venus missions are predicted, as for example for the planned EnVi-
sion mission of ESA. The main focus of the present work are the heavy noble
gases and re quire ments for the trajectories of the flybys and measurement
per for mance are proposed. In addition, mass spectra and recommended
integration times for the Venus flyby of ESA’s JUICE mission are derived.

Modelling:

The simulation package used to obtain the models of the Venus atmosphere
is based on a Monte Carlo simulation originally developed for Mercury and
the Moon [1, 2], now extended to Venus [3]. Strictly speaking, the programme
is therefore only applicable to the atmospheric region, where collisions are
negligible, namely the exosphere. We cover the altitudes below the exobase
by analytic extensions [3]. In this region, the mean free path is larger than
the scale height. The simulations should start at the exobase, which is located
ataround 210 km on the dayside and drops to around 150 km on the nightside
because of the cooling by IR emission from the CO, atmosphere [4]. The dif-
ference between the exobase levels comes from the heating by the Sun,
which heats up the dayside thermosphere, resulting in larger scale heights.

In the exospheric model presented in this paper, collisions as well as other pro-
cesses which take place above the homopause as e.g. sputtering, charge
exchange or photolysis are not addressed. However, we focus on the noble
gases, which do not undergo photochemical dissociation and have a lower
cross section for ionisation and charge exchange than non-noble gases. Also,
the abundance of the heavy noble gases Kr and Xe at the exobase is neg-
ligible, therefore atmospheric sputtering is not relevant. The uncertainty
in the knowledge of the abundance of those noble gases at the homopause
is much larger than the model’s deviation from the actual conditions due
to the processes mentioned before.

Most species in the Venusian exosphere can be modeled as the sum of a ther-
mal and a hot particle distribution. For the thermal component, the tempera-
ture equals that of the thermosphere, which implies that the typical velocity
of a particle is determined by the temperature of the atmosphere around
it. The particles forming the hot component have much higher energies and
therefore higher velocities. We simulate the hot atmosphere in the same
way as the thermal one only with a much higher initial temperature. The hot
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components are mainly produced by the dissociative recombination of ions
near the exobase [5]. Another source of hot particles is photochemical dis-
sociation, which is caused by solar ultraviolet radiation breaking up mole-
cules in the atmosphere [6]. In our model, photochemical dissociation is
computed by comparing the time the particles spend at a certain height
to the theoretical dissociation time. If photochemical dissociation does
happen, based on Poisson statistics, the released binding energy gets dis-
tributed onto the fragments according to their mass which results in large
velocities. Then, the trajectories of the fragments are calculated the same
way as the ones of the parent molecules, using the assigned velocities. Pho-
tochemical dissociation plays a major role in escape processes if it happens
above the exobase. Below, collisions prevent the fragments and ions from
escaping the atmosphere.

Results:

We calculated the number density profiles for all known and expected spe-
cies of the Venusian atmosphere [3]. For the thermal component of the exo-
sphere the results are displayed in Fig. 1. For the reliable detection of noble
gases one has to get close during a flyby, ideally down to 120 km altitude,
which may be reached in aero-breaking manoeuvres.

Fig. 1. Number density profiles of thermal hydrogen compounds (panel 1a), oxygen
compounds (panel 1b), noble gases (panel 1c) and nitrogen compounds (panel 1d).
The solid lines indicate the computed particle trajectories, whereas the dashed lines
show from where on the density has been extrapolated [3]. The dotted horizontal
lines show the detection limit of the mass spectrometer, the upper and lower lines
correspond to integration time of 1 s and104 s (~ 2.8 h), respectively.

Fig. 2. Left: number density profiles of hot species. The dotted lines show the detec-
tion limit of the mass spectrometer, upper and lower lines corresponding to integra-
tion times of 1 s and 10* s (~ 2.8 h), respectively. Right: comparison of the modelled
thermal and hot hydrogen density profiles with the model derived [8] and the mea-
surements made by SPICAV/VEX [9]. Bottom: Hydrogen fragments produced by pho-
tochemical dissociation of hydrogen bearing parent molecules (see the legend).

In Fig. 1 two lines are shown, assuming a performance of an instrument that
was developed for lunar research [7], for integration times of 1 s and 104 s,
respectively. When having a closer look at Fig. 1, one can see that the heavy
noble gas xenon is hardly detectable by the mass spectrometer, which has
a detection limit of 1 cm-3 for an integration time of 1 s, corresponding
to a signal-to-noise ratio (S/N) of about 3. Whereas with an integration time
of 100 s, which is realistic for an aero-breaking trajectory like the one planned
for EnVision, the Xe signal is detectable with S/N = 30.
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The species of the hot component are the result from dissociation pro-
cesses in the exosphere. The results for these species are shown in Fig. 2,
with a comparison of our calculationsto earlier theoretical and measured
one [8, 9]. For H the contributions from different parents are also identified.
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While early Venus and Earth were accumulating mass within the solar nebu-
lar these protoplanets also captured significant hydrogen dominated atmo-
spheres by picking up gas from the circumstellar disk during the formation
of the Solar System (e.g. [1]). We apply hydrodynamic upper atmosphere and
impact erosion models for studying the fractionation of various elements
along solar activity tracks. These primordial atmospheres were then quickly
lost by hydrodynamic escape and impact erosion of planetary embryos after
the disk dissipated. After a short but efficient boil-off phase the EUV-driven
hydrodynamic flow of H-atoms dragged heavier elements with it at different
rates, leading to changes in their isotopic and elemental ratios [2, 3, 4], which
is reflected in the present-day atmospheric noble gas isotope and elemental
ratios of Venus and Earth. Depending on the disk lifetime and the initial com-
position *°Ar/38Ar, 2°Ne/?Ne and bulk K/U ratios observed for both planets
can be best explained if the Sun was born between a weakly and moderately
active star and if Venus and Earth had grown to ~85-100% and ~53-58%,
respectively, of their current masses by the time the nebula gas dissipated
approximately 3.5 Myr after formation of the Sun. If proto-Earth accreted
its mass from up to 40% carbonatious chondritic-like (CC) material [5] then
the planet must have been grown to about 80% of its final mass as long as it
was surrounded by the escaping primordial atmosphere (~7 Myr). Our results
are in agreement with a fast accretion of thermally processed disk material
planetary embryos, with Hafnium-Tungsten chronometric fast accretion sce-
narios of the proto-Earth (e.g. [6]), and a noble gas origin based on a mix-
ture of primitive meteoroids with a delivery of > 75% CC-like material after
the escape of a small remnant of the proto-solar nebula [7]. Moreover, new
precise measurements of noble gas isotope ratios in Venus’ atmosphere
will constrain not only the evolution of proto-Venus but also the history
of the young Sun’s activity evolution.
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Isotope ratios provide valuable insights into the atmospheric evolution of var-
ious solar system bodies. If a planet’s isotope ratios differ drastically from
the protosolar values, something must have caused the predominant escape
of one isotope. The Venera landing probes and the Pioneer Venus provided
some present-day isotope ratios for Venus, revealing that the planet’s atmo-
sphere is enriched in several heavy isotopes, amongst them deuterium (D).
One escape processof particular interest for the early evolution of the Venu-
sian atmosphere is hydrodynamic escape of H and D during a possible cap-
tured nebula-based H.-envelope and/or a magma-ocean related outgassed
steam atmosphere. The high levels of extreme ultraviolet (EUV) radiation
emitted by the young Sun are likely to have been sufficient for the planet’s
atmosphere to enter into a hydrodynamic regime. We model the hydrody-
namic escape of an outgassed atmosphere from Venus at multiple starting
points using different atmospheric compositions and surface temperatures
and aim to reproduce present-day isotope ratios. Moreover, we also consider
the scenario that Venus might have had a liquid water ocean until about
700 My ago that was proposed by Way et al. [1] and investigate the influence
that the presence of an ocean would have had on the D/H ratio and a possi-
ble accumulation of oxygen in the atmosphere.
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Introduction:

On the basis of the current extreme high temperatures (450°C) and the
absence of free water, it has generally been assumed that water erosion did
not operate on Venus. This is consistent with surface morphology in most
regions that shows good preservation of primary surface structures and local
topographic relief, except where overlain or overprinted by younger volcanic
units and structures.

Recent mapping [10-3], however, suggests that erosion might have signifi-
cantly affected the older complexly deformed terranes, termed tesserae, an
observation that is consistent with a recent global climatic model [4], that
suggests Earth-like climatic conditions on Venus until approximately 700
Ma. This time is inferred to mark thetransition from tesserae to widespread
younger mafic volcanic resurfacing (with massive CO, release and associated
global greenhouse hyper-warming).

Evidence for Erosion in Tessera:

Our analysis is focusing on portions of tesserae that were partially flooded
by younger mafic flows. The volcanic flooding provides a semi-horizontal
datum to distinguish local elevated areas (peaks and ridges) from valleys.
The pattern of peaks and ridges cannot be solely explained by primary topog-
raphy caused by folding or faulting. However, the distribution of “valleys” is
consistent with terrestrial-type stream drainage patterns indicating signifi-
cant water erosion. The potential role of wind and glacial erosion is also being
considered.

A More Earth-Like ClimateduringEarly Post-Tessera MaficVolcanism?:

This global warming model and our evidence for water erosion during tessera
time, would also suggest that the earliest mafic lava flows (post-tessera time)
would have been emplaced during more habitable climate conditions, while
later (younger) flows would have been emplaced under conditions of pro-
gressively higher temperature, atmospheric pressure and CO. content. We
are therefore assessing older and younger generations of lava flows in terms
of flow morphology and surface textures that can be indicative of temperature
(Earth-like vs 450°C) and low vs high atmospheric pressure and CO, content.
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Electrical phenomena and lightnings in the atmosphere of Venus were dis-
covered in 1978 Ksanfomality, 1979; Ksanfomality, 1980). On December 21
and 25, 1978, the GROZA instrument onboard the VENERA-11, -12 landers
recorded numerous electromagnetic pulses, such as Earth atmospherics, in
the 10-80 kHz range. 3 days later, the same result, but in the whistler mode,
was obtained using the OEFD instrument on the Pioneer-Venus orbiter (Scarf
et al., 1980; Ksanfomality et al., 1980). A signature of electric discharges was
their pulsed electromagnetic emission in the range of 10-80 kHz (Fig. 1). But
the accompanying optical flashes were not observed, although their search
was organized first on the same VENERA-11, -12 orbiter modules, fly-by
spacecrafts GALILEO, CASSINI and orbiters VENERA-15, =16 and VENUS-EX-
PRESS.

In all cases, numerous electromagnetic discharges (counting rate up to 30 s)
were confidently recorded in the absence of optical flashes, which were
searched on the night side of the planet.

Interest in electrical atmospheric discharges on Venus is connected, in partic-
ular, with the question of the origin of small components in its atmosphere.
Lightning, on the one hand, destroys the molecular bonds of the medium
in the discharge channel, on the other hand, it causes fast chemical reac-
tions with the appearance of new nonequilibrium chemical compounds,
which, among other things, can be associated with subsequent biochemi-
cal processes. The nature of charge accumulation in the atmospheric clouds
of different planets may vary, but the general physics of the processes is
similar. From the moment of discovery, for many years, Venus has been car-
rying out an unsuccessful search for optical flares, which must accompany

electromagnetic pulses.
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tered on December 21, 1978 with the GROZA instrument on the VENERA-11
descent module, referred to lightning in a remote source. A fragment of the
record is from a height of 10 km to the surface. The origin of the difference in
the curves at 18 and 36 kHz remains unknown.

The search was conducted in the UV range (365 nm) on the night side
of the planet with a specially designed instrument with a high sampling rate
(Takahashi et al., 2019). Search results are not reported. The possible reason
for the absence of flares following electrical discharges in the atmosphere
of Venus was considered by the author in a number of published articles.
If discharges occur in the lower layers of clouds, a significant extinction
in the optical range weakens the flashes so that their registration from Venus
satellites becomes impossible (Ksanfomality, 1984). In the case of Venus,
the optical thickness of clouds t is very significant. The strongly attenuated
radiation in the optical range practically does not reach the detectors of sat-
ellite. The extinction is much lower in the near IR range (2 um), but the nec-
essary data in Venus research for a long time could not be found. In 2016,
in the IR experiments with the IR2 camera of the AKATSUKI mission, rich
observational material was obtained (the JAXA “DARTS” website). It was
the results of observations with the IR2 camera and the materials were used
as the basis for the search for lightning flashes in the present work.

Fig. 2. Photo taken on October 20, 2016, with a bright band in the equatorial region,
with a threshold of reproducible brightness > 140 mW m-2 um-1 sr-1, demonstrating
flashes of lightning. On the right - the distribution of brightness along the section
lines. All bright dots correspond to the saturation level of the detector pixels. Coordi-
nates of the sub-satellite point are 8.269S, 1829E.

While searching for lightning, IR images have important advantages over
images in the optical range. Most of the pictures were taken with a 7-second
exposure. Apart from the fact that scattering is less than 6 times as the 2nr
/ A\ ratio, due to the high brightness of the flashes, their images gradually
accumulate on the detector matrix, in fact, recording during the 7-second
exposure, regardless of the short duration (0.2 s) of the flash itself. We man-
aged to find the required flashes, and their brightness exceeds the satura-
tion level of the detector. For the flash image to be fixed on the detector
array, the flash brightness must be at least (7s / 0.2s) times brighter than
the average brightness of the image details. Of course, the linearity and sat-
uration threshold of the detector play an important role. The success of the
search is due to the highest transparency of the atmosphere at a wavelength
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of 2.26 microns. Numerous lightning flashes were detected during image
processing obtained in the 2.26 um band, taken on October 20, 2016, from
a distance of 202 thousand km from the upper boundary of clouds (Fig. 2).
The bright band in the equatorial belt (Fig. 2.2) turned out to be non-uni-
form. The threshold of reproducible brightness in Fig. 2.2, at the center, was
set at about 140 mW m-2 um — 1 sr—1. When the black level rises, the bright
area splits into individual bright pixels (in saturation), single, or combined
by 2 or 4 pixels. The length of the active region is 1300 km, width from 100
to 340 km.

All, even the brightest, other details of the image were below this level, and
only a wide band is distinguished by numerous bright dots. The pixel resolu-
tion in the image corresponds to 40 km on the cloud layer. Apparently, the
band turned out to be a rupture of clouds above the level of thunderstorms,
exposing numerous direct flashes of lightning (not their scattered light). None
of the other details of the image having similar structure were detected, with
the exception of a small (600 km) spot north of the center of the cluster
of flares. Here, a small part of the thunderstorm, about 10 flashes, is cov-
ered with a cloudy environment. The optical thickness of the medium above
the thunderstorm is small, T < 1. The sections (Fig. 2.3) show convincingly
that all the peaks have the same height — the saturation level of the detec-
tor. Image analysis also shows that there are practically no outbreaks in the
adjacent area, and the occurrence of thunderstorms is likely due to the for-
mation of gaps and is concentrated in them.

Other images show that cloud ruptures above the lightning level, revealing
thunderstorm activity, turned out to be a global phenomenon on Venus,
but were recorded differently on different dates, which is probably due
to the period of superrotation. Unfortunately, there is no necessary sequence
of images for such approval.
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Introduction:

The thick cloud layer of Venus rotates around the planet in the westward
direction with the peak velocity 60 times higher than that of the planet itself,
approximately 100ms™ for the altitudes of 65-70 km (upper cloud level)
above the surface [1], the phenomenon known as retrograde superrotation.
In the altitude range of 10-90 km the atmospheric motion is predominantly
zonal. The velocity decreases for altitude levels farther from the upper cloud
level and for latitudes closer to the poles.

On the nightside, the inhomogeneous distribution of the cloud opacity in the
infrared spectral range (thermal emission) leads to a complex morphology of
small-scale features of various contrasts. By tracking their displacement one
can derive horizontal wind speed at the altitude of remote sensing.

In the spectral window of 1.74 um on the nightside, the thermal radiance comes
from beneath the main cloud level, subsequently passing through the lower
clouds at the altitudes of 44-48 km [2]. Thus, the motion of the observed fea-
tures is associated with atmospheric dynamics at these altitudes.

Experimental data and approach:

The infrared channel of the imaging spectrometer VIRTIS-M onboard Venus
Express performed observations of the nightside from April 2006 to October
2008 with a spectral resolution of 16 nm and pixel size of 10-40 km. Most
of its observations covered Southern Hemisphere, primarily high and mid-
dle latitudes. To calculate wind velocities using manual wind tracking tech-
nique [3], 988 image pairs in 1.74 um were considered, resulting in 45191
vectors in total. Time intervals between pairs were varying from 1 to 3 hours.

The IR2 camera onboard Akatsuki operated in 2016 and one of its channels
collected images in a 1.713-1.755 um band [4]. Although there were fewer
images compared to VIRTIS-M, they had better spatial resolution, thus result-
ing in more retrieved vectors per pair, 15275 for 145 pairs.

Heading styles:

Recent studies indicated significant differences between results from the two
instruments [5]. Our findings confirm that the mean zonal speed was signifi-
cantly higher in the results of IR2. The difference in values was the highest
(78 m*=! compared to 62 m*?) in the equatorial latitudes, in fact, the shape
of the IR2 profile displayed an equatorial “jet”, an effect which was not observed
by VIRTIS-M. One of the possible explanations could be that the observed cloud
details relate to different altitudes; in that case by implying the vertical wind
shear of about 2 m** km™ we would assume an altitude difference of ~8 km.
On the other hand, the meridional component was resting at the same magni-
tudes for both experiments, reaching 0-2 m*! (equatorward direction). Unfor-
tunately, results cannot be compared for the northern latitudes.

Longitudinal profiles of the mean wind speed for both instruments show
variability, which can be partially attributed to the influence of the stationary
gravity waves. Isolines of zonal and meridional velocities tend to correlate
with the shapes of major underlying topographic features.
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Introduction:

Internal gravity waves (IGWs) are vertically propagating waves that have buoy-
ancy force as the restoring force. IGWs are often generated by vertical dis-
placement of the atmosphere due to flow over topography or by convection,
or by wind shear instability in the background flow. The existence of IGWSs
in the Venus’s atmosphere is well established from UV images of clouds [1],
temperature [2] and wind [3] profiles, and radio occultation (RO) measure-
ments [4-7]. Authors of paper [5] used RO data from Venera—15 and -16
to investigate the thermal structure of the middle atmosphere. They noted
that wave-like structure commonly appears in retrieved temperature pro-
files at altitudes above ~ 60 km, where the static stability is large. The Pio-
neer Venus (PV) RO experiments have yielded important results concerning
the thermal structure of the neutral atmosphere [8], however, little effort
has been made to investigate atmospheric waves. Magellan has important
advantages over PV for studies of atmospheric waves. The dual-wavelength
radio signals transmitted by Magellan have a higher signal-to-noise ratio
(SNR) than their counterparts on PV. The orbital period of Magellan (3.26 hrs
in 1991) is much shorter than that of PV (24 hrs), so that the rotation of
the Venus’s atmosphere between successive occultations is proportionately
smaller. This provides much finer resolution for studies of zonal structure [4].
Authors of work [4] suggested that radiative damping is the principal process
to dissipate internal atmospheric waves having vertical wavelengths shorter
than 4 km, and this approach was used for the analysis of Magellan RO data.
They showed that the observed wave structures were consistent with pure
internal gravity waves that are attenuated by radiative damping during the
vertical ascent. It was found that the amplitude and vertical wavelength are
about 4 Kand 2.5 km, respectively, at altitude of 65 km. A model for radiative
damping implies that the wave intrinsic frequency is ~2 10* rad/s, and the
corresponding ratio between horizontal and vertical wavelengths is ~ 100 [4].
A similar approach was also used by authors of work [7] for the analysis
of Venus Express RO temperature data.

We have developed an alternative independent method of identifying dis-
crete wave events and reconstructing IGW parameters from an analysis
of the individual vertical temperature, density, or squared Brunt—Vaisala
(buoyancy) frequency profile in a planetary atmosphere. Our method does
not require any additional information not contained in the profile and
can be adopted to analyze vertical profiles obtained by various techniques.
The threshold discrimination criterion was formulated and justified for iden-
tifying wave events; its fulfillment assumes that the analyzed temperature
or density variations to be manifestations of waves [9-14].

This method relies on the analysis of the relative wave amplitude, deter-
mined from the vertical profile of temperature or density, as well as on the
concept of the linear IGW theory, which suggests that the wave amplitude
is limited by threshold values due to wind dynamic (shear) instability in the
atmosphere of planet. It is expected that when the internal wave amplitude
reaches the wind shear instability threshold as the wave propagates upward,
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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 [4] for analysis

Solar zenith angle (SZA) 109°
Local true solar time (LTST) 22h05m
Latitude, @ 67°N
Longitude 127°E
Altitude, h (Venus’s radius RO = 6052 km) >57 km
Acceleration of gravity a, g 8.7 m/s?
Angular rotation rate of the atmosphere, Q —1.5-10"° rad/s (westward)
Coriolis parameter, 2.7-10° rad/s (at 67°N latitude)
f= |2§2~sin¢|
o ~64.6 hrs = 2.7 days (at 67°N latitude)
Inertial period, =T
7]
Background temperature a,*, Tb ~230 K
Background buoyancy frequency a,*, Nb ~2.13-10-2 rad/s
Vertical wavelength a, |T'| 2.5 km
Vertical wave number a, |[m| ~2.5:10-3m™
Amplitude of temperature perturbations a, 4.0K
2
[ml
Normalized amplitude of temperature ~17.4-10°3
’
erturbations a,*, | —
P Tb
Internal wave characteristics found by two independent methods
Relative wave amplitude a, ~0.84 (our results)
0.82 (was calculated by us for HJ-paper
results)
Intrinsic wave frequency a, w ~3.9-107° rad/s (our results)
2:107* rad/s (parameter o in HJ-paper)
Intrinsic wave period a, ~44.8 hrs = 1.9 days (our results)
~9 hrs (value 2mt/o in Hl-paper)
Ratio ~0.69 (our results)
~0.14 (value f /o in Hl-paper)
Intrinsic horizontal phase speed a, ~11.8 m/s (our results)
8.5 m/s (value N/m in HJ-paper)
Horizontal wave number a, ~0.33-10° m™ (our results)
~2.33:10° m™ (was calculated from
HJ-paper)
Horizontal wavelength a, ~1895 km (our results)
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

HJ-paper)
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Amplitude of speed perturbations ~6.8 m/s (our results)
transverse to the horizontal propagation 0.7 m/s (“zonal” speed amplitude in
vector, HJ-paper)
Amplitude of vertical wind speed ~1.3 102 m/s (our results)
perturbations, 0.07 m/s (vertical speed amplitude in
HJ-paper)

a At 65 km altitude, * was calculated by us for results of HJ-paper [4]

wave energy dissipation occurs so that the IGW amplitude stays at the atmo-
spheric instability threshold (wave amplitude saturation). The application
of the method to the analysis of RO temperature data enabled us for the first
time to identify wave events in the atmospheres of Earth and Mars, to deter-
mine the key characteristics of detected waves, including intrinsic frequency
of IGW, vertical fluxes of wave energy and momentum [9-12]. Numerical sim-
ulation data and analysis of independent radar and probe measurements in
Earth’s atmosphere demonstrate high efficiency of our method and high reli-
ability of scientific results it yields [15]. It is important to notice that authors
of work [4] supposed the wave amplitude is not sufficient to cause convec-
tive instability, an alternative damping mechanism. Similarly, they believed,
possibly erroneously in our opinion, that wind shear instability is not likely
to be the cause of the observed attenuation, since the wave amplitude
appears to be insufficient to trigger this effect.

We used parameters of the Magellan temperature profiles oscillations
remaining after high-pass filtering for wavelengths < 4 km [4] as input RO
data for our reanalysis of IGWs in the Venus’s atmosphere. The results
obtained by two independent methods are presented, compared, and dis-
cussed in this work. Internal gravity wave characteristics in the atmosphere
inferred by two methods from the RO temperature data, collected on
5-6 October 1991 during three successive orbits (orbit numbers 3212-3214)
of the Magellan spacecraft have been shown in Table 1.

The work was carried out within the framework of the state task and partially
was supported by the Russian Foundation for Basic Research, the project No.
19-02-00083 A.
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EnVision is a Venus orbiter mission that will investigate the nature and cur-
rent state of volcanic and geological activity on Venus, and its relationship
with the atmosphere, to understand how and why Venus and Earth evolved
so differently. EnVision is a finalistinESA’s M5 Space Science mission selec-
tion process. The concept is currently in Phase A study in collaboration with
NASA. Selection of one mission out of three candidates is expected in June
2021. If selected and later adopted in 2024, EnVision will be launchedin 2032
by Ariane 6.2 into a six month cruise to Venus. Aerobraking would bring the
spacecraft into a near-circular polar orbit. The nominal science phase would
last at least 4 Venus sidereal days (2.7 Earth years).

Venus and Earth were probably very similar in the past,before their evolu-
tionary pathsdiverged. Why are these sister-planets so different now?Under-
standing how and why this occurred is crucialto revealingthe diversity of ter-
restrial planetsand their habitability.Complementing Venus Express that
focused on the atmosphere and plasma environment of the neighbouring
planet, the EnVision orbiter will undertake science investigations in three
thematic areas: (1) Is Venus geologically activetoday and how? (2) How did
Venussurfaceevolved? (3) How did Venus’climatereach its presentstate?

EnVisionwill carry three instruments and perform aradio science investiga-
tion. The Synthetic Aperture Radar (SAR) will obtain images at a range of
spatial resolutions from 30 m (regional scale) to 1m (local scale), measure
topography at <20 m resolution vertically and <100 m spatiallyfrom ste-
reo and interferometric SAR observations (InSAR),detect cm-scale changes
through differential INSAR observations to characterize current volcanic and
tectonic activityand estimate rates of weathering and surface alteration. SAR
will also characterizesurface physical properties and weathering through
multi-polarisation radar, and emissivity mapping.

The Subsurface Sounder (SRS) will characterize the vertical structure and
stratigraphy of geological units including volcanic flows, contacts between
lowlands and tesserae, determine the depths of weathering and aeolian
deposits, discover as yet unknown structures buried below the surface.

The Venus Spectrometer suite (VenSpec) consisting of three spectrometers
will search for temporal variations in surface temperatures, as an indicator
of active volcanism, obtain global maps of surface emissivity in the near-in-
fraredto constrain surface composition and inform evolution scenarios, map
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tropospheric gases, searching for volcanic plumes and studying surface-atmo-
sphere interactions, monitor variability of volcanic gases in the mesosphere,
in order to link these variations to tropospheric variations and volcanism.

Fig. 1.

The Radio Science and Geodesyinvestigation will determine crustal and litho-
sphericstructure at finer spatial resolutionthan Magellan, constraininterior
structure through measurement of tidal response (gravitational Love num-
ber k2), sound the atmospheric structure and H,SO, abundance withradio
occultation. The figure outlines how the EnVision payload would address the
major science themes in different areas on the planet.

The talk will describe science objectives and investigations, payload and mis-
sion scenario, and status of the mission study at ESA.
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Introduction:

More than any other known planet, Venus is essential to our understanding
of the evolution and habitability of Earth-sized planets in the solar system
and throughout the galaxy. Similarly, more than any other group, volatile
elements have strong influence on the evolutionary paths of rocky bodies
and are critical to understanding planetary evolution. It is clear that Venus
experienced a very different volatile element history than the Earth, resulting
in a different evolutionary path. The science objectives of the Venus Flagship
Mission (VFM) focus on understanding volatiles on Venus. The mission con-
cept’sscience goals, similar to those for other solar system bodies that were
shaped by volatiles such as Mars and Europa, are: to 1) assess the volatile
reservoirs, inventory, and cycles over Venus history, and 2) use the under-
standing of the environments created by and availability of these volatiles
to constrain the habitability of Venus. The VFM aims to address two critical
questions for planetary science: How, if at all, did Venus evolve through a
habitable phase? What circumstances affect how volatiles shape habitable
worlds? It is clearly time to focus on Venus and Table 1 shows the advance-
ments possible with such a mission.

Table. 1.

Objectives and Overview
The VFM concept study enables us to understand the:

1)History of volatiles and liquid water on Venus and determine if Venus was
habitable.
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2)Composition and climatological history of the surface of Venus and
the present-day couplings between the surface and atmosphere.

3)The geologic history of Venus and whether Venus is active today.

Fig. 1. The Venus Flagship Mission Con-
cept would fill major, long-standing ques-
tions about the formation of habitable

The proposed VFM concept comprises
an Orbiter with several instruments
(near infrared (NIR) spectrometer,
radar, gravity measurements) that can
address critical aspects of the three
major goals, two (or more) Small-
Sats that carry magnetometers and
jon analyzers, and two Landers/
Probes capable of measuring atmo-
spheric chemical composition, iso-
topic ratios, pressure, temperature,
as well as obtaining 1-um descent
images below ~5 km altitude. Once
landed, a panoramic camera would-
sweep the horizon, and instruments,
such as the Planetary Instrument
for X-ray Lithochemistry (PIXL)
or Raman/Laser Induced Breakdown
Spectroscopy (LIBS), wouldbe used
to measure the rock chemistry and
mineralogy at each site. The landers
would target the basaltic plains that
comprise the bulk of the surface,
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planets. and tessera terrain, which provide

the only access to rocks from the first 80% of the history of the planet. One
lander would carry a longer-lasting technology demonstration, the Long-Lived
In-Situ Solar System Explorer (LLISSE), which measures surface temperature,
pressure, wind and atmospheric chemistry as a function of time. The proposed
study will also examine the possibility of detecting ground motions via a landed
seismometer or by an infrasound technique from aerial platforms.

Technical Approach and Methodology

Many in-depth studies of Venus mission concepts were accomplished
in the last decade under the umbrella of proposal developments and
down-selects. Proposals for Discovery (VERITAS, DaVINCI, Vesper) and New
Frontiers (SAGE, VISAGE, VICI and VOX) advanced several key technologies.
Four Venus mission concepts were part of the Planetary Science Deep Space
SmallSat Studies (PSDS3). VEXAG was also directed by SMD to study a $200M
“Venus Bridge” mission to explore more options for Venus [VBST 2018].
PSD funded the Surface Platform study and the Aerial Platforms for the Sci-
entific Exploration of Venus.

A Venus Flagship mission, similar to prior flagship missions such as Galileo
and Cassini, would accomplish scientific discoveries greater than the sum
of what is possible with the individual instruments, employing synergis-
tic observations that work together to answer the ‘big questions’ relating
to Venus’ evolutionary path. Although we will be specifying a point-design,
we will provide future mission proposers a range of mission implementation
strategies at a number of cost points that can address significant science
goals. This study will also evaluate and make recommendations for future
technology investments and maturation schedules.

Acknowledgements:
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Introduction:

Venus and Earth were formed approximately the same distance from the Sun,
and have almost the same masses and volumes: they should be the most similar
pair of planets in the Solar System. An outstanding question is how and when
these planets diverged in their evolutions Significantly, did ocean and life exist
in Venus early history? Recent investigations [1] based on similarity of “unknown
UV-absorber” and spectra of some bacteria suggest that microbial life may still
exists in Venus’ cloud deck. Venus presents us with fundamental questions about
the origin and evolution of planetary bodies and life in our Solar System. Ven-
era—D (D stands for “long-lived:” dolgozhivushaya) is a potential mission that
combines simultaneous observations of Venus’ atmosphere, plasma environ-
ment, and surface to try to answer these essential questions.

Venera-D Baseline Architecture:

Based on the initial report from the Venera-D Joint Science Definition Team
(composed of scientists from both Russia and the USA) [2], a baseline Ven-
era-D mission would include an orbiter, a VEGA-style lander and attached
to it a Long-lived In-Situ Solar System Explorer (LLISSE) [3] on the surface. In
addition, the Joint Science Definition Team (VDJSDT) identified the additional
science objectives (relying on the NASA Planetary Decadal Survey [4] and
VEXAG [5]) that could be addressed by incorporating additional potential ele-
ments (e.g., additional long-lived stations, an aerial platform or subsatellites).

Orbiter Science Goals:

Despite the fact that Venus is the planet nearest to Earth, it is a planet of mys-
teries, one of the most intriguing of them is the dynamics of the atmosphere.
In the troposphere and mesosphere, the main circulation mode is retrograde
zonal superrotation RZS), while in the thermosphere — sub-sollar — anti-so-
lar circulation (SS-AS)

Although recent investigations, based on the ESA Venus Express and JAXA’s
Akatsuki spacecraft data analysis, showed the determining factors influencing
the dynamics of the atmosphere, are insolation (in particular solar tides [6], [7])
and surface relief [7], [8], possibly through the generation of gravity waves
[9], [10]. An orbiter associated with the Venera-D mission would need to exam-
ine the thermal tides, atmospheric composition and structure, examine the
atmosphere in the ultraviolet, visible, and infrared wavelengths, study the possi-
ble surface thermal activity on the night side and look at the interaction between
the upper atmosphere, ionosphere, and magnetosphere with the solar wind.
Ideally, the orbiter would take measurements for a minimum of 3 years.
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Lander Science Goals:

During descent, the lander would investigate the physical structure and chem-
ical composition of the atmosphere down to the surface, including compo-
sition and distribution of atmospheric aerosols. Once below the cloud deck,
cameras would image the surface to provide a geologic context for the land-
ing site; on the surface, the chemical composition of the landing site would
be measured, the drilling and soil sampling and study the sample inside
will be performed and additional cameras would image the near- and far-
field. Combining measurements of the surface and the adjacent atmosphere
would allow us to constrain the chemical interactions occurring at that inter-
face. A VEGA-style lander would likely live on the surface for 2—3 hours.

LLISSE Science Goals:

A LLISSE would measure surface winds (velocity and direction), pressure,
temperature, and chemical composition over a lifetime of 2 — 3 months
on the Venusian surface. Ideally, the LLISSE would transition from the dayside
to the nightside during this time.

Potential Elements:

The Joint Science Definition Team is examining the science return from
potential additional elements, depending on the mass and volume available,
which in turn are controlled at least partly by the precise launch date.

Additional contributed augmentations being discussed include additional
LLISSEs or a long-lived seismic instrument such as the Seismic and Atmo-
spheric Exploration of Venus (SAEVe) [11], a variable altitude balloon, a sub-
satellite(s) placed at the Lagrange point L1 (L2).
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Introduction:

Microwave radiometer [1] of the Venera-D orbiter provide unique possibili-
ties for investigation of sub-cloud atmosphere of Venus, while other remote
sensing instruments are pointed mainly to higher layers.Retrieving of pro-
files of atmospheric parameters [2] requires sufficient accuracy ofdetermi-
nation of microwave absorptivity by atmospheric components in extremal
conditions of Venus. Now it exists only a limited volume of laboratory mea-
surements partly covering these conditions (see [3—4, 9-11]). It requests for
adequate model for extrapolation of the experimental data to wide region
of temperatures and pressures.

In microwave region, or, more precisely, on centimeter and millimeter waves,
corresponding to spectral bands of the instrument [1], the absorptivity is gen-
erated mainly by rotational transitions of molecules CO,, N,, SO, and H_SO,.
Collisional interactions change strongly a linear spectrum of molecules for high
density of Venusian atmosphere. For non-polar molecules CO, and N,, we
should take into account only collision induced absorption, while for other
molecules, “line-transitions” distorted by collisions play an important role.
In a first approximation, effect of collisions is considered separately for each
line, treated as independent oscillator. Its spectrum of absorption is described
as “line-profile”, determined by one of models of collisions, usually in approx-
imation of low rate of collisions. There is a great volume of data on molecular
transitions, collected, for example, in a data base HITRAN [5], which permits
detailed calculationofmolecularspectra, atrelatively low pressures.

Nevertheless, the model of independent oscillators is not sufficient for descrip-
tion of microwave molecular absorption even for pressure of the Earth atmo-
sphere. It was shown by extensive literature on atmospheric absorption by
water vapor. A solution is a combination of line-spectrum calculated “line-
by-line” on molecular data, with continuum-spectrum, produced on base
of absorption measurements, to correct inaccuracy of the oscillator model.
This approach was used successfully for Earth atmosphere, and it is imple-
mented in this work. Their adequacy for extrapolation was proven particu-
larly for prediction of Terahertz windows in Antarctic [6], by measurements at
South pole and in similar dry condition in the high mountain desert Atakama.

Collision induced absorption by non-polar molecules:
The data on collision induced molecular absorption are included in current
version of the HITRAN data base [7]. The equations based on theoretical con-
sideration [8] gives the same numerical results. For a limited spectral region
discussed here, the simplified equation could be used:

(G

where a is a microwave absorption coefficient, p_, T, v_are reference pres-
sure, temperature, and frequency, correspondingly,

oty =t (o, +0.250,,, 9y, +0.0054a}, ) (2)

where mixing ratios in Venus atmosphere are: dco, = 0.965, q,, = 0.035.
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For frequencies from 0 to 150 GHz, and temperatures from 200 to 800 K, Eq. (1)
could be used with accuracy about 1%. For p_ =1 atm (101325 Pa), T_=273.15K,
v_=100 GHz, parameters of Eq. (1) are: a_ =(6.1265 km%, n=4.892, m=0.852.

Absorptlon by polar molecules:
“Line-by-line” coefficient of absorption is:

7

V2N _{Ejgw[l_ij
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where ¢, is a constant, g is the number mixing ratioof the gaseous component,

N is the number of lines, Sj is the line intensity, Ej" is the lower state energy in

cm-1, f(v,vj,yj, ...)is aline profile, vjis the line frequency, the line width

w0 (£ (L)

The spectral line profile according to Ben-Reuven is written as
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where § is the frequency shift parameter, Tis the coupling parameter. Index j
for parametersy, §, {is omitted for brevity. The Gross profile is a modification

of the Ben-Reuven profile with 6=0, {= y. VVW-profile (Van Vleck-Weisskopf)
corresponds to 6=(=0.

There is a lot of publications comparing advantages of these profiles.
For Venus atmosphere, a numerical difference is not large. In any case, a con-
tinuum term could correct a resulting difference between profiles. Finally,
the VVW-profile was used in numerical calculations here.

In a general case, an absorption coefficient a could be a sum of lines and
a continuum term, which includes effects of non-resonant collision induced

absorptivity:
a=0; +0o, (5)
In many cases, a continuum term could be written in power-low form as
S —
OL(;:C(:'f .pn_Tm'q (6)

where c_is a constant, f is frequency in Gigahertz, p is pressure in atmo-
spheres, “and T is temperature in degrees Kelvin.

Absorption by sulfur dioxide molecules:

ParametersSj Ej AL njofSO lines cold be found in the HITRAN-2016 [5] data
base. Thenumberofllneswrchvl<300cm usedinourcalculations,isN=36015.
Laboratory measurements of the microwave opacity of SO, under simu-
lated conditions for the deep atmosphere of Venus [9] was approximated
by authors using Eqg. (6) with s=2, resulting in values of parameters: n=1.20,
m=3.1, ¢, =2.54x10" dB/km. Altltude dependence a_,(H) calculated by Eq.

(6) with tﬁese parameters is similar to o (H) calculate by Eq. (3) with T and
p typical for the sub-cloud atmosphere, "but values calculated “line- by-line”

explains only ~ 60% of the measured absorption.

Therefore, it is possible to write o, , = a +a,, following Eq. (5), with the coef-
ficient in Eq. (6): a=1x10" dB/km. This representation has an advantage
of that such apprOX|mat|on doesn’t flatten spectral details, in spite of a small
number of experimental points in a spectrum. These details are important
signs for separation of atmospheric components during retrieving of radio-
metric data received from the orbital sounder.

Absorption by sulfuric acid vapors:

Lines of the H_SO, are not presented in HITRAN-2016 data base. Line param-
eters was taken from JPL catalog (v. 4, 2013,https://spec.jpl.nasa.gov/).
The number of lines with V<1THz included in the calculations areN=20939.
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There are discrepancies between laboratory measurements of microwave
absorption by sulfuric acid vapors [3—4, 10-11], and the “line-by-line” cal-
culations of a. The difference achieves about 4 times. It is much more
than that of sulfur dioxide, so a continuum term in (5) is more important.
For determination of optimal parameters in Eq. (6) we used weighted least
squares method, because the experimental data for H,SO, vapors are highly
inhomogeneous on measurement accuracy. Thus, it was revealed that, square
dependence ofa, from frequency,s=2in Eq. (6) definitely doesn’t correspond
to experimental data and exponent s was included among the varied param-
eters. Otherwise, the temperature dependencea ~T~, predicted by some
theoretical models, doesn’t contradict to experlmental data. It was fixed m=3,
because of absence of statistically reliable ground for any other value.

The result of approximation of all the data: s=0.909, n=1.435,
.= 6.9x10° dB/km.

Conclusions:

The quantitative model of microwave absorption of the sub-cloud Venusian
atmosphere is developed. It has a maximum accuracy available with modern
laboratory experimental data. It is optimized for remote sensing of atmo-
sphere of Venus by orbital radiometric instrument. Numerical parameters
of the model are given in the work.
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The authors in their report will present their views on the possibility of the

existence of life forms on the surface of Venus in the light [1] and the creation

of the “Venus—D” mission.
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Introduction:

Basing on the results of the successful soviet Venera and VEGA missions [1],
along with the Pioneer, Magellan [2, 3], and more recent Venus Express and
Akatsuki missions [4, 5] on Venus research, established in 2015 joint NASA
Roscosmos/IKI Science Definition Team (JSDT) started international cooper-
ation for more complex project on Venus research. Within the overarching
goal of understanding why Venus and the Earth took divergent evolution-
ary paths, the JSDT has the task of defining the science and architecture
of a comprehensive Venera-D (Venera-Dolgozhivuschaya (long-lasting)) mis-
sion. The baseline Venera-D concept includes two elements, an Orbiter and a
Lander, with the payload for distance and contact analysis, including detach-
able elements such as aerial platforms that can flow in the atmosphere, small
long-lived surface stations, small satellite(s) and maneuverable entry vehi-
cles. InJanuary 2017, the JSDT finished the first phase and published a report
of NASA—Roscosmos/IKlcollaboration [6]. The second phase was completed
in January 2019 that was mainly focused on refining the science investiga-
tion, undertaking a compressive development of the core Orbiter and Lander
mission architecture, a detailed examination of contributed elements and
aerial platforms that could address key Venus science [7, 8, 9].Current activi-
ties are connected with more precise definition of the payload, landing sites,
orbits and landing itself, including consideration of different configurations
of maneuverable landers.

Fig. 1.

Maneuverable Entry Vehicle (MEV) is a “lifting body” type of a lander [10]
that can perform significant maneuvers in the Venus atmosphere to provide
wide scope of landing site selection with the ability to make measurements
during the descent process.
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Summary

The atmospheric characterization of a significant number of terrestrial plan-
ets, including the searchfor habitable and potentially inhabited planets, is
arguablythe major goal of exoplanetary science and one of themost challeng-
ing questions in 21st century astrophysics. However, despite being at the top
of the agenda of all major space agencies and ground-based observato-
ries, noneof the currently planned projects or missions worldwide- neither
in Europe, nor in the US, Russia, China or India -has the technical capabilities
to achieve this goal. Herewe present the LIFE Mission, which addresses this
issue by investigating the scientific potential and technological challenges
of an ambitious mission employing aformation-flying nulling interferometer
in space workingat mid-infrared wavelengths (Quanz et al., 2018; Defrereet
al., 2018a). Breakthroughs in our understanding of theexoplanet population
as well as significant progress in relevant technologies justify the need, but
also the feasibilityfor a future mission like LIFE to investigate one of themost
fundamental questions of mankind: are we alone inthe Universe?

Context

One of the long-term objectives of extrasolar planet research is the investiga-
tion of the atmospheric properties for a large number (~ 100) of terrestrial
exoplanets. This is partially driven by the idea to search for and identify poten-
tial biosignatures, but such a dataset is — in a more general sense - invaluable
for understanding the diversity of planetary bodies. While exoplanet science is
omnipresent on the roadmaps of all major space agencies and ground-based
observatories and first steps in this direction will be taken in the coming 10-15
years with funded or selected ground- and space-based projects and missions,
none of them will be able to deliver such a comprehensive dataset. An alter-
native to the currently discussed large space-based coronographic missions
or the starshade concept is to separate the photons of the planet from those of
its host star by means of an interferometer. In Defrere et al. (2018b) for exam-
ple they showed that Proxima B is an ideal target for a space-based nulling
interferometer with relatively small apertures.

LIFE is a new project initiated in Europe with the goal to consolidate various
efforts and define a roadmap that eventually leads to the launch of a large,
space-based MIR nulling interferometer to investigate the atmospheric prop-
erties of a large sample of primarily terrestrial exoplanets. Centered around
clear and ambitious scientific objectives the project will define the relevant
science and technical requirements. The status of key technologies will
be re-assessed and further technology developmentwill be coordinated.
LIFE is based on the heritage ofESA/Darwin and NASA/TPF-I, but significant
advancesin our understanding of exoplanets and newly availabletechnolo-
gies will be taken into account in the LIFE mission concept.

First results

In Kammerer&Quanz (2018) we used Monte Carlo simulations to demon-
strate that a MIR space-based nulling interferometer, could yield at least
as many exoplanet detections as a large, single aperture optical/NIR tele-
scope. The details and exact number of planets depend on the assumed
technical specifications and the underlying exoplanet populations, but from
an exoplanet science perspective such an interferometer should be consid-
ered an attractive mission concept, at least complementary if not superior
to an optical/NIR mission.
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Future Steps

Our analysis also shows that getting a better handle on the overall planet sta-
tistics is crucial for planning larger future missions. Another key aspect that
we will investigate more closely in the future is a specific treatment of stel-
lar leakage and exozodical light in our simulations. A critical look at the stel-
lar input sample and its properties is also warranted with a specific focus
on multiplicity. Sensitivity, wavelength coverage and spectral resolution
requirements will be defined using atmospheric retrieval analyses. As most
detected planets will be warmer than Earth, going as short as 3 um seems
useful; at the red end 25 um seems sufficient. This wavelength range features
absorption bands of CO,; H,0; O,; CH,; (N,),; and N,O and also containswin-
dows to probe surface emission. The spectral resolution (R ~ 20-100) is very
likely to be driven by the need to avoid line contamination of certain mole-
cules such as N,O and CO, around 4.15 pum, as well as CH, and also N,O and
H,O between 7.7 and 8 um.
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Introduction:

Many Earth-sized planets have been discovered and some appear to lie in the
habitable zone. Moreover, several Earth-sized planets were recently detected
around low temperature stars near the solar system. However, it is difficult
to characterize them as Earth-like or Venus-like. Transit spectroscopy for exo-
planetary atmosphere has been performed to characterize larger exoplan-
ets but it requires very high accuracy because of their small size. Hydrogen
exosphere has been detected around Neptune-sized exoplanet [1], but an
Earth-sized exoplanetary exosphere has not been detected. 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 exosphere is not so much extended because of its low tem-
perature of upper atmosphere. This is caused by the difference of mixing
ratio of CO, in the upper atmosphere. Venus and Mars have CO,-rich atmo-
spheres with a lower exospheric temperature. On Earth, CO, wasremoved
from its atmosphere by a carbon cycle with its ocean and tectonics [3]. Trans-
lating these arguments to exoplanets in a habitable zone presents a possi-
ble marker to distinguish an Earth-like planet from a Mars-like or Venus-like
planet. The expanded exospheres can be observed in UV, during the exo-
planet transit event in a primary eclipse. It reduces the stellar flux, when an
exoplanet orbiting in front of the host star.

Instrumentation:

High sensitivity (photon counting) is required for M-type star faint in UV.
Spectral resolution of 0.5 nm is enough for separating major emission lines of
exospheric atoms. The spectral resolution will be achievable by spectrome-
ters in the main WUVS block, however, it is difficult to measure the weak stel-
lar emission from M-type stars without a photon-counting detector. To real-
ize exoplanet transit observations in oxygen spectral lines with the desired
accuracy, we equip the WSO-UV telescope with the UVSPEX spectrograph.
The dominant engineering requirements for the UVSPEX are following. The
spectral resolution is better 0.5 nm to separate O | line from other spectral
lines. The spectral range is to exceed the wavelengths from 115 nm to 135
nm to detect at least H Lyman alpha 121.6nm to O | 130 nm. The throughput
is better 0.3% accounting more than four terrestrial exoplanets distanced at 5
pc. To achieve these requirements, a simple spectrograph design is proposed,
containing the slit, the concave (toroidal) grating as a disperse element and
the imaging photo-detector. This optical concept is conventional and used in
the other space missions for UV spectroscopy.

Spectrometer slit is aligned at primary focus of the telescope from off-axial
sub-FoV. Slit width is 0.2 mm, corresponding to 5 arc-sec. The concave grating
is laminar type with groove density of 2400 grooves per mm. It has a toroi-
dal shape with the curvature radii of 266.4 mm in horizontal direction and
of 253.0 mm in vertical direction. The effective area has nearly @ 25 mm and
the focal length is ~250 mm. The surface is coated by Al + MgF2 to increase
the reflectance, and diffraction efficiency of ~29% can be achieved.
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UVSPEX is planned to be a part of Field Camera Unit (FCU). In this presenta-
tion, we show the configuration of UVSPEX instrument and its science objec-
tives.
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A protoplanet can catch a significant envelope of hydrogen gas while forming
within the protoplanetary disc. Once the disc has disappeared this envelope
will start to interact with the incident extreme ultraviolet (EUV) radiation
of the host star. The EUV radiation is absorbed in the upper atmosphere and
some of the energy is used to drive hydrodynamic escape, leading to the loss
of particles. An upper limit to the maximum particle escape driven by EUV
radiation can be found, when looking at the amount of available EUV energy.
Watson et al. [1] did such an investigation of the energy-limited escape rate
for the first time in 1981. They provided a set of equations to calculate the
height of the EUV absorption in the atmosphere and the maximum particle
escape rate. However, they used a variety of assumptions, like a thin absorp-
tion layer and an absorption of all the EUV energy below the sonic level of the
system, that limit the scope of applicability of the equations. We provide
lower and upper boundaries for system parameters like mass, radius or inci-
dent EUV flux, that still satisfy the above-mentioned assumptions and com-
pare the resulting energy-limited escape rates with escape rates provided
by hydrodynamic numerical simulations. In addition, we examine a variety
of recently published papers, using the energy-limited escape equations, on
whether they stay within the determined boundaries of applicability. Finally,
we also compare the upper boundary limits to the gravitational potential
limit found by Salz et al. [2].
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Introduction:

Exoplanets with substantial hydrogen/helium atmospheres have been dis-
covered in abundance, many residing extremely close to their parent stars.
The extreme irradiation levels that these atmospheres experience cause
them to undergo hydrodynamic atmospheric escape. Ongoing atmospheric
escape has been observed to be occurring in a few nearby exoplanet sys-
tems through transit spectroscopy both for hot Jupiters and for lower-mass
super-Earths and mini-Neptunes. Hot-Neptunes are exoplanets with masses
and radii close to the parameters of Neptune in the Solar System, but with
much higher thermospheric temperatures, up to 104 K. High thermospheric
temperature is caused by absorption of the high-energy stellar flux, which
is very strong for close-in planets [1].

Despite the identification of a great number of Jupiter-like and Earth-like plan-
ets at close-in orbits, the number of hot Neptunes — the planets with 0.6—
18 times of Neptune mass and orbital periods less than 3 days—turned
out to be very small. The respective region in the mass-period distribution
was assigned as the “short-period Neptunian desert”. The common explana-
tion of this fact is that the gaseous planet with a few Neptune masses would
not survive in the vicinity of host star due to intensive atmosphere outflow
induced by heating from stellar XUV radiation. To check this hypothesis we
used the previously developed self-consistent 1D model of hydrogen-helium
atmosphere with suprathermal electrons accounted [2]. The two-scale struc-
ture of the close-in (hot) Neptune atmosphere was found. The gaseous enve-
lope of hot Neptune consists from dense atmosphere with exponential density
decrease and extended corona in which the gas density decreases according
to the power law. The mass-loss rates as a function of orbital distances and
stellar ages are presented. We conclude that the desert of short-period Nep-
tunes could not be entirely explained by evaporation of planet atmosphere
caused by the radiation from a host star [3]. While for the case of light Nep-
tune-like planet, the estimated upper limits of the mass outflows are consis-
tent with the estimates [1] of the atmosphere photo-evaporation, in the case
of heavy Neptune-like planets this mechanism does not allow to drop away
the significant fraction of the planet atmosphere mass.

Acknowledgments:
This study was supported by the Russian Science Foundation (project 18-12-00447).

References:

[1] Owen J.E. Atmospheric Escape and the Evolution of Close-In Exoplanets // Annu.
Rev. Earth Planet. Sci. 2019. V. 47. P. 67-90.

[2] lonov D.E., Shematovich V.I., Pavlyuchenkov Ya.N. Influence of Photoelectrons
on the Structure and Dynamics of the Upper Atmosphere of a Hot Jupiter
// Astron. Reports. 2017. V. 61. P. 387-392.

[31 lonov D.E., Pavlyuchenkov Ya.N., Shematovich V.I. Survival of a planet
in short-period Neptunian desert under effect of photo-evaporation // MNRAS.
2018. V. 476. Issue 4. P. 5639-5644.



10MS3-EP-05 THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

3D GASDYNAMIC MODELING OF TRANSITING
HOT EXOPLANETS

I.F. Shaikhislamov!, M.L. Khodachenko?, A.G. Berezutsky?,

1.B. Miroshnichenko® and M.S. Rumenskikh*

1 Institute of Laser Physics SB RAS, Novosibirsk, Russia, ildars@ngs.ru;
2 Space Research Institute, Austrian Acad. Sci., Graz, Austria

Keywords:
Exoplanets, planetary wind, transit absorption.

Introduction:

Using a global 3D, fully self-consistent, multi-fluid gas-dynamic aeronomic
model, we simulate the dynamically expanding upper atmosphere of a warm
Neptune GJ436b. The complex spatial structure of the escaping upper atmo-
spheric planetary material, energized by the stellar XUV and driven further
by tidal forces, while interacting with the stellar wind plasma is revealed in
course of the modeling. We calculate transit absorption in Lya and find that
itis produced mostly by Energetic Neutral Atoms outside the Roche lobe, due
to the resonant thermal line broadening.

A series of observations by HST/STIS (Kulow et al. 2014, Ehrenreich et al
2015, Lavie et al. 2017) revealed that the warm Neptune GJ 436b has a very
deep transit in Lya line reaching up to 60%. Moreover, this strong absorption
takes place mostly in a blue wing of the line in the range of Doppler shifted
velocities of [-120; -40] km/s. The good signal/noise ratio allowed to reveal
clearly, for the first time in VUV observations of hot exoplanets, such details
of transit curve as early ingress Ehrenreich et al 2015) and extended egress
(Lavie et al. 2017). The obtained data are of sufficient quality to test quanti-
tatively the existing theoretical concepts and numerical models.

The aim of the present report is to apply, for the first time, a fully self-con-
sistent 3D gasdynamic model (Shaikhislamov et al. 2016, 2018) to simulate
the Lya line absorption features of GJ 436b. Moreover, the applied code is
multi-fluid and aeronomic, as it includes hydrogen plasma-photo chemistry.
We not only determine parameters of planetary outflow, stellar XUV flux and
plasma wind at which a good agreement of synthetic and experimental line
absorption profiles and transit curves is obtained, but describe also how dif-
ferent physical processes may affect the observations. It should be noted that
HD/MHD modeling of hot exoplanets is steadily progressing from 1D to 3D
codes However, so far they had not reached the same level of complexity
present in the first generation of 1D aeronomy models which allows self-con-
sistent simulating of planetary outflow. We believe that the present model
is the first one which can be directly compared with involved 1D aeronomy
simulations of the subject on the one hand, and which is able to calculate
plasma environment in the whole 3D planet-star system on the other. It
includes, also for the first time, all the physics present in Monte-Carlo sim-
ulations, such as radiation pressure and charge exchange, so can be directly
compared with them as well.

Results

Figure 1 show spatial structure of interaction between planetary and stellar
winds for simulation with assumed typical parameters: base temperature
of the planet atmosphere T, Se—7SO K, Helium abundance He/H=0.1; GJ436
ionizing radiation F,  =0.86 erg cm?s?tatla.u., staller corona temperature
2-10° K, stellar mass loss rate M_ /=2.5-10" g/s SW parameters at planet
orbit T_ =6 10° K, V_ =170 km/s, n S 10 cm3. Note that assumed stellar
radiation and mass 10ss are about 5-10 times weaker than that of the Sun,
mostly due to smaller size of GJ436. At those parameters the simulation
gives for the planetary mass loss rate a value of Mpw/=2-109 g/s.

Energetic Neutral atoms (ENAs) are generated. The neutral atoms of plane-
tary origin which come close to ionopause penetrate through the shocked
region where they become uncoupled from protons and interact with stellar
protons via charge exchange.
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Fig. 1 Color plot showing distribution of density of hydrogen atoms in the equatorial
X-Y plane. Black lines show velocity streamlines of atoms, khaki - streamlines of stellar
protons. Distance is in units of planet radius.
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Fig. 2. Light curves in the blue [-120; -40] and red [30; 110] km/s wings of Lya line
(blue and red lines respectively). Violet line shows part of absorption by ENAs in the

blue wing. Colored squares show measurement data from different visits (Lavie et al.
2017).
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Fig. 3. Modeled Lya line profiles in mid-transit (blue dots) and post-transit t=5 h
(orange dots). Measured profiles out of transit and at mid-transit are shown by black
and blue lines/symbols respectively.
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Plots reveal that SW sweeps away PW and redirects all planetary material
in the trailing tail. There is compressed layer (shock) in front of the planet
where

Next figures describe modeled absorption in Lya. For comparison with obser-
vation, measured data are plotted as well. One can see deep absorption with
early ingress and long egress, mostly in the blue high velocity part of the line.
All this features are in good general agreement with observations.
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Planet atmospheric escape induced by high-energy stellar irradiation is a key
phenomenon shaping the structure and evolution of planetary atmospheres.
Therefore, the present-day properties of a planetary atmospheres are inti-
mately connected with the amount of stellar flux received by a planet during
its lifetime, thus with the evolutionary path of its host star.

Recently we developed the method, where using the analytic approximation
based on hydrodynamic simulations for atmospheric escape rates, we track
within a Bayesian framework the evolution of a planet as a function of stel-
lar flux evolution history, constrained by the measured planetary radius [1].
We find that the ideal objects for this type of study are close-in sub-Nep-
tune-like planets, as they are highly affected by atmospheric escape, and yet
retain a significant fraction of their primordial hydrogen-dominated atmo-
spheres. In [1] we tested the method for the wide range of parameters, find-
ing the range of applicability, and then applied it to two real systems, each
containing one planet appropriate for our analysis (in sense of its parameters
and observational uncertainties).

Kepler—11 system hosts six closely packed planets of sizes between super-
Earth and sub-Neptune orbiting the Sun-like star [2, 3]. At least five of them
fall in the range of parameters which allows the use of our approach, except
the outermost planet where only the upper limit for the mass is known. Using
the multi-planet approach allows to better constrain the past rotational his-
tory of the star.

Given by initial studies [2, 3], the planets in system have an average densities
between 0.6 and 1.7, what is very different to the planets in Solar system.
The later work [4] reanalyses the properties of the star and arriving to higher
planetary masses and densities, but yet much lower than planets in Solar
system at the similar orbital distances.

All together, it makes Kepler—11 system particularly interesting for our study.
We present the method and testing results, and results obtained for Kepler—11
system.
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While the radial velocity technique (RV) allows to determine only the product
m-sin i of the mass m of one exoplanet by sini (i, angle of inclination of orbital
pole to the observer), when it is applied to a planet already detected while
transiting its host star, the true mass m is determined, since angle i is near
90° and sin i ~ 1. Therefore, the mass distribution of transiting exoplanets dis-
covered by photometric observations is of particular interest. However, there
are some selection effects that distort the true (original) mass distribution
into the observed mass distribution. We have studied the whole observed
mass distribution of transiting exoplanets that were discovered from space-
borne and ground-based surveys [1], see Fig. 1.

Fig. 1. Mass distributions of transit planets with masses measured by the RV method
as directly obtained from the catalogue [1]. They are biased by observation selec-
tion effects. Gray bars show the distribution of Kepler planets, and a solid line shows
the dependency smoothed by considering the associated measurement error via
the KDE with the Gaussian window. Darker bars show the distribution of transit plan-
ets discovered by the ground-based surveys and the CoRoT mission, and a dashed line
accounts for the inaccuracies in the mass measurements by the KDE.

We have corrected observed mass distributions from some selection
effects to retrieve a de-biased true mass distribution, see Fig. 2. For
this, we take into account two factors: the probability of mass deter-
mination and the probability of transit configurations. The first factor
is a bias introduced by a number of effects inherent to the RV method.
The bias factor could be estimated by computing the fraction of transit-
ing planets for which the mass was determined from the RV method.
Photometric surveys for transit detection allow determining the plan-
etary radii, and the bias factor was estimated for various bins of plan-
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etary sizes. The second factor is the transit probability, a geometri-
cal factor which is precisely known for each detected transiting planet
and therefore easy to account for. The mass distribution of exoplan-
ets corrected for these two factors (de-biased) was analyzed, and it is
found that this distribution can be well approximated by a power law:
dN/dm o« m-2. The significances of the local minima in the retrieved mass
distribution have been estimated by the Kolmogorov-Smirnov test.

Fig. 2. Comparison of the mass distributions N(m) of transiting planets obtained by
different photometric surveys and corrected for the observation selection effects
(by considering the factor of mass determination). The mass distribution of the Kepler
planets is shown with gray histogram bars with numbers on the left y-axis, and that
for transiting planets discovered by ground-based surveys and the CoRoT ST is shown
with the darker histogram bars (numbers on the right y-axis). Lines show the power
law approximations specified in the caption box. Error bars are built using the Pois-
son criterion for numbers of planets in each mass bin for ground-based group and
for Kepler group.

Our de-biased mass distribution was compared to the theoretical model
of [2], where planetary population synthesis linked a theoretical model of
planet formation and evolution, and the theoretically derived planet mass
distribution may be compared to observations, the de-biased planetary mass
distribution.

The predicted planetary mass distribution displayed in the Fig. 10 (top left
panel in [2]) can be described as follows (shape also shown here as a blue
line on Fig. 3). In the mass domain of 1-30 Earth mass (0.003—0.1 Jupiter
mass) the distribution follows a power law with a -2 exponent: dN/dm o« m™
which agrees with our de-biased distribution. In the mass domain of 0.1-5
Jupiter mass, the predicted mass distribution follows a power law with expo-
nent -1: dN/dm « m™ (resulting in a plateau in log of mass_bins, or even
a slight increase) , and in the domain above 5 Jupiter mass the exponent
of the power law approaches -2.

In Fig. 3 we can compare the de-biased mass distribution of Kepler plan-
ets (discussed above) with result [2]. In panel (a) of Fig.3 we compare the
de-biased mass distribution without considering the probability of transit
configurations, in panel (b) when considering the probability of transit
configurations. For comparison, the scale of mass distribution from [2]
was normalized to the number of planets and was artificially shifted ver-
tically to be merged with the bins in 0.020 to 0.116 Jupiter mass domain.
The de-biased mass distribution accounting for the probability of transit
configuration shows a shape closer to mass distribution from [2], in par-
ticular there is a hint of three consecutive bins around 1 Jupiter mass
with equal number of planets, reminiscent of the predicted theoretical
plateau. The slopes are similar, but a plateau present in the model in the
range 0.3-3 Jupiter mass is absent in the data, possibly due to the lower
sensitivity of RV and transit method to planets at far distances.
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(a)

(b)

Fig. 3. Mass distribution of Kepler planets (green bars) and distribution predicted by
[2] (black line). (a) de-biased mass distribution without considering the probability of
transit configurations, (b) de-biased mass distribution when considering the probabil-
ity of transit configurations.
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The statistics of planetary masses in the Solar System is useful, but not fully
significant and representative because the number of planets (and dwarf
planets) in the Solar System is not large. Retrieving the true mass distribution
of exoplanets allows determining the abundance of planets of various types
in the Galaxy at host stars of different spectral classes.

The mass distribution of transiting exoplanets corrected for observation
selection was analyzed and was de-biased, and it is found that this distribu-
tion can be well approximated by a power law: dN/dm « m, see Fig. 1.

Is this distribution widely universal, e.g. if one traces planetary systems
on the host stars of different spectral classes? K, G, F spectral classes are
presently considered. However, as is known, the number of giant planets
increases with increasing mass and with increasing the metallicity of the host
star [1, 2]. On the contrary, the number of small masses planets, increases
with decreasing the mass and with decreasing the metallicity of the host
star [3]. Therefore, the mass distribution of the planets at host stars of vari-
ous spectral classes may be possibly different....

Fig. 1. De-biased mass distributions N(m) of transiting planets obtained by different
photometric surveys and corrected for the observation selection effects. The mass
distribution of the Kepler planets is shown with gray histogram bars with numbers
on the left y-axis, and that for transiting planets discovered by ground-based surveys
and the CoRoT is shown with the darker histogram bars (numbers on the right y-axis).
Lines show the power law approximations specified in the caption box. Error bars are
built using the Poisson criterion.

From [4], we organized the Kepler transit planets into three groups depend-
ing on the host star effective temperature, see Fig. 2:

group K with an effective temperature below 5000 K, 531/33 (531 exoplanets
mass was measured at 33);

group S — from 5000 to 6200 K (stars from about the spectral class from F8
to K2 fall into this group), 1856/157;

group F — with effective temperatures above 6200 K, 177/20.
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Fig. 2. Distribution by effective temperatures of the host stars of Kepler’s transit plan-
ets with measured mass.

Fig. 3. De-biased mass distributions N(m) of the Kepler planets from the F, K and S
groups. De-biasing took into account the mass measurement coefficients. Dotted
lines show power dependencies approximating them with exponents of -1.41 + 0.10
(F), -2.08 + 0.24 (K) and -1.97 + 0.11 (S).

The Fig. 3 illustrates that the power law exponents in the distributions
of the Kepler planets from groups K and S are well consistent (within the
error-bar (not shown here)), then the distribution of planets from group F is
noticeably different from them. To consider whether this difference is objec-
tive, or whether it is a consequence of observational selection, we examined
the distribution of Kepler planets from the F, K, and S groups by their radii.
Comparison of the radii of the distributions of the planets from groups F, K,
and S demonstrates a clear deficit of small planets in group F in comparison
with the groups Kand S. This may be due to the fact the Kepler incomleteness
for the F group. Ground-based surveys, do prove this hypothesis (power law
dependence has exponent -1.84 + 0.28), Fig. 4.

In conclusion by the first approximation we do not determine any feasible
difference in the mass distribution of the planets at host stars of different
spectral classes considering K, G, F.
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Fig. 4. De-biased mass distributions N(m) of the exoplanets from ground-based sur-
veys for the F group.
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Exoplanets orbiting around M-dwarf-type host stars are now of great interest
because of their abundance and a planet occurrence in a habitable zone can be
investigated. Therefore we study the mass distribution of exoplanets discovered
with the method of measuring the radial velocities (RV) and orbiting around
M-dwarf type host stars. We take into consideration the observation selection
factors aiming to regularize initially inhomogeneous data. We use and modify the
detectability-window method [1] by accounting for the detection probabilities (e.
g. evaluated in [2]) to form a homogeneous series of exoplanets collected from
different surveys. We focused to minority of detected exoplanets which orbit
around M-dwarf host stars. Considered different surveys: HIRES/Keck, PFS/Magel-
lan, HARPS/ESO, and UVES/VLT, Lick Observatory Hamilton Echelle Spectrometer,
Automated Planet Finder, Anglo-Australian Planet Search, UCLES, Hobby Eberly
Telescope, CORALIE and ELODIE, HARPS-North, All Sky Automated Survey, they
all have different sensitivities and completeness. Here a detectability-window
method [1] is a practical tool, applied to regularize exoplanets data captured by
different instrumental errors of spectrographs. The method bounds a nearly rect-
angular area: the minimal projective mass, denoted by mpesin i, along the ver-
tical axis, and the exoplanet orbital period P along the horizontal axis, see Fig. 1.
The left down boundary of mpesin i is associated with an instrument detection
limit, while the right down boundary of P is associated with the host star observ-
ing time. If we set a binary border of a detectability-window of a particular host
star (i.e. a zero multiplier outside and a unit multiplier inside) as in [1], that pro-
cedure filters the great majority of exoplanets. An alternative way to keep initial
number of exoplanets being detected is to estimate the probability accounting
for observation selection as partial incompleteness of a survey, as made in [2], see
Fig. 2 of proceeded analysis for M-dwarf type stars.

Fig. 1. Examples of the detectability windows on the plane of the orbital period
and the projective mass for the planetary systems BD-17 63, HD 12648, and GJ 179.
The stars show the planets BD-17 63 b, HD 12648 b, and GJ 179 b.
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Required compilation of the earlier observational programs with a low accu-
racy in the radial-velocity measurements and long observational periods,
on the one hand, and the relatively recent observational programs with
a higher measurement accuracy but a shorter duration, on the other hand,
can be made by a colored detectability-window as having different probabil-
ity of detection.

Fig. 2. [2]: Detectability window being colored by detection probability denoted
by the number in cell, the number of planets is denoted in cell middle, exoplanets
candidates are depictured by red dots and occurrence rate is denoted in cell upper
number.

Having these data collected we integrated dataset along P axis and obtained
de-biased mass dependence for M-dwarf host stars exoplanets, while we
have considered their projective masses.
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Fig. 3. De-biased mass distribution of exoplanets orbiting around M-stars. Power-law
approximations are shown: dN/dm ~ m87:%-38 (splid black line) and dN/dm ~ m210t015
(dashed blue line).

Additionally we studied several randomized models to understand the effect
of projective mass transformation to the histogram of true masses for sev-
eral a-priory known power laws.
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Finally we compare M dwarf type exoplanets mass histogram obtained by RV
with K, G, H spectral classes host stars transiting exoplanets.
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The experimental data on the features of the emission of the KIC-8462852
star (Boyajian et al., 2016), obtained at the KEPLER mission, have not been
adequately explained in the past 3 years. Assumptions about the nature of
the object, like a swarm of cometary bodies, fragments of a catastrophic colli-
sion of asteroids or an exoplanet KIC-8462852b are encountered with serious
difficulties (Ksanfomality, Tavrov, 2017) and even contradict Kepler’s laws if
the eclipsing object is considered as a physical body orbiting the central star.
Another possible hypothesis considering here would be the assumption that
there is a giant rings system surrounding the KIC-8462852b object.

Mamajek et al. (2012) reported on exoplanet j1407b (belonging to the star
1SWASP), which has a giant ring system. It is huge. If the radius of the outer
ring F of Saturn is 140,000 km, then the radius of the outer ring of j1407b is
estimated to be 0.6 AU, about 90 million kilometers - 640 times more than
the outer ring F of Saturn. The unusualness of the 1SWASP J1407b system
was reviewed by Sucerquia et al., (2018), in “Anomalous lightcurves of young
tilted exorings” paper. The authors performed numerical simulations and
showed that in the presence of a third body (an emerging satellite) in exo-
planet’s rings and inclination of rings to its orbit reveal short-term changes in
shape and orientation of rings, which manifests itself as strong changes in the
depth and duration of the transit, even between successive orbits. Changes
in the geometry, density and structure of the rings are observed, which the
authors explain by the influence of a massive satellite (built into the rings)
through the Lidov-Kozai mechanism. The authors conclude that motions
of ring structures can explain the peculiarities and strangeness of the transits
of light curves of already known exoplanets.

These features could be considered to be properties of the photometry
curves of assumed transits of the KIC-8462852b object (Boyajian et al., 2016).
None of the proposed physical explanations of the KIC-8462852 transit curves
proved to be successful, although some of the data undoubtedly indicates
some kind of regular phenomenon or event, the nature of which remains
unclear and even contradictory (Ksanfomality, Tavrov, 2017). It is therefore
interesting to compare the photometric data of the KIC-8462852 object and
the photometry curves of the transit model of rings J1407b. The transit direc-
tion can be oriented arbitrarily, as well as its completeness.

The 1SWASP J1407 star has a class K5 IV (orange dwarf) and a magnitude
12.4. The exoplanet j1407 b has a large semi-axis of the orbit 3.9 £ 1.7 AU
and a huge mass of 20 + 6 M, exceeding the criterion of 13M, therefore,
more typical for a brown dwarf than for a planet. On the Earth’s orbit, the
scale of the rings and the orbit would look like that shown in Figure 1. But
the real semi-axis of the j1407b orbit is 3.9 +1.7 AU, so the system of giant
rings j1407b in the sky of the Earth would be visible at an angle of up to 249,
48 times larger than the Moon, and, like the Moon, it would remain visible
during the day .

The ring system J1407b has at least 37 rings, the total mass of which is about
100 times the mass of the Moon (the mass of the Saturn rings is approxi-
mately 1/1000 of the mass of the Moon). The fragmentary photometry of
the transit of rings j1407b shown on the website https://www.google.com/
search and is presented in Fig.2.

The model of rings J1407b, built on the basis of observations, was used to
construct an arbitrarily oriented photometry curve of transit through J1407b
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rings. It is shown in Fig. 3. It is assumed that the transit, same as in the case
of KIC-8462852, was non-central. One can see that the curve has a complex
structure, which hardly permits to suggest in advance that it is namely a sys-
tem of rings in transit.

Fig. 1. Scale of rings of exoplanet j1407b, conditionally placed on Earth’s orbit.

Fig.2. Photometry of transits of J1407b rings, according to https://www.google.com/
search.

It is interesting to compare Fig. 3 with the KIC-8462852b object’s transit
curves (Fig. 4) obtained by the KEPLER mission. An interval of 98-105% is pre-
sented, and the deepest minimum reaches 78%. A strange result should also
include a temporary increase in flow up to 102% in the range of 1550-1560
days. One would assume that a large body is present in a relatively low orbit,
reflecting the star’s light. But calculation performed rejects this possibility.

In some cases as, for example, details at the mark of 1540, similar as in Fig. 3,
it is possible to see regular details of the curve. Nevertheless, it is impossible
to ascribe them with confidence to the transit of rings or some other struc-
ture, keeping in mind, moreover, that there are no measurements after the
1680 mark.

Thus, in the hypothesis of giant rings, the experimental data on the object KIC-
8462852, obtained in the KEPLER mission, also do not find an adequate expla-
nation. Further observations of the object are needed, performed by terrestrial
and especially orbital astronomical means. Both long-term MLS-observations
and the search for transits of the KIC 8462852 are important.

Fig. 3. The model curve of the incomplete transit through the J1407b rings.
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Fig. 4. Hypothetical incomplete transit of KIC 8462852, with a maximum depth
of the light attenuation up to 22% (interval 98-105%).
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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 beenlaunched with an ARI-
ANE Vin October 2018 for an arrival at Mercury in 2025. From their dedicated
orbits the two spacecraft will be studying the planet and its environment.

On its route BepiColombo will pass by Earth, two times Venus, and six times
Mercury before jettisoning its orbiters and putting them into orbit around
the innermost planet.

Instrumentation on the two orbiters will study and understand the com-
position, geophysics, atmosphere, magnetosphere and history of Mercury,
the least explored planet in the inner Solar System. In addition, the two sat-
ellites will provide a rare opportunity to collect multi-point measurements
in a planetary environment. This will be particularly important at Mercury
because of short temporal and spatial scales in the Mercury’s environ-
ment. The foreseen orbits of the MPO and MIO will allow close encounters
of the two spacecrafts throughout the mission.

The MPOscientific payload comprises eleven instruments/instrument pack-
ages; The MIO comprises 5 instruments/instrument packages to the study
of the environment. The Bepi spacecraft will focus on a global characteriza-
tion of Mercury through the investigation of its interior, surface, exosphere
and magnetosphere. In addition, it will be testing Einstein’s theory of general
relativity. The MIO spacecraft is more focused on the plasma and particle
environment around Mercury. Together, the scientific payload of both space-
craft will provide the detailed information necessary to understand Mercury
and its magnetospheric environment and to find clues to the origin and evo-
lution of a planet close to its parent star. The BepiColombo mission will com-
plement and follow up the work of NASA’s MESSENGER mission by providing
a highly accurate and comprehensive set of observations of Mercury. The mis-
sion has been named in honor of Giuseppe (Bepi) Colombo (1920-1984),
who was a brilliant Italian mathematician, who made many significant contri-
butions to planetary research and celestial mechanics.

In this talk on overview about the mission, the launch and the health status
of the instruments will be given. The observation plans during the flybys will
be discussed, too.
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MGNS: FIRST DATA EN ROUTE TO MERCURY

A.S. Kozyrev et al.
Space research institute of the RAS

Mercury Gamma-ray and Neutron Spectrometer (MGNS) is the Rus-
sian contributed instrument of ESA BepiColombo project. The main goal
of the instrument is to measure gamma-ray and neutron emission from the
surface of the planet for studying the elementary composition of the sail.
Also, the instrument will record gamma-ray bursts and solar flares. MGNS
is operating in the cruise flight providing the monitoring data for local radi-
ation background and gamma-ray bursts. These data are useful for instru-
ment in-flight calibrations and for participation in the International Network
for localization of sources of gamma-ray bursts.
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OF THE MOON: FROM PRIORITY SCIENTIFIC
TASKS TO SCIENTIFIC EQUIPMENT
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Introduction:

The study and exploration of the Moon as a geological object, i.e. of the same
object as the Earth and other planets, is one of the main tasks of the devel-
opment and formation of a scientific research program at the present stage.
This determines the basic research methods and, accordingly, the complex
of scientific equipment and technical means necessary to solve the priority
scientific problems of geochemistry, geology and geophysics of the Moon.

Priority Research Objectives:

The priority scientific tasks of research and exploration of the Moon at the
present stage over the past 20 years are quite well developed and agreed
upon by the international scientific community on the basis of numerous sci-
entific publications and discussions at scientific conferences [1] (Table) and
ranked by 10 points scale according to importance and priority [2]. Each sci-
entific task is characterized by its own research methods and for its solution
requires special technical means and a certain set of scientific equipment.

Research methods:

Geological methods include a complex of morphological and structural-geo-
logical studies of the lunar surface at the places of sampling of regolith and
drilling wells for the purpose of detailed characterization of sampling points
with accurate cartographic reference and reference to a specific geological
situation.

The task of geochemical methods is to study the chemical and mineral com-
position of lunar rocks, the chemical and isotopic composition of volatile
components and cosmogenic isotopes in lunar regolith, determine the abso-
lute age of rocks and minerals, the age of exposure of individual regolith lay-
ers, the age of formation of large impact basins, etc.

Geophysical studies are aimed at obtaining information about the internal
structure of the moon, about gravitational and magnetic fields, about the
internal heat flux, about the temperature distribution in the bowels, about
the thermophysical and electromagnetic properties of lunar rocks.Geophysi-
cal exploration is also auxiliary to geological and geochemical exploration and
exploration of lunar resources.

DS(Drilling and Sampling):

The delivery of lunar rock samples to Earth is a necessary and key element
in the exploration of the Moon.Only in laboratory conditions is it possible
to conduct a detailed study of the texture, structure and microstructure
of rocks and minerals, determine and study the main, accessory and rare
minerals and inclusions, analyze the chemical composition with any degree
of accuracy, including basic, subordinate and rare elements, analyze the rela-
tions of any stable and radiogenic isotopes, determination of the absolute
age of minerals, rocks, and, accordingly, geological structures and the pro-
cesses associated with their formation. These data are the basis of knowl-
edge about the origin, conditions of formation and evolution of local and
regional structures, the lunar crust and the entire planetary body as a whole.

The location and method of sampling is extremely important. Lunar soil
has a complex layered structure and its own stratigraphic and geoche mical
history, which can be traced from the moment of formation of underly-
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ing rocks. The larger the crater, the farther the ejections fly.Accordingly,
the stratified regolith column provides information on the composition and
age of the regolith and underlying rocks not only at the drilling site, but also
within a fairly wide adjacent area.The optimum drilling depth and sampling is
10-15 m, i.e. the full thickness of the loose layer of regolith to the underlying
rock. The first LB—9 automatic drilling rig to take a stratified regolith sample
to a depth of more than 2 m was successfully worked out on board the Soviet
Luna-24 spacecraft in 1976. A design of a new generation LB-15 drilling rig is
being developed at the Vernadsky Institute, which will allow sampling a rego-
lith column to a depth of 6 m, and in the long term to a depth of 10-15 m.

Table. 1. Priority Research Objectives and Research Methods*

# ID ScientificTask Ratl.ng, Researchmethods
point
1| me1 Origin and dynamic history of the Earth 10 LBN, DS

- Moon system

The study of implanted volatiles in
the lunar regolith (composition of
the primary atmosphere of the Earth,
5 | ma1o the formation time of the Earth’s - 10 DS
magnetosphere, the appearance time
of biogenic oxygen on the Earth, the
synchronization time of rotation of the
Moon)

The Global dichotomy,the degree

3 | mG2 |of differentiation and the internal 10 LBN
structure of the Moon

The history of the formation of the

4 mG3 10 DS,LRG
early crust on the Moon
The structure of the lunar crust and

5 | mG4 |the origin of gravitational anomalies - 9 LBN
mascones

6 | mG8 |The internal heat flux of the Moon 9 LBN

7 | mao The origin .Of the ancient lunar 9 LBN,DS
magnetic field
Regional lateral heterogeneity of the

8 | mG5 |composition of the lunar crust and 9 LRG, DS
mantle

9 | mae HistorY of Lunar Magmatism and 9 LRG, DS
Volcanism

10 | mG7 |Lunarchronology 9 LRG, DS
The study of weakly coupled and frozen

11 | mG11 |volatiles in lunar regolith at Polar 9 LGP
regions
The presence in the regolith of a rare

12 | mG12 | asteroidal and cometary matter and 7 DS
relict matter of the young Earth
Changes in the activity and

13 | mG13 composition of the solar wind and 6 DS

galactic cosmic rays over a period of 4
billion years or more

*Description of research methods and scientific instruments are given in the
text.

LBN (Lunar Basic Network):

Lunar basic network of automatic scientific stations for long-term monitoring
of container type. The optimal number of stations on the entire surface of
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the Moon is 8-10 [3]. This is a fully autonomous container weighing about
50-70 g, which is installed on the lunar surface and activated from the orbiter
or from the Earth. In addition to energy and service radio transmitting equip-
ment (a beacon, antennas), the composition of scientific equipment includes
a seismometer, gravimeter, a three-channel magnetometer, a logging ther-
mal probe self-deepening to a depth of 3 meters, a TV camera (TV-spectrom-
eter), an angular reflector for optical navigation. The operating time of the
station is at least 10 years.

LRG (Lunokhod“Robot-Geologist”):

The Robot-Geologist (LRG) heavy automatic lunar rover is being developed
at RTC (Russian State Scientific Center for Robotics and Technical Cybernet-
ics, Saint-Petersburg) at the initiative of the Vernadsky Institute and under the
supervision of Roscosmos for thematic geological, geochemical and geophysi-
cal survey with soil sampling from the surface and shallow (up to 6 m) drilling of
several (at least 5) wells along an extended route of about 500 km [4, 5].A set
of basic and auxiliary scientific equipment is divided into three main com-
plexes: the scientific navigation complex, the geochemical survey complex
and the geophysical survey complex. The main tool is a drilling rig for sampling
a stratified regolith column and with a mass spectrometer for simultaneous in
situ study of weakly bound volatiles in the lunar soil, as well as a manipulator
for sampling from the surface along the lunar rover route.

LGP (Lunokhod “Geologist-Prospector”):

To carry out exploration work to assess the content, distribution and contour-
ing of weakly bound and frozen volatile deposits in the Polar regions of the
Moon, an automatic lunar rover project (Geologist-Prospector) is being
developed by the initiative of the Vernadsky Institute and under by the
leadership of Roskosmos. This is an average type of lunar rover with a mass
of 250-350 kg and a scientific payload with a mass of 50-60 kg. The length
of the route is up to 50-60 km. There are three main scientific complexes
on the lunokhod: the scientific navigation complex, the geochemical survey
complex and the geophysical survey complex. The main tool is an auger drill-
ing rig with a mass-spectrometer, which provides a study of the chemical and
isotopic composition and concentration of weakly bound and frozen volatiles
to a depth of 2 m in situ without soil sampling [6].
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Introduction:

Lunar mare regolith is traditionally thought to have initiated its growth from
impact bombardment of newly emplaced coherent solidified basalt [1]. We
use new models of the ascent, eruption and emplacement of lunar mare
basalt magma [2] to map out the characteristics, thicknesses, surface topog-
raphy and internal structure of lava flows, the lunar mare regolith parent
rock, or protolith. We show that variations in phases and styles of basal-
tic eruptions [3] can produce widely varying initial conditions for regolith
protolith, including production of 1) “auto-regolith”, a meters-thick surface
deposit of fragmental material that mimics regolith in physical properties,
and 2) flows with significant near-surface vesicularity and macro-porosity.
These factors have important implications for the growth, maturation and
regional variability of regolith deposits and suggest that the properties and
thickness of similar-aged regolith may vary widely due to the nature of the
protolith. While regolith has traditionally been viewed as a blanketing and
obscuring layer, orbital and surface documentation of regolith characteristics
may instead provide key insights into the mare basalt protolith and its mode
of emplacement.

Updated Lava Flow Emplacement Paradigm:

Assessment of mare basalt gas release patterns [4] during individual erup-
tions [3] provided the basis for predicting the effect of vesiculation processes
on the structure and morphology of associated features: typical lunar erup-
tions are subdivided into four phases (Fig. 1): P1, dike penetrates to surface,
transient gas release phase; P2, dike base still rising, high-flux hawaiian erup-
tive phase; P3, dike equilibration, lower flux hawaiian to strombolian tran-
sition; P4, dike closing, strombolian vesicular flow phase. These four mare
basalt volatile release phases, together with total dike volumes, initial magma
volatile content, vent configuration, and magma discharge rate, define the
wide range of initial mare basalt extrusive products and consequent regolith
protoliths produced in space and time.

Mare Basalt Protolith Types and Some Implications for Regolith Evolution:
1. Traditional Solidified Coherent Mare Basalt: Magma largely degassed at
the vent during P2, several 100 km long generally flat smooth-surfaced flows,
low vesicularity, solidified basalts up to tens of m thick. Traditional regolith
evolution model. 2. Inflated Flows: Surface topography: P4 causes flow infla-
tion of P2 flows, elevates and distorts pre-existing solidified flow surface,
introduces irregular topography with several-m scale irregularities to solid-
ified flow. Forms extremely irregular protolith surface. 3. Inflated Flows:
Vesicularity and meso-macro porosity: Internal structure of P4 inflated flow
is very porous at depths of a few meters due to intrusion of very vesicular P3
magma; creates layers of solidified low-density vesicular basalt of significant
thickness, and m-scale void spaces from coalescence of vertically migrat-
ing gas pockets. Potential collapse craters, regolith drainage. 4. Inflated
Flows: Second boiling, vertical volatile migration and extrusion of magmatic
foam: Further evolution of P4-inflated P2 flows causes in situ generation of
additional vesicular layers, and active upward migration of foams in pipes
to deform the lava flow surface, create m-scale shallow void space and per-
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haps extrusion of foams to form RMDSs [5]. Early-stage porous substrate,
regolith drainage, unusual foam mounds, heterogeneous target. 5. Foam
flows and “Auto-Regolith” Formation: Very vesicular P4 flows extrude out
into the surface vacuum and undergo catastrophic fragmentation and disrup-
tion that can destroy the entire meters-thick flow, leading to production of a
fragmental layer (an auto-regolith); this auto-regolith layer can comprise the
entire flow unit thickness in a point-source eruption, and a significant amount
of the flow thickness in fissure flows (Fig. 2). Regolith formation begins with
meters-scale “auto-regolith”. 6. Foam flows with coherent surfaces: Some P4
flows develop a coherent upper thermal boundary layer, inhibiting initial cat-
astrophic foam flow disruption and resulting in extremely vesicular, low den-
sity meters-thick flows with a solidified carapace, and perhaps some initial
collapse pits. Impacts cause surface collapse, regolith drainage. 7. Pyroclastic
layers: During P2, regions surrounding the vent can accumulate significant
thicknesses (up to many 10s of m) of pyroclastic beads out to ranges of sev-
eral tens of km (Fig. 2); layers likely to be overlain by (or intercalated with)
associated lava flow layers. Creates heterogeneous target, pseudo-regolith
layers.8. Emplacement of anomalous “xenolithic” volcanic glass beads: Ini-
tial minutes of eruption (P1) disperses pyroclasts very widely, well beyond
the associated subsequent flow deposits (P2-4). Candidate source of “xeno-
lithic” pyroclasts in all regolith deposits. 9. Volcanic Pit Crater Floor Surfaces:
If P3 occurs in a depression (pit or collapse crater) than P3 activity can con-
centrate strombolian pyroclasts and P4 foamy lavas, resulting in extremely
high concentration of volatiles and magmatic foams developing below
a solidified and evolving thermal boundary layer of unusual micro and mac-
rovesicularity; disruption of the layer has been proposed to cause extrusion
of magmatic foams to form mounds [6]. Produces extremely underdense and
layered targets; regolith drainage

Summary of New Perspectives on Regolith Protolith Development:
Analysis of the phases of mare basalt eruptions [3] provides a forward-model
of the formation of regolith protolith and shows that the traditional view of
a solid basaltic regolith protolith [1] is only one of a wide array of regolith
protolith outcomes. These results provide predictions, potential new insights
and an interpretative framework to revisit regolith-forming processes.

Application of Protolith Concepts to Formation and Evolution of Regolith:
1) Basal regolith-substrate interfaces:

The starting conditions for regolith development can vary widely from solid
basalt to a meters-thick “auto-regolith”; initial topography can vary up to
tens of meters. 2) Energy partitioning in regolith-forming impacts: Efficiency
of cratering will vary as a function of the protolith surface and subsurface
structure. The ratio of rock substrate deformation to ejection will vary in
space and time. 3) Regolith growth rates: “Auto-regolith” formation can
provide both an initial meters-thick “regolith” layer and a buffering layer
influencing regolith growth rates. 4) Regolith thickness with age: Regolith
thickness/age relationships should take into account the nature of the initial
substrate topography, structure (vertical and horizontal) and the potential
presence of an auto-regolith; high thickness variability in space and time
is likely. 5) Regolith components and maturation rates: Expected diversity
of initial protolith conditions will map out into the relative proportions of
components (e.g., indigenous and xenolithic pyroclastic glass, glass shards,
vesicularity, grain sizes and shapes, mesostastis, etc.) in evolving regolith.
6) Morphology of superposed impact craters: These should differ widely in
early protolith bombardment on the basis of energy partitioning in different
substrates; this will cause sequential morphological differences as regolith
thickens between and within flows. 7) Degradation of superposed craters
with time: Energy partitioning in different substrates will yield different initial
crater morphologies and morphometries, influencing the interpretation of
crater degradation and lifetime; very porous macrovesicular substrates can
also produce initial and subsequent collapse craters that can mimic degraded
primary impacts. 8) Impact crater size-frequency distribution measurements
and surface ages: Variable protolith characteristics in space and time result
in variable superposed crater energy partitioning that can influence fresh
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and degraded impact crater morphology and morphometry, CSFD measure-
ments, and determination of population equilibrium diameters. An extreme
case of these types of effects is predicted to occur in pit crater floors (P3-4)
(Irregular Mare Patch mounds and hummocky terrain in Ina [6]). 9) Vertical
structure of lava flows: Individual lava flow cross-sectional vertical structure
should vary widely (in both space and time), in contrast to the simple solid
basalt cooling unit often assumed. Despite this diversity and complexity,
eruption phase parameter space (Fig. 1) offers promise to unravel the erup-
tion history of individual cross-section exposures of intercalated lava flows
and regolith layers [7].
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Fig. 1. Stages in mare basalt eruptions [3].
Future Work:

Documentation of these differences in initial flow characteristics and regolith
protolith can enhance the understanding of the true complexity of regolith
development and lead in turn to a paradigm for the variation in basaltic lava
flow surface and internal structure in time and space. Predictions of the for-
ward model of lava flow emplacement [3] can provide specific goals and
objectives for further exploration of the nature and initial emplacement envi-
ronment of the regolith protolith, and the evolution and current state of the
resulting regolith. Some promising areas of investigation include: 1) Analysis
of orbital remote sensing data for their ability to detect and map variations
in protolith/regolith parameter space (e.g., radiometry, radar, surface rough-
ness, photometry, mineralogy, maturity indices, etc.). 2) Measurements of



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

the vertical structure of lava flows and regolith in order to test and refine
the protolith/regolith parameter space (e.g., in crater walls and lava pit cra-
ters [7]). 3) Reassessment of assumptions about regolith thickness and inter-
nal structure for seismic, heat flow, radar (surface and orbital GPR) and SEP
data. 4) Analyzing assumptions about CSFD ages and crater degradation pro-
cesses to take into account potential varying protolith and regolith processes.
5) Revisiting the Apollo/Luna/Chang’E data on the lunar regolith in the con-
text of this forward-model protolith/regolith growth paradigm.

Eruptive Fissure

N N \ o
() Final stage extrusion / e

of magmatic foam/

o %o o O
fes5 %o.® o

[T L LI N

A
(1) Early pyroclastic phase

@) Lava flows from

@) Final dike closure main effusive phase

extrudes magmatic foam

Fig. 2. Cross-sectional flow sequence in single fissure flow [6].
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Introduction:

On the ground, the Earth ionosphere blocks the low frequency radio signal
from out space. Open this electron-magnetic wave window is one of the key
channels for astronomers to uncover the unknown cosmic world. To kick off
this work, CE-4 lunar project selected monopole antenna systems for both
of the far-side lander landed in SPK basin and for a relay-satellite flying at
L2 Earth-Moon Lagrange Point.

Fig. 1. CE-4 Lunar Mission Concept

Onthelander, three orthogonal 5-meter mono-pole antennas and a 30-cm cal-
ibration antenna has been used. The data obtained between 100KHz ~ 40MHz
will be transferred to spectra information and sent back to the Earth via
the relay satellite. The narrow data rate limited the observation, which makes
the facility focus on lower band measurement below 2MHz, where the short
antenna will be a nice tool to remove the near field noise.

Fig. 2. Low Frequency Antenna on CE-4 Lander

On the relay satellite, identical system had been designed by Chinese radio
astronomers originally. To improve output of the science by means of using top
level payloads, and to improve the international collaboration of Chinese lunar
exploration, the relay satellite finally selected a joint Netherlands-China low fre-
quency mission. Also, three orthogonal 5-meter mono-pole antennas are used.
The data obtained between 80KHz ~ 80MHz will be obtained and sent back
to the Earth via the relay satellite. The high data rate will be used in the near
future so as to obtain wideband information during the observation.
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Fig. 3. Initial cross-correlation spectra for NCLE

Coordinating observations will be carried out between above to facilities,
as well as with ground facilities of same or similar band. A first Earth-Moon
low frequency VLBI observation may also be carried out, with the Sun or Jupi-
ter, or an artificial object being a possible common radio target source.

The most important output of above missions will be the low frequency
electron-magnetic emission background in the lunar orbiter, and in the orbit
of Earth-Moon surround the Sun. This will be the 1st step for the future low
frequency radio astronomical array in the Earth-Moon space. Additionally,
the top band which overlaps the FAST low band, can benefit the future radio
astronomical studies.
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Introduction:

Processing of silicates during hypervelocity collisions is a fundamental pro-
cess which affects the evolution of solid material in the universe and in the
Solar system as well. Impacts on planetary surfaces proceed at velocities in
excess of 10 km/s and provide partial or complete vaporization of colliding
material. Subsequent expansion and cooling of impact-generated vapor
plumes produce condensed particles with nanometer to micron sizes. Inves-
tigation of trends of differentiation of silicate material during impact-induced
vaporization is important for understanding of early evolution of planetary
bodies. Laboratory simulation of impact-induced vaporization - condensation
processes is limited to a few millimeter scales. It is important to know the rel-
evance of laboratory produced condensates to that produced in nature
during real impacts. We tried to compare laboratory produced condensates
with that found on Luna regolith samples based on their morphology and
chemical structure.

Simulation of lunar condensates: The Moon has preserved impact-produced con-
densates which can be found urfaces of lunar rocks and glasses. These conden-
sates have composition noticeably different from melts [e.g. 1, 2] that shows deep
differentiation of silicate material during high-temperature pulse processing.

The goal of our work was to produce experimentally impact-simulated con-
densates with different elemental composition and compare their morphol-
ogy with that of lunar condensates. Simulation of impact-generated conden-
sates was done using laser pulse technology [3]. We used diverse samples
representing terrestrial rocks and minerals, meteorites, and volatile-rich mix-
tures to simulate cometary impacts.

We have discovered several types of condensates many of which have twins among
lunar condensates (e.g. Fig. 1 and 2). Histograms indicate that both lunar con-
densed particles and that from experiments have the main mode about 30-50 nm.

Fig.1. Condensed particles on a surface ofFig. 2. Condensed nano-globules on

Apollo-17 glass spherule. surface of a melted droplet from exper-
iment with carbonaceous chondrite
(CM2) Murchison.

Acknowledgment:
This work was supported by the RAS program M12.



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

References:

[1] Keller L.P., McKay D.S. The nature and origin of rims on lunar soil grains // Geo-
chim. et Cosmochim. Acta. 1997. V. 61. No. 11. P. 2331-2341.

[2] P. H. Warren Lunar rock-rain: Diverse silicate impact-vapor condensates in
an Apollo-14 regolith breccias // Geochim. et Cosmochim. Acta. 2008. V. 72.
P. 3562-3585.

[3] Gerasimov, M.V, et al. Physics and chemistry of impacts // Earth, Moon, and
Planets. 1998. V. 80. No. 1-3. P. 2090259.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-MN-07

TARGETING LUNAR VOLATILES WITH ESA’S
PROSPECT PAYLOAD ON LUNA 27

E. Sefton-Nash !, R. Fisackerly !, R. Trautner ?, D.J.P. Martin 2,

J.D. Carpenter?, B. Houdou® the ESA Lunar Exploration Team,

the PROSPECT Science Team and the PROSPECT Industrial Team.

1 ESTEC, European Space Agency, Noordwijk, The Netherlands, e.sefton-
nash@cosmos.esa.int

2 ECSAT, European Space Agency, Harwell, Didcot, UK.

Keywords:
Moon, volatiles, polar, Luna Resource, PROSPECT

Introduction:

The Package for Resource Observation and in-Situ Prospecting for Explora-
tion, Commercial exploitation and Transportation (PROSPECT) is a payload in
development by ESA for use at the lunar surface. Development is in progress
for its flight on Roscosmos’ Luna-Resource (Luna 27) lander mission, which
will target the south polar region of the Moon. PROSPECT is designed to per-
form an assessment of the volatile inventory in near surface regolith (down to
~1 m), and elemental and isotopic analyses to determine the abundance and
origin of any volatiles discovered. Lunar polar volatiles present compelling
science and exploration objectives for PROSPECT, but solar wind-implanted
volatiles and oxygen in lunar minerals (extracted via ISRU techniques) con-
stitute potential science return anywhere on the Moon, independently
of a polar landing site. PROSPECT is comprised of the ProSEED drill module
and ProSPA analytical laboratory [1] (Fig. 1). In ensemble, PROSPECT has a
number of sensors and instruments (ion-trap and magnetic sector mass spec-
trometers, cameras, and sensors for temperature, pressure, permittivity and
torque) that form the basis for a range of science investigations [2]. These
investigations are led by the PROSPECT Science Team (appointed in 2019).

Fig. 1. Renderings — Left: PROSPECT mounted on Luna 27, including ProSEED drill
module (left), Solids Inlet System [SIS] (green circle), and analytical lab. drawer (yel-
low box) containing ProSPA gas processing system and instruments.Upper right: Pro-
SPA analysis packagecontaining magnetic sector and ion-trap mass spectrometers.
Lower right: Solids Inlet System to receive samples from drill sampling mechanism,
with sample camera assembly (Sam-Cam) and carousel of ovens for volatile extraction
from regolith samples.

Development Status and Current Activities:

Tests of the PROSPECT Drill Module, ProSEED, in 2019 are intended to
demonstrate drilling and sampling functionality in ambient, cold and thermal
vacuum (TV) laboratory conditions. Drill development model tests comprise
drilling into, and sampling from, lunar regolith simulant, which comprised
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of NU-LHT-2M, supplied by Zybek Advanced Products (grain sizes <1 mm),
mixed with chips of anorthosite representing coarser size fractions supplied
by the Sample Analogue Curation Facility (SACF) at ESA/ECSAT, UK [3]. Rego-
lith density-depth profiles and grain size distributions in test materials are
selected to cover plausible ranges expected for lunar regolith, informed by
parameters measured from Apollo cores and retrieved from thermal infra-
red orbital observations [e.g. 4]. Most relevant to polar regions, material
for tests in TV is prepared with water content representative of regolith that
ranges from ‘dry’ to ‘saturated’ (0 — ~10 wt. %). In addition, both completed
work [5] and on-going efforts seek to better quantify the potential effect of
possible volatile loss during sampling, including the effect on measured D/H
of sublimation of lunar water ice.

Access to subsurface volatiles:

There is currently focus on the abundant evidence for water ice on the lunar
surface and in the sub-surface (visible to far—IR [e.g. 6, 7], morphology [8],
radar, neutrons, LCROSS [9]), but there remain questions about the precise
spatial distribution and abundance of volatiles in the lunar polar sub-surface
at spatial scales relevant to landed missions. Work by [10] identified regions
of volatile stability, where temperatures never exceed a volatility threshold
(~ 110K, but dependent on diffusion rates of water molecules in regolith)
such that sublimation to vacuum results in loss rates <1 kg m? Ga-1 (Fig. 2).
Many locations at the lunar south pole show such zones, and many zones
extend to the surface in PSRs (lightest blue in Fig. 2).

Fig. 2. Lunar south polar region; Zones of thermal stability in the sub-surface permit-
ting the presence of water-ice, data from [9]. Candidate sites identified by IKI/Roscos-
mos and Permanently Shadowed Regions (PSRs) [11] are also marked. The Luna 27
lander will not operate in PSRs.

The majority of zones of water-ice stability have upper boundaries shallower
than 1m (Fig. 3). Thus, where water ice exists and is stable in the lunar polar
sub-surface, it is likely to be accessible in the top few 10s of cm. This result
introduces a trade-space where competing requirements are opposite-
ly-sensed for solar-powered spacecraft, such that solar illumination must be
maximised for the purposes of power and thermal operational constraints,
but simultaneously minimised such as to target areas where illumination is
not so high that volatile stability criteria are not met in the shallow subsur-
face. Indeed, for missions targeting subsurface volatiles it is clear that careful
landing site selection, precision landing and consideration of locally and sea-
sonally-timed illumination conditions are of high importance.
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The delivery function for lunar water is not well constrained over geologic
time, and convolved with that uncertainty is another introduced by seasonal
variation of insolation [12]. Moreover, Gyr-scale variations in lunar orbit and
obliquity probably modified the available cold-trapping area over time [13].

Fig. 3. Left: For locations where the water ice stability criterion is met in [8] (Fig. 2),
distribution of depth to stability. Right: Distribution of depth to thermal volatile sta-
bility [8] as a function of mean sunlit time, as determined by [9].

The relative importance of scattering and shadowing to the lunar thermal
environment increases at high latitudes, which has led to [14] combining a
1D heat-flow parameterisation [4] and ray-tracing models [10, 15] in order
to better constrain subsurface thermal environments in lunar polar regions.
This type of work will be crucial for lunar polar mission planning.

Acknowledgements:
The PROSPECT Industrial Consortium and development of ProSEED is led by Leonardo
(Italy). The development of ProSPA is led by the Open University (UK).

References:

[1] Barber, S. et al., (2018), Euro. Lunar Symp. Abstract #099.

[2] Sefton-Nash, E. et al., (2018), Euro. Lunar Symp., Abstract 114.

[3] Martin,D. and Duvet, L. (2019) 50th LPSC, LPI Contrib. No. 2132, Abstract #2663.
[4] Hayne, P. et al. (2017), J. Geophy. Res., 10.1002/2017JE005387.

[5] Mortimer, J. et al., (2018), Plan. Space Sci. 158, p. 25-33.

[6] Li,S.etal., (2018), PNAS, 115 (36), p. 8907-8912.

[7]1 Sefton-Nash, E. et al., (2019), Icarus 332, p. 1-13.

[8] Rubanenko, L. et al. (2019), Nature Geoscience 12, p. 597-601.

[9] Colaprete, A. et al., (2010), Science 330, p. 463-468.

[10] Paige, D. A. et al. (2010), Science, 330, p. 479.

[11] Mazarico, I., et al., (2011), Icarus 211, p. 1066-1081.

[12] Williams, J.-P. et al. (2019), 50th LPSC, LPI Contrib. No. 2132, Abstract #2852.
[13] Seigler, M. A. et al. (2015), Icarus 255, p. 78-87.

[14] Vasavada, A. et al. (1999) J. Geophys. Res. 141, p. 179-193.

[15] Warren, T. et al., (2019) 50th LPSC, LPI Contrib. No. 2132, Abstract #2040.



10MS3-MN-08 THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

LUNAR LAVA TUBES REPRESENT
VAST POTENTIAL
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According to Wikipedia, a lava tube is “a natural conduit formed by flowing
lava which moves beneath the hardened surface of a lava flow”. These tubes
exist on the Earth and various celestial bodies, including the moon. The tube
forms when the lava drains and leaves a hardened crust.

NASA scientists are studying lava tubes on Earth in order to learn about those
on the moon. As potential sites for future lunar colonies, they offer protec-
tion from surface radiation and the wide temperature swings (over 250°C)
on the moon’s surface. The interior of the tubes are still quite cold, however,
sitting at about 100°C.

The aforementioned scientists map terrestrial lava tubes from the surface
using portable instruments such as ground penetrating radar, a magnetome-
ter, and a gravimeter. The data from these instruments combine to provide a
detailed picture of each tube. This is vital in knowing the depth of the tubes,
any obstructions therein, etc. “Until you explore it, it’s just a pit”, says Kelsey
Young, a geologist at NASA.

Since humans first landed on the moon, they have not remained continu-
ously for more than 3 days at a stretch. Space suits are a short term solution
for the moon’s harsh environment.

Fig. 1.

Fig. 2.
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If gravity analyses are correct, there is a lava tube https://twistedsifter.
com/2012/08/pictures-of-lava-tubes-around-the-world/on the moon big
enough to house the city of Philadelphia.

On October 5/2017, U.S Vice — President Mikhttps://www.space.com/41921-
exploring-lava-tubes-for-moon-landings.htmle Pence stated that “the moon
will be a stepping stone, a training ground, a venue to strengthen our com-
mercial and international partnerships, as we re-focus America’s space pro-
gram towards human space exploration”.

Furthermore, NASA’s Lunar Reconnaissance Orbiter (LRO) has provided
images that suggest that a network of lava tubes beneath the moon’s surface
could provide astronauts with easy access to water. These would alleviate the
need to excavate the surface.

Certain peaks on the moon provide potential opportunities for the installation
of solar arrays. These would provide electricity to potential lunar colonies.
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Introduction:
From the end of the 18th century, starting with Laplace’s research, it has been
known that the Moon’s tidal bulge is abnormally large. It is larger than

that predicted from the hydrostatic theory for the present-day lunar rotational
and orbital states. Recent measurements by the Gravity Recovery and Interior
Laboratory (GRAIL) mission showed that the (normalized) spherical harmonic
coefficients |C, | and C,, of the Moon’s gravitational field, which characterize
the size of the Obulges, are 203.2x10°° and 22.4x10°%, respectively [1]. This is
about 22 and eight times larger than their corresponding hydrostatic values [2].
After correcting for the effects from large sea basins (basalts) and displacement
of the axis of rotation, the coefficients |C, | and C,, are reduced to values of
156x10°and 38.8x107%, respectively, which remains approximately 17 and 14
times their corresponding hydrostatic values.

At present, the prevailing hypothesis for the Moon’s excess bulge is a “fro-
zen in” fossil bulge, which remained from the early Moon when the Moon
was closer to the Earth, spun faster, and experienced larger tidal forces from
the Earth than at present [3]. As the Moon subsequently receded from the
Earth due to Earth’s tidal dissipation and cooled, the formed strong outer
layer (lithosphere) was partially or fully retained against the hydrostatic com-
pensation of the planet’s shape [4]. From the geophysical and geochemical
points of view, the development of the tidal bulge of the Moon

is a continuous dynamic process, closely associated with the formation
of the crust and mantle. In this paper we analyze the initial phase of the devel-
opment of the tidal bulge using the semi-analytical method and modern sele-
nodetic data, and obtain, by its refined dimensions, restrictions on the orbital
parameters and the density distribution of the early Moon.

Analytical procedure:

The tidal-rotational influence on the formation of the early crust and mantle
of the Moon depends on its rotational rate and orbital state. In [5] it was
shown that the bulge could not have been formed in an orbit with a large
eccentricity due to the large elastic deformations that occurred. In this work,
we also assume that at the beginning of the formation of the tidal bulge,
the Moon was in a circular and synchronous orbit with respect to the Earth;
i.e., tidal capture had already occurred. In the Cartesian coordinate system
with the origin placed at the center of inertia of the Moon and the X axis
directed to the Earth, the internal tidal potential takes the following form:

v, =M -{xz—i—i} (1)

where G is the gravitational constant, M_ is the mass of the Earth, and D is
the lunar orbital semimajor axis. The centrifugal potential inside the Moon is
determined by the expression

v, :—é[xz +y2J (2)

where w = 21t/T is the angular velocity and T is the period of rotation of the
Moon. The synchronous rotation of the Moon on a circular orbit leads to

GM,/D*= w? (Kepler’s third law), and then, the total potential can be written
as

\4+Vw=—$-[3x2—21, (3)
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Since at the initial stage the elastic lithosphere of the Moon had not yet
formed, the primary crust, which does not have significant viscosity, should
take the form of an equipotential surface in the form of a three-axial ellip-
soid, eliminating shear stresses. For the homogeneous case, the internal
gravitational potential of the Moon will be determined by the expression

ngan-abc-[—U U X% +U,y2 +U, zz] (4)

where a, b, and c are the principal semiaxes of the ellipsoid (a >
b>c), and p isthe mean denS|ty,

Uozj% Az[(a +s)(b2+s)(c +5)T (5)
U, I( U= i =I(2—S

c +5)A
and integrals are taken from 0 to o=. In what follows, we will use the dimen-
sionless analogs of expressions (5) using the semiaxis relations T, = (b/a)*n T,
= (c/a)? the equatorial (E,) and polar (E,) eccentricities of the outer surface
are equal: E = 1-T and E =1-T, respectlvely Since the eccentricities are
small, a linear apprOX|mat|on for the components of the gravitational poten-
tial can be used with good accuracy:

U, =2/3+1/5*(E, + E,), U, =1/5*(3E,+E,) + 2/3, U_=~1/5*(E +3E,) + 2/3

The resulting force acting on the substance inside the Moon will be deter-
mined by the expression

F=-grad-V, V=V, +V, +V, (6)
In the case of a completely homogeneous, isotropic and isothermal early
Moon, the hydrostatic theory of a planet with a mantle substance in the form
of a viscous fluid without an elastic lithosphere (to maintain long-term shear
stresses) predicts a figure in the form of a three-axial ellipsoid with a fixed
eccentricity ratio: E1 = 3/4E2 and their absolute values depending on d=D/R,

2:pe 1 (7)
d?’

For example, for d=D/RE = 20, the difference of the main semiaxes will be a —

b = 1.35 km and a — c =1.81 km. At the same time, the current values of the

average density of the Earth — 5520 kg/m? and the density of the Moon -3345
kg/m? are taken. In the homogeneous model, the ratio of the coefficients
|C,,|/C,, is constant and equal to 3.3, which significantly differs from the
range of values of the observed relatlons |C,,|/C,, from 9.2 to 4 (after cor-
rection),a-b=1kmanda—c=2km. Varlatlons 01'2the orbit parameter d=D/
R, from 10 to 40 do not allow us to approach the observed ratios of the dif-
ferences of the semiaxes of the body. Therefore, it is necessary to take into
account the heterogeneity of the internal structure of the early Moon.

Model of the magma “Mantle—Crust” ocean:

Geochemical data on lunar rocks collected by the Soviet automatic interplan-
etary stations Luna—16, —20, and —24 and Apollo missions 11-17 indicate a
melted magmatic ocean that covered the entire surface of the early Moon
at least 200 million years after its formation. Light smelting, predominantly
of anorthozite composition with a density of = 2600-2700 kg/m3, formed
the primary crust with a thickness of about 70 km, and denser basalts with a
high content of iron and titanium of density =3300-3800 kg/m? formed the
primary mantle. A semi-analytical approach using equipotential surfaces for
layers of different densities (see Fig.1) allows us to make the necessary esti-
mates of the functional relationship of their eccentricities.

If we neglect in our calculations the ellipsoidal shape of the inner layer, then
its contribution to the total gravitational potential Vv, = V‘“ + V°) can be
described by an expressmn 5|mpler than (7)

Vy (xy,2)=

a +s) b2+s)

[Ua (Tl'TZ)_TlUb (Tlsz)] nrn =

, r? = x? +y + 72 IM:M0+AM,p1:pM_pCrust (8)
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Fig. 1. Two-layer model of the early Moon.

With a good approximation, the outer surface can be represented
by a three-axial ellipsoid, the principal semiaxes of which are a, b, and c
(or the eccentricities E1 and E2) that are determined by the relations for the
total potential (6)

0 0 M 3 1 3 o
UL(v)(TllTZ)_T:LUl())_A_'_'[ J:_. JhT

My 4 (T, -1) 2 Gnp,
and
L.Ugm_U(o)_A_Mi JE T S O O O ©
c
T, a\o B)Th 26mfnn

respectively. Their comparison allows us to eliminate the unknown factor
w (d) and determine the heterogeneity of the early Moon: AM/M_ = 0.711,

taklng E, = 1.196*10° and E, = 2.495*10? according to the observed value

of the fossil tidal bulge. Taklng into account the found inhomogeneity value,

one can determine d: d = D/R_ = 31.5Considering that AM/M = M/M_ — 1

pO =TT AN P ’ pO = pCrust =19565 kg/m3

A
1+2M

0

With the above estimates of heterogeneity, we get more agreement with the
observed data for the fossil tidal bulge than for the homogeneous model [6]:

@ =6.11
22
The simple two-layer model of the early Moon considered by us reproduces
quite well the main observable characteristics of the fossil tidal bulge under
the assumption that the early Moon was at a distance of d = D/RE = 31.5 and
the density of the upper layer of the MO was 1956 kg/m? before solidification.

Later, when the volatile remains were degassed, the Moon’s crust had appar-
ently thickened and acquired its present-day values
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Introduction:

On Earth, low frequencyobservations below ~30 MHz are hard to achieve
because the peak plasma frequency of Earth ionosphere is 5-10 MHz. Space-
craft of lunar orbit and lunar farside will reveal a new window for low fre-
quency radio-astronomy. Last year, Chang’E-4 relay satellite, lander and
rover were launched successfully. Both the relay satellite and the lander
of Chang’E-4 have very low frequency detection payloads: Low Frequency
Spectrometer [1] for the lander and Netherlands-China Low-Frequency
Explorer (NCLE) for CE-4R. These payloads provide an opportunity to under-
stand the variation of Earth AKR radiation and Jupiter radio burst. In this
report, we review the research status of Earth AKR radiation and Jupiter radio
burst, then discuss the possible contribution of both LFS and NCLE in AKR and
Jupiter radio burst detection.
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Introduction:

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission
spectroscopy for the elemental analysis at a sub millimeter scale [1]. LIBS
permits rapid in-situ multi-elemental analysis without sample preparation
and only optical access over distances of up to several meters, making it par-
ticularly interesting as a scientific payload for robotic missions. The LIBS
technique has already been proven very useful for in-situ geochemical
analysis on the martian surface [2—4] and is discussed for future missions
to explore also other bodies of the Solar System. It was proposed as pay-
load for the exploration of bodies with thin or no atmospheres like aster-
oids and the Moon [e.g., 5],but also for high pressure environments such
as on Venus [6]. The DLR Institute of Optical Sensor Systemsdevelops LIBS
for future robotic in-situ exploration of extraterrestrial environments.

LIBS:

LIBS relies on ablating material from the sample by focusing a pulsed laser
onto its surface [1]. This produces an expanding plasma of atoms, ions, and
electrons. The emitted photons, which feature characteristic wavelengths
of the elements composing the sample, are collected and analyzed spectro-
scopically. It was shown that LIBS is suitable even with a low-energy laser
in ultra-high vacuum environments [7]. LIBS data obtained during a mission
will probably mostly be a time and spatially integrated signal. The LIBS plasma
is, however, not a homogeneously emitting uniform source but complex
with different distributions of particles inside that change over time. Time-
and spatially-resolved LIBS data opens up a way to study the transient inho-
mogeneous LIBS plasma and its characteristics and is investigated at the DLR
Institute of Optical Sensor Systems with focus on low-pressure environments.

Laboratory Works:

Our laboratory LIBS setups are constructed especially for the purpose
of testing and developing LIBS for applications in planetary science.
The setups allow for the exchange and coupling of different components
to enable testing and studying of single components and prototypes. Since
both the pressure and composition of the ambient atmosphere have great
influence on the characteristics of the laser-induced plasma, the setups
are combined with dedicated experimental chambers for the simulation
of planetary conditions (atmospheric composition, pressure, temperature)
to test the performance and suitability of LIBS for different applications
in planetary science. Recent activities of the group focused on applications
on Mars and on bodies without atmospheres such as the Moon. In partic-
ular, a Vacuum-UV LIBS is currently being developed, since this wavelength
range allows for an improved detection of volatile elements such as sulfur,
chlorine, and phosphorous [8].
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Miniaturized components and prototypes are developed and tested
in the facilities of the DLR. Together with partners (von Hoerner&Sulgar
and Laserzentrum Hannover e.V.), a very compact and light-weight low-en-
ergy LIBS laser was developed for ESA’s ExoMars rover when LIBS was
still a part of the intended payload. A small echelle type spectrometer allow-
ing for the detection of highly resolved LIBS spectra from 230-780 nm was
developed together with the ISAS (Leibniz Institutfir Analytische Wissens
chaften) and von Hoerner & Sulgar. Miniaturized Czerny-Turner spectrom-
eters are tested as well for different applications. Depending on the goal
of the mission, different configurations can be considered for the LIBS instru-
ment to maximize the scientific return.

At the DLR Institute of Optical Sensor Systems, a setup for time-resolved
plasma imaging was recently implemented and combined with a simulation
chamber to experimentally simulate different low-pressure environments [9].
The goal is to provide a better understanding of the particular characteris-
tics of extraterrestrial LIBS plasmas, their dynamics, and their typical spatial
and temporal evolution. The results are used to give input for instrument
designs, and for data analysis and interpretation of real mission data such
as from Mars.

Combination of LIBS and Raman spectroscopy

Besides LIBS we also investigate and develop Raman spectroscopy for robotic
missions. Together with partners from Spain and Japan (INTA, JAXA), a small
Raman spectrometer is currently being developed for the DLR/CNES Martian
Moon eXploration MMX rover [10, 11] to investigate the surface of Phobos.

The combination of LIBS and Raman spectroscopy is particularly promising
for in-situ surface analysis in robotic missions since the data are complemen-
tary [12, 13] and hardware components can be shared. The DLR is working
on combining both techniques into a single instrument to provide informa-
tion about the elemental composition together with the molecular or lattice
structure.

LIBS on robotic platforms:

The DLR is currently working on implementing a LIBS module into a mobile
DLR robot in the framework of the Helmholtz ARCHES project [14]. The Light-
weight Rover Unit (LRU) is equipped with a versatile robotic arm to which dif-
ferent modular instruments can be connected. A demonstration of the LRU
performing LIBS in an environment similar to extraterrestrial surfaces
is scheduled for next year (2020) on the hillside of the volcano Etna on Sicily.

DLR is moreover involved in an EU Horizon 2020 project, developing a LIBS
instrument for the LUVMI-X rover under the lead of Space Applications
Belgium (https://www.h2020-luvmi-x.eu/about/). The lightweight rover
and its payload will be designed to explore the polar regions of the Moon
and to search there in particular for water and other volatiles.
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Introduction

The study of surface processes on airless bodies, in particular on the
Moon, is an important task today and in the future. Most remote sensing
data is obtained from the surface layer of such bodies. This loose surface
layer is called regolith. It is the result of the interaction of the surface
of airless bodies with outer space. One such interaction is the microme-
teorite bombardment. In this work we will show simulating of such pro-
cess in laboratory by laser. We use two targets - basalt with crystalline
structure (further - crystalline basalt) and basalt glass. It will be shown
that basalt glass undergoes evaporation differentiation to a greater
extent than crystalline basalt. About 90% of the glass spherules from
basalt glass underwent evaporation differentiation, whereas in crystal-
line basalt only 25%.

Investigation of the initial sample

The target in the experiment was a sample of basalt, similar in composi-
tion to the basalts of the mare regions of the Moon and basalt glass of
a similar composition. This sample was studied before the experiment,
with such techniques as: micro-X-ray analysis, X-ray diffraction analysis
and X-ray fluorescence analysis (in %: LOI-2,12, Na,0-2,03, Mg0-6,54,
AlO.-14,01, Si0O_-48,71, P,0.-0,12, K,0-0,26, Ca0-11,54, TiO,-1,05, MnO-
0,20; Fe,0,-13,0].
Experimental technique

We use millisecond Nd-glass pulse laser with a laser radiation wavelength
of 1.06 um, pulse duration of 102 s, and pulse energy of ~600-700 J. The
energy flux density was ~106—-107 W/cm?. The temperature created in
the vaporized cloud was about 4000-5000 K, which corresponded to the
temperature of vaporization upon hypervelocity impact processes with
collision velocities of about 10-15 km/s The target—a slice of basalt in a
seal—was placed into a hermetic ~500 cm? volume chamber with an opti-
cal window of fused silica. The chamber was purged with the model gas
mixture at atmospheric pressure with a volume flow rate of 300—-400 cm?/
min. After the purging, the gas mixture supply was decreased to ~5 cm3
without closing it completely to avoid ingress of the atmospheric air into
the chamber. [1].
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Fig. 1. Ratio SiO,/Al O, against ALO, in the glass beads that have been analyzed by
SEM. Beads below line at 1,18 correspond to the process of evaporative differenti-
ation.
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Fig. 2. Triangular diagram, in the corners of which are located oxides of different vol-
atility. The arrows show approximate displacements of the compositions of the initial
minerals during melting and evaporation.
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Fig. 3. Histograms that shows difference between two experiments. Red bars are
responsible for the experiment with crystalline basalt, while blue bars are respon-
sible for basalt glass. The arrow indicates the average content of the initial sample
(according to XRF).

Fig. 4. The craters obtained by laser impacts. A — Crystal Basalt Crater. It has a diame-
ter of about 6 mm, and a depth of 0.6 mm. B — Part of the crater obtained from basalt
glass. Here we can see nanophase iron (npFe?®).
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Results

After the laser “impact”, the ejection products from the craters and the cra-
ters itself were analyzed by various methods. Melt and condensation beads
were analyzed by scanning electron microscope. It is shown that some of the
beads have undergone of evaporative differentiation, and correspond to the
high-aluminous HASP glasses found on the Moon (Al O,> 34 wt%, SiO, <32%)
(fig.1). On this figure it can be seen that about 25% of glass beads in the case
of crystalline basalt and 90% in the case of basalt glass undergoes of evap-
oration differentiation. The value of 1,18 (and line with it) shows minimal
ratio of Si0,/AL O, in anorthite, so dots below this line correspond to the pro-
cess of evaporatlve differentiation [2, 3]. One of the important conclusions in
the paper is the wide heterogeneity of the compositions of the melt glasses
(fig. 2b) for the experiment with crystalline basalt. This is the result of mixing
melts in various proportions obtained by melting the original minerals (the
black dots on the figure 2b) of the target. This is shown by blue arrows. Gen-
esis upon impact of such glasses is shown on partially melted grains of miner-
als in the crater (fig. 4a). On the other hand, almost all (90%) glass beads that
one which was measured in the experiment with basalt glass is undergone
of evaporation differentiation. It is possible indicates that fact tha in the glass
condition almost all binds in crystal structure was already broken and thus
the components (oxides) evaporated more easily (fig. 2a). Another important
conclusion is that the evaporative differentiation gone much further in the
experiment with basalt glass (fig. 3.). For example, in the experiment with
basalt glass AI203 has a minimum at about 14.5 wt.%, maximum — at 60 wt.%,
average — at 40 wt.%; SiO, has minimum at about 0.8 wt.%, max - at 53 wt.%,
avg. - at 17.7 wt.%; FeO min — 0.01 wt.%, max — 12.1 wt.%, avg. — 3.7 wt.%.
The same for experiment with crystalline basalt is: AlLO, has a minimum at
about 3.3 wt.%, maximum — at 53 wt.%, average — at 22 wt %; SiO, has min-
imum at about 9 wt.%, max - at 61 wt.%, avg. - at 38.5 wt.%; FeO min —
1.1 wt.%, max — 52 wt.%, avg. — 9.29 wt. % (fig. 3). In both experiments easily
volatile oxides was evaporated and the average chemical composition of the
glass beads shifts toward the refractory region (fig. 2.).

The craters obtained after the laser impacts were analyzed by SEM. In case
of crystalline basalt, it revealed traces (or roots) of those formations that
were found in the ejected material or, in other words, traces of the flows
(schlieren) (fig. 4a). In case of basalt glass, nanophase iron (npFe®) was found
here in crater (fig.4.b).
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Introduction:

Olivine is a common mineral of the lunar rocks and the only rock-forming
mineral which can concentrate incompatible element phosphorus. Rocks
with P-bearing olivine were found in lunar meteorites Dhofar 1442, 287, 961,
025 and in “Apollo — 14” (lunar sample 14321), “Luna — 16, 20 and 24” lunar
samples. Analysis of the lithological composition of both the landing sites
regolith from known locality and meteorites obtained by occasional sam-
pling of the lunar crust constrains P-bearing olivine sources distribution areas
on the lunar surface and may shed some light to the connection with other
lunar rocks.

Results:

Mg-rich olivines containing up to 0.4 wt% PO, (type 1) were found
in the highland anorthositic-noritic (gabbro-noritic)—troctolitic (ANT) rock
series enriched in phosphorus and other incompatible elements. Fe-rich vari-
eties (type 2) are present in a late-stage products of low-Ti basalts crystalli-
zation (table 1). The rocks are not related to typical KREEP rocks commonly
free of olivine.

Table. 1. Abundance of rock fragments with P-bearing olivines in lunar samples
and meteorites

Type | Olivine Rock fragments L16 | L20 | L24 | A14 | Dho | Dho |Dho
1442 287 | 961
1 |FO, 4 Anorthosite — 10| 14| 3 1 0 0 1
(<0.4 wt % | norite (gabbronorites) —
P.0.) (spinel) troctolites.
2 |Fo,, Low-Ti basalts 1 0 2 0 2 1 0
(<0.4 wt %
PZOS)

A link of type 1 olivines with HMS rocks has been recently established based
on its chemical composition [1], but impact-induced mixing and melting could
significantly affect the composition of the rocks. In spite of the abundance
of the highland ANT suite in the lunar crust and the occurrence of P-bearing
olivine in many meteorites and “Luna” and “Apollo” landing sites, this phase
is extremely rare. In the highland Dho 733, 1436 and group Dho 302 meteor-
ites with a remarkably diverse rock series (including the HMS suite) P-bear-
ing olivine was not found. Its absence in the olivine-bearing rocks in source
areas of these meteorites indicates either a localized distribution of sources
of P-bearing olivines in the lunar highlands, or their limited abundance.

Mare basalts represent another potential source of the P-bearing oliv-
ine, but its content in them should not be significant. Modeling fractional
crystallization of compositions of some “Luna — 16, 24” basalts showed
that the normative content of ferroan olivine (type 2) in the rocks does
not exceed 1 % [2].

The sources of P-bearing olivines could assimilate KREEP material, which
is considered to be related to the giant Mare Imbrium impact basin. Indeed,
the “Apollo — 14” mission, delivered rock samples of the Fra Mauro For-
mation, thought to be lithified material ejected from the Mare Imbrium
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crater basin [e.g. 3]. The Dho 1442 and 961 meteorites contain a KREEP
component, but they are not definitely ejected from the Mare Imbrium.
However, the “Luna” landing sites were located far from the Mare Imbrium,
and “Luna — 16, 20 and 24” samples are practically devoid of KREEP, nev-
ertheless with rare evidence for the presence of the component enriched
in incompatible elements [4, 5]. The “Luna — 16, 20 and 24” samples taken
both from the highland area between the Mare Fecunditatis and Mare
Crisium (L-20), as well as from the Mare Fecunditatis (L-16) and Mare Cri-
sium (L-24), have significantly different amounts of the highland compo-
nent [6-8]. It is believed that the highland material in “Luna — 16” samples
was obtained from the highland domain 70-80 km north of the Langren
Crater, 300 km southeast of the sampling site [6]. The closest highland area
is located 40 km from the “Luna — 24” drill core site [9]. The largest num-
ber of rock fragments with P-bearing olivine was found in the “Luna — 20”
samples, which also contain rocks with possibly primary igneous texture.
The content of these rocks is lower in the “Luna — 16” samples and even
lower in the “Luna — 24” samples (table 1). Only one “Luna — 16" rock frag-
ment with P-bearing olivine has an primary igneous texture, while others are
represented by breccias and agglutinates. If the studied sampling is repre-
sentative, this may reflect the amount of highland component in samples
of these areas or indicate that the “Luna — 20” landing site is located most
closely to a source of P-bearing olivines. The characteristic feature of this
source could be enrichment of olivine-normative melts in Cr [1, 10]. This fea-
ture differs them from primary highland HMS rocks, but is typical of some
olivines from mare basalts and is also predicted for the deep-seated early
lunar magma ocean cumulates [11]. So, at least one source of P-bearing oliv-
ines should be located in the eastern part of the lunar nearside. This area
likely contains a previously unknown type of olivine-bearing highland rocks
enriched in incompatible elements.

The “Luna” and “Apollo — 14” landing sites are characterized by the develop-
ment of low-Ti or very low-Ti mare basalts. The Dho 961, 1442, and 025 mete-
orites, in addition to the widespread highland material, contain single clasts
of basaltic rocks too. This indicates that a source of P-bearing olivines may
be confined to the mare-highland boundary.

It is remarkable the presence of single fragments of evolved rocks found
in 14321 lunar sample [12] and Dho 1442, 961 meteorites [13, 14]. According
to the orbital data, rare granitic domes are localized in the area of the Gru-
ithuisen, Hansteen, Aristarchus, Lassell, Mairan, Compton and Belkovich
craters [15, 16, 17]. Most of these areas are confined to the Oceanus Pro-
cellarum, except for the Compton—Belkovich area located on the dark side
of the Moon. These rocks are interpreted to be derived through a deep dif-
ferentiation of silicate melts, or partial melting of a source enriched in incom-
patible elements or through liquid immiscibility of these melts [e.g. 17].
It is known that during immiscible splitting of the melt into ferrobasaltic
and granitic liquids, phosphorus is accumulated in the ferrobasaltic melt,
where its solubility could reach a few percents [18]. Addition of such a melt
to the HMS source could significantly affect source composition, in particu-
lar, lead to its enrichment in phosphorus and other incompatible elements.
Noteworthy is the recently discovered exposure of magnesian rocks (contain-
ing Mg spinel) in the silica-rich setting of the Hansteen Alpha [19]. However,
the contribution of such melts should not be significant, since experimen-
tal studies demonstrated a strong influence of phosphorus on the crystal-
lization sequence of basic melts up to the disappearance of olivine [20].
Thus, the potential distribution area of these olivines could be some domains
of the Oceanus Procellarum.

Conclusions:

Analysis of the lithological components of both the landing site regolith
and the meteorites suggests that sources of P-bearing olivines are restricted
to the lunar nearside. The association with mare basalts likely indicates
their confinement to the mare-highland boundary. The presence of frag-
ments of evolved rocks in the studied breccias suggests that some olivine
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sources are linked with the recently described occurrences of felsic rocks
in the Oceanus Procellarum and Compton—Belkovich area on the dark side
of the Moon. However, it is possible that the “Luna” landing site contains
a previously unknown type of olivine-bearing highland rocks, which are
enriched not only in incompatible elements, but also in chromium.
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Introduction:

Shallow crustal country rock on the Moon is demonstrably more fractured
and porous than deeper crustal bedrock, and GRAIL gravity data have shown
that deeper crustal bedrock is more porous than previously thought. This
raises the question of how crustal porosity and permeability will influence
the nature of magmatic dike and sill intrusions in terms of: 1) the ability of
ascending magma to intrude and occupy this pore space (magmatic per-
colation), and 2) the influence of the intruded magma on annealing of this
porosity and permeability (thermal annealing), thus densifying the country
rock [1]. We analyze quantitatively the emplacement of basaltic dikes and
sills on the Moon and assess these two factors in the context of the most
recent data on micro- and macro-scale porosity of lunar crustal materials. We
then assess the influence of these two densification processes in contribut-
ing to gravity signals associated with these intrusions.

Processes:

1) Magmatic Percolation:

Magma injection into pre-existing fractures: We model fractures of various
mean widths W and inject lunar magma under a pressure gradient of the
same order as buoyancy, where m?3. Lunar magmas have low viscosities in
comparison with terrestrial basalts and may initially move in a turbulent fash-
ion even when injected into narrow fractures. This results in efficient heat
transfer to the walls of the fracture, rapid cooling, the progressive formation
of crystals, and the onset of non-Newtonian rheology. We therefore assume
that in general the magma being injected has a yield strength that depends
on the current crystal volume fraction [2]. The crystal fraction is assumed
to increase linearly as the temperature decreases from the liquidus to the
solidus. The temperature-dependent viscosity of crystal-free lunar basalt is
well-approximated by a power law [3]; we use the viscosity data for a low-Ti
mare basalt [4]. The bulk viscosity is then related to the liquid viscosity via a
correction factor that is again a function of the crystal content [5].

Standard fluid mechanics formulae [e.g., 6] then give the flow speed of the
magma in laminar or turbulent flow. An initially turbulent fluid will make the
transition to laminar motion when its Reynolds number decreases below
some critical value determined by the current value of the Hedstrom num-
ber, a function of both the yield strength and bulk viscosity. While motion is
turbulent, heat is transferred from the magma to the walls of the fracture
at a rate per unit area that can be obtained from industrial data on heat
exchangers [3]. The heat loss causes a decrease in the lava temperature as
the lava advances. Cooling leads to increases in the yield strength, the viscos-
ity, the Hedstrom number and the critical Reynolds number. The increases
in viscosity and yield strength cause the flow speed to decrease, and so the
initially high Reynolds number decreases until it intersects the increasing
critical Reynolds number and the motion becomes laminar. We note the
distance that the magma has travelled when this occurs, ZI. From this point
onward, thermal boundary layers grow against the walls of the fracture, and
motion stops when the two boundary layers meet in the center of the flow.
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This criterion is the basis of the Gratznumber treatment for the maximum
travel distances of laminar lava flows [7], and adapting it to flow in a pla-
nar fracture we find the maximum additional distance that the magma can
advance, Z. The maximum penetration distance of magma into the fracture
isthenZ =2Z +Z. Figure 1 shows the values of Z, Z and Z_for magma injec-
tions into fractures with widths, W, from 1 cm to one meter. The penetra-
tion distance increases dramatically for fractures more than a few tens of cm
wide. However, there is little evidence that such wide fractures will exist in
the lunar crust. Fractures are extremely common at the 10-20 microns scale
in impact-modified rocks [8] but exposures at the Vredefort impact struc-
ture [9] suggest that at larger scales the commonest fracture width is in the
range 1-3 cm. We conclude that lunar magmas driven by the pressure gradi-
ents expected for volcanic intrusions would penetrate less than one meter in
such cracks. Thus, magmatic percolation should not be common at distances
greater than about a meter from the edge of an intruding dike or sill, and
since the majority of cracks are predicted to be in the 10-20 micron range,
where significant intrusion is unlikely, the cumulative effect ofmagmatic per-
colation on the density structure should be negligible.

2) Thermal Annealing:

Consequences of dike and sill intrusions:Wieczorek et al. [10] called on vis-
cous deformation due to elevated temperatures with depth in the crust to
decrease porosity and increase density (thermal annealing). The strong tem-
perature dependence of viscosity causes this effect to occur over a narrow
depth interval (<5 km) and [10] used representative lunar historical tem-
perature gradients to find that (depending on the heat fluxes and rheolo-
gies assumed) the minimum depth where this transition would take place
is ~¥40 km. On the other hand, penetration of dikes to the shallow crust and
surface and potential intrusion of shallow sills (as in the case proposed by [1])
should be accompanied by thermal annealing as well. We now consider such
a case to assess the importance of thermal annealing and its role in offsetting
the density of the intruded basaltic sill.

The thermal consequences of the abrupt injection of a sill into much cooler
rocks can be modelled analytically using treatments by Carslaw and Jae-
ger [11; article 2.4.i]. For the present case the most useful approximation
is a horizontal sheet of magma at temperature Tm emplaced rapidly into an
infinitely extensive body of host rock at temperature Ta. For cases where
the top of the sill is at a depth less than or comparable to the thickness of the
sill an alternative analytical solution approximating to the geometry would
be that in article 2.4.iv [11], in which the top of the sill would be exactly
at the planetary surface. In practice that both treatments yield essentially the
same results for the penetration of heat from the sill into the country rocks.

A number of simple relationships emerge. First, the interface between the sill
and the host rocks almost instantly reaches a temperature that is the average
of the temperatures of the magma and host. The highest liquidus tempera-
ture for a lunar magma reported by [4] is 1440 °C, i.e., 1713 K, for a low-Ti
basalt. A representative thermal conductivity for lunar crustal rocks is ~1.3 W
m™ K [12] and the lunar geothermal heat flow is ~3x102 W m-2 [13]. With an
average surface ambient temperature of ~250 K, the temperature at a depth
of ~10 km in the Moon will be ~480 K; injection of the above magma will lead
to an interface temperature of 1097 K, i.e., 824 °C. [1] quotes data from [14]
and [15] showing that lunar rocks experienced significant annealing if held
at >800 °C for the order of a year. Heat transfer from a sill to its host rocks
will occur on a much longer time scale, but the peak temperature experi-
enced by the host rocks will decrease approximately exponentially with dis-
tance from the sill margin, and a given temperature will be experienced for
a duration that increases as the square of the sill thickness. In our model we
conservatively assume that a temperature of 700 °C is needed for efficient
annealing. The gravity models of [1] imply that sills up to 6 km in thickness
might be needed to explain the gravity data he analyzed. Using this extreme
sill thickness in our model, we find that the 700 °C isotherm extends for
600 m into the host rock for a period of ~250,000 years. If this results in com-
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plete elimination of, say, 30% pore space in these host rocks, both above and
below the sill, the crust overlying the area of the sill intrusion would subside
by ~360 m, 6% of the sill thickness. For a 3 km thick sill the corresponding
values have the 700 °C isotherm extending for 300 m into the host rock for a
period of ~30,000 years and again producing subsidence equal to 6% of the
sill thickness. It is of course the case that greater volumes of crust are heated
to lower temperatures than 700°C for longer times but, given that we have
used the highest plausible magma temperature and a conservative annealing
temperature, we cannot see a situation where annealing would eliminate
more than a small fraction of the topographic signature of the intrusion.

Conclusions:

For the range of plausible micro/macro-scale porosity and permeability
(microns to cm) and open crack lateral continuity (mm to tens of cm), we
find 1) that rapid conductive cooling of injected magma due to the very large
surface area to volume ratio restricts magmatic percolation to very limited
areas (maximum several tens of cm) adjacent to the ascending dike, even in
the upper several hundred meters of the lunar crust; 2) that the conductive
heat loss from intruded dikes and sills results in a thermal wave decay rate
that is predicted to limit the effects of intrusion-adjacent thermal annealing
to less than ~6% of the thickness of the intruded body. The extremely rapid
rise rate of magma in dikes derived from sources in the lunar mantle disfavors
the lateral migration of dikes to form sills in the crust, except in specific shal-
low crustal environments influenced by impact crater-related environments
(e.g., floor-fractured craters). We conclude that magmatic percolation and
thermal annealing in association with lunar mare basalt magmatic dike and
sill emplacement should be taken into consideration in interpreting gravity
signatures, but that the effects are likely to be minor, compared with the
density contrast of the solidified magmatic intrusion itself.
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Fig. 1. Variation of the maximum distance that magma can penetrate into a fracture
before cooling halts its progress shown as a function of the fracture width. Note that
the vast majority of cracks are at the 10-20 microns scale in impact-modified rocks,
and that fractures and pore space in the crust are at the mm to cm scale; thus the
penetration distance of apophyses (small intrusive features adjacent to and emanat-
ing from the sill margins) is typically well below a meter.
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Introduction:

Due to the near constant solar illumination and the potential presence
of water ice in the regolith,polar areas of the Moon are candidates for con-
struction of a lunar base [e.g., 1, 2]. The mountain Mons Malapert (MM) near
the South Pole of the Moon (a massif that is part of the outer ring of the South
Pole Aitken basin) is a key candidate for the location of such a base [e.g., 3,
4, 5]. MM is an ~ 30x50 km mountain elongated in a WNW-ESE direction
with a NNE extension (Fig. 1). Its summit stands ~5 km above the 1838 km
datum, has constant visibility from Earth and long periods of sunlight (87 to
91% of the year).

Fig. 1. Mons Malapert (arrow) seen in the LROC WAC mosaic P900S0000_032P
of the lunar South Pole region (NASA/ASU).

In this analysis we consider the topographic, geologic and trafficability char-
acteristics of Mons Malapert, which need to be taken into account in the fur-
ther consideration of MM as a lunar base location. Potential landing sites
for a lunar base in the Mons Malapertarea are discussed in [6].

Topography and Geology:
The topography and its derivatives of MM were studied using LROC WAC
images and the LOLA-based DTM. South of MM lie the ~50-km craters
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Haworth and Shoemaker whose floors are in permanent shadow and show
a neutron spectrometric signature of high water-ice content [7] that may
be a source of water for the base. The geology of the MM region is defined
by its position on the rim of the South-Pole-Aitken basin, the largest and
most ancient impact basin on the Moon [8]. The ancient age of this area is
confirmed by crater spatial density which shows ages of ~4.2 Ga [9]. The MM
slopes are mostly rather steep: from ~20 to 30°, while slopes on its summit
and base are more gentle (Fig. 2).

Fig. 2. Left — Topographic map of Mons Malapert based on the LOLA-based DTM
LDEM80S20M_al alculated values of slope steepness shown. Right — Dependence
of slip ratio (B) on steepness (a) of the slope on which the rover is climbing. 1 and
2 — Lunokhod 1 measurements on the Moon and on Earth analogs, correspondingly
[10]. 3 — the Apollo Lunar Rover Vehicle measurements on terrestrial analogs [11].

LROC NAC images of this area show that while the summit and base of MM are
covered by numerous small craters, its steep slopes show a deficit of craters and
are complicated by low ridges approximately perpendicular to the downslope
direction. These characteristics of the steep slopes suggest effective downslope
movement of the regolith material that, in turn, suggests that the mechanical
properties of the surface layer here are relatively weak.

Trafficability

The siting, building and operation of a lunar base implies activity not only
at the base and in close proximity, but also traverses to other distant sites
of interest for resources and scientific investigations. So planning the Mons
Malapert base requires the detailed analysis of the trafficability of the region.
To consider this issue we return to experience gained by the operations
of Soviet Lunokhod 1, 2 and the US Apollo Lunar Roving Vehicles (LRV) [10,
11]. On the basis of new and evolving technology, rovers designed for the MM
lunar base may significantly differ from earlier rovers, but consideration of
trafficability of the earlier rovers is important for future planning. Our analy-
sis shows that neither Lunokhods nor the Apollo LRV could successfully climb
most of the slopes of Mons Malapert. The acceptable trafficability appears to
be only possible along the WNW crest of the mountain. For emergency cases
wheel-walking rovers may be considered. Mons Malapert seems to be a good
locality for the lunar base but more studies are needed [12].
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Introduction:

Several previously unrecognized pre-Nectarian impact basins and other pre-
viously suspected basins have been verified by Clementine laser altimeter
data [1]. The GRAIL inventory of lunar basins improves upon earlier lists that
differed in their totals by more than a factor of 2. The size-frequency distri-
butions of basins on the near side and far side hemispheres of the Moon
differ substantially [2]. The book “The Moon’s Largest craters and basins” [3],
which incorporates information collected by the Kaguya, Lunar Reconnais-
sance Orbiter and GRAIL missions, also contains the Catalog of 72 impact
features more than 200 km in diameters. The sequence numbers have been
established as embodiment of several lines of evidence of relative ages of
the 72 lunar impact features in this Catalog. The numbers of features from
1 to 44 refer to Pre-Nectarian period, from 45 to 64 — to Nectarian period,
from 66 to 69 — to Early Imbrian period, and, finally, numbers from 70 to 72
correspond to Late Imbrian period [3]. The study of such parameters of large
basins and maria profiles as absolute elevations of their bottoms and rims
heights was performed in our abstract. Correlation of the Byrne’s sequence
numbers with the measured parameters was fulfilled.

Methods:

The profiles in western-eastern and north-south directions of 36 lunar maria
and large basins were compiled using global digital elevation model (DEM)
with a resolution of 118 m/pixel [4]. Figure 1 shows an example of profiles
for Mare Orientale.

b)
Fig. 1. Profiles of Mare Orientale: a) in W-E direction; b) in N-S direction.

The Table 1 shows the next parameters: the name of feature (Name), lati-
tude (Lat.), longitude (Long.), diameter in kilometers (Dkm), absolute height
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of bottom ( Hbot), Bouguer anomaly contrast (Anom.), sequence numbers
(SN), range of heights (Hr), rim’s maximum height (hmax), rim’s minimum
height (hmin), difference between rim’s heights (*h).

Table 1. Example of table structure for lunar maria and large basins parameters

Name Lat. Long. Dkm Hbot Anom. SN Hr hmax hmin *h
Orientale -20 -95 960 -2.5 720 69 85 7.2 31 41

Discussion and Conclusion:

We analyzed the correlations between the features diameters and Bouguer’s
Anomalies. There is dependence between them. But we have not found the
connection with Byrne Sequence Numbers (Fig. 2).

Fig. 2. Byrne Sequence Numbers shown on our Lunar map [5].

Our study shows that it is possible to compile three groups of large basins
and maria in dependence of the difference of rim’s heights (*h): 1 — rim’s
heights from 6 km till 2.9 km; 2 —from 2.2 km till 1.5 km; 3 —rim’s heights are
less than 1.2 km.

Figure 3 below shows the dependence of the parameters on latitudes and
longitudes. Blue points are on near side, red ones — far side.

The absolute heights of the maria and basins’s bottoms on the near hemi-
sphere of the Moon are less than on the far hemisphere. The dependence of
the studied formations’ depths on the longitude is traced. On the far hemi-
sphere, the elevation differences of the formations (range heights) under
study are substantially greater than on the near hemisphere.
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Fig. 3. Dependence of absolute H bottom and Range heights from latitudes and lon-
gitudes
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Introduction:

The landing site selection method primarily developed by our team for Luna—
25 mission allowed us to identify several areas suitable for landingand surface
operations in the South Polar Region of the Moon. These areas can beconsid-
ered as possible landing sites for future lunar missions such as Luna—27, and
their size depends on the landing precision of the mission. For example, the
landing precision of 1 kmgives an opportunity to explore quite an extensive
area close to the South Pole. The features of this area will be discussed.



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

THE NEAREST PERSPECTIVES
FOR LUNOKHOD 2.0.

M.L. Litvak, I.G. Mitrofanov, V.I. Tretyakov
Space Research Institute, Russia, Moscow, 117997, Profsouznaya str. 84/32,
litvak@mx.iki,rssi.ru

Keywords:
Russian lunar program, Luna-28, polar sample return, lunokhod, geological
survey

Introduction:

The Russian lunar exploration program is implementing now as a sequence
of lunar robotic missions Luna — 25,26,27 and Luna — 28. The last one in this
row is the lunar polar sample return (LPSR) mission.Its primary science and
technology goals,and implementation capabilities are under discussion now
and will be reviewed at the stage of technical proposal by the end of 2019.

It is being considered that this type of the mission should not be only limited
by short living polar lander supplied with ascent module to deliver lunar sam-
ples to the Earth. The one of the prioritized mission scenarios proposes small
or middle size lunar rover that can substantially expand mission capabilities
during sample acquisition as well as after launch of ascending rocket with
samples. The following potential tasks for such a rover could be proposed:

To help with sample collection: some samples could be delivered to the
lander from the vicinity area (stones, regolith samples).

To install some instruments in the vicinity of lander: seismic instrumenta-
tions, some regolith probes.

To help with remote sampling: To bring samples cashed onboard Luna — 27.
To conduct surveys: Photos of lander operations, survey of landing area after
launch of ascending rocket.

Long living operations: geological survey after launch of ascending rocket at
distances up to 30 km.

In this study we would like to present our vision ofthis scenario, to discuss
science goals, required technologies, design, capabilities of the rover and
propose science instrumentation that should be installed onboard rover.
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The concept of the project “Luna-Grunt” is presented. The main goal
of the mission is to return the samples of frozen regolith from the area at the
vicinity of south pole of the Moon. Scenario of mission implementation
is presented and science payload is described.
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Juno’s investigation into the origin of Jupiter is focused on the study of Jupi-
ter’s gravity and magnetic fields combined with the study of Jupiter’s atmo-
sphere. The interior structure, and in particular constraints on the core
of heavy elements deep within Jupiter discriminate among formation the-
ories. We know Jupiter is composed primarily of hydrogen and helium and
hence must have formed early while the protoplanetary nebula was still
present. How this happened, however, remains unclear after many decades
of modeling. A primary goal of the Juno mission is to constrain properties
of Jupiter that are diagnostic of how giant planets form. Two possible mech-
anisms are generally considered: (i) direct instability of the disk itself and
(ii) accretion of a solid core inducing local collapse of gas around it. Differ-
ences between these scenarios are profound, particularly in terms of the
mass of a heavy element core. Juno’s gravity field investigation suggests that
the concentration of heavy elements deep down is larger than expected and
diffuse. The magnetic field indicates large asymmetries similar to the grav-
ity field indicates as well as can be seen in the atmospheric wind profiles.
The oxygen abundance within Jupiter—also a key goal of the Juno mission —
indicates water potentially above solar abundance at the equatorial region.
Results from these three investigations will be presented from the first half
of the mission in the context of progress on the origin of Jupiter.
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Introduction:

The Juno spacecraft, orbiting Jupiter since July 4, 2016, maps Jupiter’s magnetic
and gravitational potential fields and probes its deep atmosphere in search
of clues to the planet’s formation and evolution [1]. From its unique vantage
point of a high inclination, 53—day polar orbit, Juno also conductsan in-depth
exploration of the polar magnetosphere and auroral phenomena [2].

Juno’smagnetometer investigation (MAG) is equipped with two magnetom-
eter sensor suites [3], located 10 and 12 m from the center of the spacecraft
at the end of one of Juno’s three solar panel wings. Each contains an accurate
(100 ppm absolute vector accuracy) fluxgate magnetometer (FGM) sensor
and a pair of co-located non-magnetic star tracker camera heads. The co-lo-
cated star cameras monitor the attitude of the magnetometer sensors con-
tinuously (up to 4 quaternions/s), correcting for the slight deformation of the
spacecraft solar array experienced during maneuvers and perijove passes.
Such deformations, if not measured and corrected, would otherwise com-
promise measurement vector accuracy.

Juno’s highly elliptical 53.5-day orbit carries her science payload from pole
to pole in ~2 hours, with a closest approach to within ~1.05 Rj of the cen-
ter of the planet (one Rj = 71,492 km, Jupiter’s equatorial radius). Repeated
periapsis passes will eventually encircle the planet with a dense net of obser-
vations equally spaced in longitude (<12° at the equator) and optimized for
characterization of the Jovian dynamo [3]. Such close passages are sensitive
to small spatial scale variations in the magnetic field and therefore many
such passes are required to bring the magnetic field into sharp focus. Nev-
ertheless, a dramatically detailed 10 degree and order model (“JRM09”,
for Juno Reference Model after 9 orbits) was extracted from a partial solu-
tion to a 20 degree/ordermodel representation, providing the first new
information about Jupiter’s magnetic field in decades. Having passed the
midpoint of Juno’s baseline mapping mission, now with orbits separated
by ~22.5 degrees of longitude, a model (“JRM17”) with increased spatial res-
olution of the main field is obtained. The new model extends to degree and
order 12 to 14 (with limited parameter resolution) and evidences more com-
pact source geometry, as one might expect with increasing spatial resolution.

Jupiter’s internal magnetic field exhibits a dramatic hemispheric asymmetry,
with a very non-dipolar northern hemisphere contrasting a southern hemi-
sphere that appears very dipolar [4, 5]. An equatorial belt of positive radial flux
is interrupted by an isolated reverse-polarity patch situated near the equator
at about 90 degrees system Ill west longitude. Comparison with earlier mag-
netic field models is suggestive of secular variation [6, 7] but inconsistencies
among prior analyses call for caution in interpretation. A thorough retrospec-
tive analysis [8] of Voyager, Pioneer, and Ulysses observations obtained sev-
eral decades ago provides the first unambiguous evidence of Jovimagnetic
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secular variation and relates the variation to the penetration of zonal winds
into the electrically conducting interior.

The evolution of Juno’s orbit now brings the spacecraft through the mag-
netodisc in the inner magnetosphere (Figure 1), affording an opportunity
to improve magnetodisc models [9, 10, 11] and provide a measure of magne-
tospheric activity during Juno’s mission.

Fig. 1. Evolution of Juno’s orbit illustrated in magnetic equatorial coordinates.
Spacecraft trajectory in this coordinate system (black) oscillates due to the ~10 tilt
of the Jovidipole. The equatorial azimuthal magnetodisc currents (shaded region)
draw magnetic field lines (purple) outward along the equator, where field magnitudes
(blue contours) are reduced.

Observations of the Jovian magnetosphere obtained throughout Juno’s first
18 orbits have been used to optimize the geometric parameters of an azi-
muthally symmetric magnetodisc model, facilitating studies of time vari-
ability (parameterized via time-dependent current density). Combined with
a model of radial currents providing torque to outflowing plasma, we obtain
a measure of the time variability of the magnetodisc. The radial current
system evidences significant time variability (~50%) whereas the magneto-
disc currents thus far prove remarkably stable (~6% variability). We present
an overview of the magnetometer observations obtained during Juno’s first
two years in orbit [12, 13] in context with prior observations.
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The Jovian InfraRed Auroral Mapper (JIRAM) [1] on board the Juno [2, 3]
spacecraft, is equipped with an infrared camera and a spectrometer working
in the spectral range 2-5 um. JIRAM was built to study the infrared aurora
of Jupiter as well as the Jupiter’s atmosphere. The infrared camera is able
to image auroral H3+ emissions and the thermal emission from the plan-
et’s atmosphere. The instrument is on board of the NASA mission Juno and
it used for studying atmospheric morphological and dynamical structures and
for investigating the abundance of some chemical species that have impor-
tance in the atmosphere’s chemistry, microphysics and dynamics.

The spacecraft was inserted in the Jupiter’s orbitin August of 2016. Since then,
and with the exception of orbits 2 and 3, JIRAM has performed several obser-
vations from the equator to poles. Juno orbital design allows the spacecraft
to fly over the planet’s polar regions. This fact permitted unprecedented views
of the polar atmospheric structures that have been acquired for the first time
during orbit 4 [4]. Other observations permit to study the baroclinic waves
extending for significant longitudinal span in the Northern Equatorial Belt [5]
and over the polar structures. Spectral measurements provided the oppor-
tunity to measure abundances of water, ammonia, phosphine, germane and
arsine at all latitudes down to pressures of 4-5 bars. Limb observations at
the low latitudes permit to profile abundances of methane and trihydrogen
cation in the stratosphere and the thermosphere of the planet.

We present results from the most significant atmospheric observations per-
formed by the instrument since the start of the mission.
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Introduction:

The Juno spacecraft has, since its arrival at Jupiter on July 5, 2016, observed
Jovian polar magnetosphere and atmosphere from its unique polar orbit [1].
In concert with insitu particle and field measurements [2-4] and the remote
ultraviolet spectrometer and imager [5], the Waves instrument wasdesigned
to observe the electric component of waves from 50 Hz to 41 MHz and the
magnetic component of waves from 50 Hz to 20 kHz [6]. In the polar cap
region, upward-moving whistler-mode hisshas been frequently observed con-
currently with upward-moving energetic electrons [7]. According to theoretical
studies [8, 9], the whistler-mode waves originate from upward-moving, field-
aligned electron beams via a beam-plasma instability and contribute to pitch
angle scattering and energization of the electrons. Over the main auroral oval
region, Waves has recorded downward-moving intense broadband whis-
tler-mode waves [10] correlated with broadband energetic precipitating elec-
trons. This correlation may imply that the whistler-mode waves are involved
in the stochastic acceleration of the electrons. Juno has also passed through
magnetic field lines connected to lo’s footprint tails for several cases [11].
For most of these cases, the broadband whistler-mode waves were accom-
panied by both downward-and upward-movingelectrons precipitating along
the common field lines. Some examples clearly showd istinctive whistler-mode
saucer-like waves near the field line connecting to the footprint tail. Hence,
whistler-mode waves appear to play an essential role in Jupiter’s auroras.

At radio frequencies, Jovian auroral radio emissions are regularly observed
with Waves both remotely and in situ [12—20]. The nonthermal radio sources
are distributed along auroral magnetic field lines at emission frequencies
very close to the local cyclotron frequency via the electron cyclotron maser
instability (CMI). Juno’s wave, particle,and field observations indicate that
unstable electron distributions thatdrive CMI are either loss-cone or conic
type, with the latter being 5-10 times more efficient for the CMI growth
rate than the former [18, 19].The auroral radio emissions can be divided into
decametric (DAM), hectometric (HOM), and broadband kilometric (bKOM)
radio components depending on their spectral shapes. The first concurrent
radio-ultraviolet aurora observations from Juno, using the RMO09 internal
magnetic field and washer-shaped current sheet models [21, 22], revealed
that bKOM radio sources are tied to the main auroral oval [20].

Juno’s close perijove passes provide a unique opportunity to monitor
Jovian lightning in the atmosphere [23—-26]. Waves has recorded two kinds
of low-frequency electromagnetic waves related to the lightning. The first
is comprised of Jovian low-dispersion whistlers observed at frequencies
below 20 kHz [24, 25]. These whistlers may possibly propagate up to several
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thousand km horizontally away from lightning strokes below the ionosphere
before ultimately escaping the inner magnetosphere [25]. Initial whistler
observations show that the lightning flash rate is 3—30 flashes/year/km?at
midlatitudes, with greater rates in the northern hemisphere than the south-
ern hemisphere [24]. The second kind is comprised of dispersed millisec-
ond pulses called Jupiter dispersed pulses (JDPs), observed at frequencies
below 150 kHz. JDPs propagate directly from lightning strokes but can leak
into the inner magnetosphere only where the ionospheric density is suffi-
ciently low, either in localized holes or over the night side [26]. Therefore,
the synoptic observations of lightning-induced whistlers and JDPs improve
our understanding of the physical process of lightning discharges in Jupiter’s
atmosphere. In this talk, we present the recent observations of radio and
plasma waves at Jupiter from Juno Waves investigation, and compare them
with some theoretical considerations including the wave-particle interac-
tions and radio wave propagation.
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NASA’s Juno mission has been observing the Jovian aurorae since 2016
from a polar, highly elliptical orbit [1, 2, 3]. From this very favourable posi-
tion above the poles, Juno obtained unprecedented in-situ measurements
of Jupiter magnetosphere, and unique, remote-sensing views of the auro-
ral regions both in the infrared and the ultra-violet ranges. Direct excitation
of molecular hydrogen in the ionosphere by precipitating electrons results in
Lyman and Werner bands in the UV; the same electron precipitation also pro-
duces, indirectly, H3+ thermal emission in the IR range. Images of aurorae in
these two ranges are collected, respectively, by the Ultra Violet camera (UVS)
and the Jovian InfraRedAuroral Mapper (JIRAM) [4], at each Juno perijove
pass. In the main oval, the field aligned electric currents have very low den-
sities, less than what was previously assumed to explain the intense auroral
emissions. Juno observed the high energy (>100 keV) auroral electron, but
also alower energy component (~1 keV), which plays a substantial role. Inside
the main oval, persistent upward broadband high-energy (~1 MeV) electron
are observed. Also, intense auroral emissions are observed in regions where
little or no precipitating electron flux is detected, possibly indicating exci-
tation from strong ionospheric electric currents. The different mechanisms
leading to H2 and H3+ emission explain the relations between the energy
of precipitating electrons and the variability of the relative UV/IR intensities.
Juno also revealed a puzzling structure in the electromagnetic interactions
between Jupiter and its moons [5], whose signature is the presence of auro-
ral footprints. These are a peculiar series of emission features extending
downstream of the leading one, and look like a repeating pattern of swirling
vortices. These multiple features have a very small scale (~100 km), which
is not compatible with the simple paradigm of multiple Alfven wave reflec-
tions. Observations of lo’s footprint well downstream of the leading fea-
ture reveal a pair of closely spaced parallel arcs where previously only one
was resolved. Both of Ganymede’s footprints (main and secondary) appear
as a pair of emission features that provide a remote measure of Ganymede’s
magnetosphere.
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Introduction:

The New Horizons flyby of Pluto [1, 2, 8] along with the ALMA [5] and VLT/
CRIRES [4] high-resolution spectroscopy and the recent stellar occultations
resulted in significant progress in Pluto’s atmosphere. These new data require
updated photochemical modelling. The model by Wong et al. [7] includes
detailed neutral chemistry at 40 levels up to 1300 km. To fit the observa-
tions, the authors adopted saturated vapor densities of C2H4 and C2H6 equal
to those of C2H2, though they differ by orders of magnitude. Here we pres-
ent a model that does not require the revision of the laboratory data on the
saturated vapor densities and involves ion chemistry that affects the neutral
composition and is missing in Wong et al. [7].

Model

The model by Krasnopolsky [3] that reproduces fairy well the observed prop-
erties of Titan’s atmosphere and ionosphere is adjusted to the conditions
of Pluto during the New Horizons flyby. It involves 83 neutrals and 35 ions and
extends up to the exobase at 1600 km. Thermal escape of neutrals and dif-
fusion of ions are the upper boundary conditions. Condensation on the haze
and surface are the lower boundary conditions.

Fig. 1. The observed temperature and calculated N2 density profiles

Model results

The adopted eddy diffusion K = 3x104 cm? s facilitates transport and con-
densation of C2H6 on the surface (Fig. 2) and does not require the revision
of the laboratory data on the saturated vapor densities. The CH4homopause
is at 90 km for this K, and the CH4 profile is mostly controlled by molecular
diffusion and agrees with the observations (Fig. 2).
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Fig. 2. Observed (dashed curves) and calculated (solid curves) profiles of the main
hydrocarbons

Major production and loss processes of the observed species are briefly dis-
cussed. lon chemistry significantly contributes to those. The most abundant
C3, C4 hydrocarbons and benzene are shown in Fig. 3a, b. Diacetylene C4H2
is effective in polymerization with C6H and C3N. Sticking coefficients for
condensation of hydrocarbons and nitriles are adopted at 0.002 and 0.01,
respectively.

Fig. 3. Vertical profiles of C3 hydrocarbons (a), C4 hydrocarbons and benzene (b),
nitriles, H, and H2 (c), and oxygen species (d)

Some nitriles and H2 are depicted in Fig. 3c. The HCN abundance agrees with
the ALMA [5] observations. The HC3N warm layer below 150 km constitutes
90% of its column abundance and is weakly sensitive to the adopted sticking
and slightly exceeds the observed upper limit.
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H and H2 are formed by photolysis of hydrocarbons. 60% of the production
of H escape, and the remaining 40% react with radicals and form H2, Almost all
H2 escapes. Its mole fraction increases up to 400 km due to diffusive separa-
tion. Further increase reflects a balance between the production and escape.

Oxygen chemistry (Fig. 3d) is stimulated by CO and the meteorite H,0O that is
very weak, according to the interplanetary dust dynamic model [6].

Fig. 4. The most abundant hydrocarbon (a) and nitrogen-bearing (b) ions

lonosphere is formed by the solar EUV ionization and the galactic cosmic
rays that dominate below 300 km (Fig. 4). The ionospheric peak is at 750 and
850 km with emax = 800 and 300 cm on the day side and near the termina-
tor, respectively. It agrees with the New Horizons upper limit of 1000 cm=.
The heavy ion C9H11+ is the most abundant below 650 km (Fig. 4a). The main
ions above 650 km are HCNH+, C2H5+, and C3H5+. The predicted ion densi-
ties are well within the range of the Cassini lon-Neutral Mass Spectrometer.

Evolution: The calculated annual mean rates are 150 g cm™ Byr-1 for escape
of CH, + CHg and H, +H, 150 and 50 g cm™ Byr-1 for precipitation of hydrocar-
bons and nitriles, respectively. The surface is young, and the surface mixing
is significant.

Pluto and Triton: The great differences (by orders of magnitude) between
the atmospheres and ionospheres of Pluto and Triton are caused by the
methane abundances. Transition from Triton’s conditions observed in the
Voyager flyby to Pluto’s conditions in the New Horizons flyby is expected near
CH4 = 0.05%. Both Triton and Pluto undergo these transitions during their
annual cycles.
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Introduction:

Juno was placed in an elliptic polar orbit about Jupiter on July 4th 2016 to study
the formation and structure of the gas giant, its atmosphere and polar magne-
tosphere. The orbit was chosen to give optimum spatial coverage of the plan-
ets potential fields, while avoiding excessive radiation exposure. Juno orbits
every 53 days, diving under the main radiation belts at periapsis and distribut-
ing longitudes at closest approach for optimal gravity and magnetic mapping.

The magnetic mapping experiment consist of two vector field magnetome-
ters placed on a boom near the tip of one of the spacecraft’s solar arrays, at
10m and 12m, well away from any artificial disturbance fields [1]. Each vec-
tor magnetometer is supported by two star tracker units collocated with the
magnetic sensors to provide accurate attitude information and eliminate any
thermal or mechanical biases. Because of the proximity to the vector mag-
netometer sensors, and to eliminate any potential magnetic disturbances,
the star trackers are equipped with limited radiation shielding. As a conse-
quence, high energy particles can penetrate to the focal array sensor (CCD),
leaving an ionization charge which is measured and recorded. The star tracker
shielding will stop electrons with an energy less than 20MeV and protons with
an energy less than 100 MeV, but particles with higher energy will penetrate.
Each passing particle will deposit a local charge, which is recorded, providing
a measure of the high energy flux at Juno’s position. Using this technique, the
Juno high energy particle environment is continuously monitored [2].

Fig. 1, The Juno orbit of the 20th perijove passage, in magnetic coordinates. The col-
ors, blue to red, show the measured particle flux (mainly >20MeV electrons). Mag-
netic field lines are shown in black. In this orbit, field lines connecting to the Gany-
mede orbit, are crossed 5 times inbound (upper wiggle) and once outbound.
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The gravity field from the fast rotating, oblate, Jupiter, forces the line of apsi-
des of the elliptic Juno orbit to drift, from its initial position near the equa-
torial plane, towards an ever more southerly position of the apoaxis. While
this motion offers a unique profiling of the Jovian high energy particle environ-
ment, it also causes Juno to pass through magnetic field lines that intersect the
orbit of Jovian satellites. Most often such crossings appear through field lines
leading or lagging the actual moon in longitude, but sometimes the Juno orbit
happens to pass through the field lines connecting directly to a moon. In all
cases, a profound effect on the measured radiation flux is observed, as a direct
consequence of the moon’s interaction with the trapped high energy flux.

We present particle signatures from passages of the field lines thus connect-
ing to Callisto, Ganymede, Europa, lo, Amalthea, Metis and the gossamer
rings. We also present an interpretation for the highly variable signatures
from satellite to satellite and whether the passage is of field lines in front, on,
or behind the moon.
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Introduction:

The icy satellites of the outer solar system are a compelling class of bodies
to study for their complicated and diverse geology as well as their astrobio-
logical potential. Many icy satellites have or have had oceans, some of which
are likely not to exist in a thermal equilibrium and may be freezing [1-5].
Above these oceans, ice shells are covered by extensional features and frac-
tures [6, 7]. Although there are many processes that contribute to the exten-
sional stresses affecting the evolution and surface features of icy satellites,
we focus on the stresses associated with the expansion of water upon freez-
ing [8]. In the present study, we investigate the role of water-icephase change
on surface expressions such as fractures using a combinationof analog exper-
iments and numerical simulations.

Physical Model:
We solve the mass and energy conservation equations numerically, tracking
the evolution of the ice shell thickness and the pressure in liquid (Eq. 1-2).

ot r*or\_ or c ot
1do_ 3 dR(p £a.2)
B, dt R(t)dt|p,

Here, T is the temperature, t is the time, is the thermal diffusivity, r is a radial
coordinate, Lis the latent heat of solidification, cwis the specific heat of water,
f is the melt fraction, Bwis the bulk modulus, p is the pressure in the water
between fracture events, R is the radius of the liquid, piis the density of the
ice, and pwis the density of the water.

Experimental Methods:

Experiments are performed with non-degassed and degassed pure
deionized water. Degassing is achieved by boiling the water under reflux
for one hour with vigorous stirring and then chilling the water in an ice
bath under vacuum for four hours with ultrasound pulsing for thirty min-
utes. Water is injected in a spherical acrylic mold (7cm or 10cm diameter)
(Fig. 1A), which is placed within a freezing chamber that uses vaporized
nitrogen to control ambient temperatures from -15°C to -70°C.When the ice
shell freezes to a thickness of 5mm, as determined in calibration experi-
ments, the acrylic mold is removed to ensure the mold has limited influ-
ence over subsequent fracture formation (Fig. 1B). The sphere continues to
freeze and fracture until a critical fracture leads to the failure of the sphere
(Fig. 1C-D).

Throughout the experiment, three webcams record video and audio data,
four thermocouples monitor freezing chamber temperature, and a Kulite-
miniature pressure transducer records the pressure evolution of the lig-
uid within the sphere. Measurements of ice shell thickness are taken upon
the conclusion of the experiment (Fig. 1D).
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Fig. 1. Snapshots from left camera at different stages of the experiment: A. after filling
mold with water, B. after mold removal with a 5 mm thick ice shell, C. during further
freezing, D. at the moment of final fracture.

Results:

Experiments with degassed and non-degassed water were conducted for
7 cm and 10 cm spheres at freezing temperatures in the range -20°C to -60°C
in 10°C intervals. Additional degassed experiments were conducted at 5°C
intervals and experiments for 14 cm spheres are in progress.

Dissolved gas.
Several observations from degassed and non-degassed waterexperiments:

1) Degassed water spheres experience a critical fracture later than non-de-
gassed spheres and have a thicker final ice shell.

2) Peak water pressure is higher for degassed than non-degassed experi-
ments. Peak pressure is higher at warmer freezing temperatures.

3) The interfracture time is shorter for degassed than non-degassed water
spheres and thus more fractures are formed over an experiment for
degassed water (Fig. 2).

4) For degassed water spheres, a dramatic change in interfracture time is
observed before final fracture.

5) The estimated ice fracture toughness is similar for degassed and non-de-
gassed experiments.

Fig. 2. Comparison of final crack coverage for 10 cm and 7 cm spheres of degassed
and non-degassed water.

Sphere size.

When normalized by sphere radius, the final ice shell thickness and time
freezing until final fracture are temperature independent for experiments
with 7 cm and 10 cm spheres (Fig. 3). The calculated final hoop stress and
fracture toughness are also similar for both sphere sizes.

Discussion:

The effects of gas on the compressibility of the water can explain the observed
differences in the evolution of freezing spheres of degassed or non-degassed
water. Since the ice shell fracture toughness is consistent between both
water types, the sudden change in interfracture time for degassed water
spheres can be explained by the exsolution of gas into the liquid during the
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freezing process, resulting in an abrupt change in compressibility of the lig-
uid phase. This hypothesis is supported by estimation of the time required to
reach the abrupt interfracture regime change which compares well to exper-
imental results. Future work will further assess scaling of results between all
sphere sizes and investigate the effects of curvature, particularly for under-
standing the mechanism of the final critical fracture.

Fig. 3. Final ice shell thickness normalized as a percentage of total sphere radius.
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Introduction:

Titan is the only satellite in the solar system with a significant nitrogen atmo-
sphere. Its origin, however, is yet a matter of debate. Within this presen-
tation we will present simulations of thermal atmospheric nitrogen escape
at Titan through time and discuss its implications for the origin and evolution
of the atmosphere of Saturn’s biggest moon.

Atmosphere structure and thermal escape:

For the simulation of nitrogen loss at Titan we applied a time-dependent 1-D
hydrodynamic upper atmosphere model that solves the system of the fluid
equations for mass, momentum, and energy conservation (see [1]). An import-
ant input into this model is the evolution of the solar EUV-flux over time which
is strongly depending on the rotational evolution of the Sun [2]. The simulated
total thermal escape of nitrogen from Titan therefore strongly varies in depen-
dence of the initial rotation rate of the Sun, i.e. from ~0.3 (slow rotator) to
~1.1 (moderate) and up to ~11 times the present-day atmospheric mass for a
fast rotator. The main fraction of the thermal escape takes place early in the
solar system at a time whenthe EUV flux of the young Sun was significantly
higher than at present-day. Other escape processes such as sputtering or pho-
tochemical loss of nitrogen are less important during this early phase.

The origin and evolution of the atmosphere:

An insight into the origin and evolution of Titan’s nitrogen atmosphere can
be gained by the isotopic fractionation of 14N/15N which can be signifi-
cantly modified by atmospheric loss, since escape preferentially removes the
lighter isotope from the atmosphere. Cassini measured Titan’s present-day
atmospheric 14N/15N ratio to be at about 168 [3] which is in the range of
cometary ammonia [4, 5]. This might suggest NH3 to be a potential source
of Titan’s nitrogen. If escape, however, modified the 14N/15N ratio over
time, the origin of its atmospheric N2 might be a different one such asthe
solar nebula, chondrites or refractory organics.

Our simulations show that atmospheric escape does not alter14N/15N sig-
nificantly over time. Taking into account fractionation by thermal escape,
sputtering and photochemistry, the original fractionation in Titan’s atmo-
sphere could not have been higher than ~165 for a slow, ~171 for a mod-
erate and ~194 for a fast rotating Sun, indicating that the origin of Titan’s
atmosphere might have been indeed protosolar ammonia which is in agree-
ment with a recent study by Mandt et al. [6]. Moreover, if Titan’s atmosphere
originated endogenically through decomposition of NH3 and subsequent
outgassing as N2 [7], then our study further suggests that either for a moder-
ate to fast rotating young Sun Titan’s atmosphere could not have originated
before ~4.3 billion years ago or the Sun was a slow to moderate rotating
young G-type star.
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Introduction:

In the Earth’s magnetosphere the contribution of the ring current generated
by the magnetospheric plasma is essential only during a magnetic storm,
while in a quiet time this contribution is less or of the order of the other mag-
netospheric current systems field (see [1]). In the case of Jupiter the magne-
tospheric magnetic field is mainly determined by the equatorial current disk
(see [2]), formed by the magnetospheric plasma obtained after ionization of
volcanic eruptions of the lo. In the inner magnetosphere (<20 Rj), the dipole
field prevails, however, the contribution of the disk magnetic field (about
-100 nT) is almost 100 times greater than the contribution of the other global
magnetospheric current systems (see, [3, 4]). In the outer magnetosphere,
the disk field is 2.5-3 times higher than the dipole field of Jupiter [3] and
is of the same order of the magnetopause currents field, which is approx-
imately equal to 1.44 multiplied by the disk field. Therefore, the dynamics
of the external magnetosphere, in particular the magnetic flux in the tail
lobes of the magnetosphere of Jupiter, is determined by the disk parameters.

Magnetospheric dynamics:

The dimensions of the magnetosphere and the projection of its equatorial
plane onto ionospheric heights are mainly determined by the dynamics
of the equatorial current disk. For this reason, many models of the Jupiter’s
magnetosphere are limited to considering only the internal field and the disk
field ([4] and references therein). These models are sufficient for determina-
tion of the field on the surface of Jupiter and for calculation of the position
of auroral spots from the Galilean satellites of Jupiter. If we confine ourselves
to the Ganymede orbit and not interested in the area inside the main polar
oval, we can ignore the other global magnetospheric current systems [5], but
to understand the global magnetospheric dynamics and to forecast the polar
cap aurora dynamics we should take into account the model of the outer
magnetospheric current systems.

Based on the parameters of the equatorial disk obtained in [4] during the first
9 revolutions of Juno, we find the character dimension of the magnetosphere
(the distance to the subsolar point), the magnetic field in the tail lobes, and
magnetic flux in the open field lines bundle. The dynamics of the outer mag-
netosphere is compared with the dynamics of the aurora observed during
the flight of Juno in Jupiter’s magnetosphere.
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The investigation of the dynamical evolution of planetary systems is one of
the important problems of celestial mechanics. The most vital feature of any
planetary system, includingour Solar system, is its stability. From the time
of Laplace and Lagrangeto modern researchers it has been shown that
the Solar system is stable over cosmogonic time scales.But the question about
the stability of arbitrary planetary systems remains open.Any researches
of the dynamical evolution of planetary systems over so long-time intervals
require the using of averaged methods. The essence of any averaged method
is the elimination from the Hamiltonian of the planetary system all terms
corresponding to short-periodic perturbations in planet-planet interactions.
Consequently, it becomes possible to increase the time step of the integra-
tion and sufficiently reduce whole integration time.

After the averaging process, denominators, which are represented by linear
combinations of mean longitudes of the planets, appear in thetermsof the
averaged Hamiltonian of the second order and higher. If the planetary sys-
tem is close to a resonance of mean motions of the planets, some denom-
inators can become small quantities, which lead to the extreme growth
of corresponding terms. Thus classical averaging methods are not applicable
to the resonant or near-resonant planetary systems. In this case for the inves-
tigation of the dynamical evolution of resonant planetary systems, it is nec-
essary to introduce a new resonant variable, which is slowly changing in the
vicinity of the resonance [1]. Usually, it is the linear combination correspond-
ing to the mean motion resonance.

The resonances of mean motions of the planets play an important role in
dynamical evolution both the Solar system and extrasolar planetary systems.
There are two well-known examples. The first is “the great inequality” — the
closeness of mean motions of Jupiter and Saturn to resonance 2:5. The sec-
ond is mean motion resonance 2:3 of Neptune and Pluto, which prevents
both planets from colliding. Moreover, some planetsin extrasolar systems
are, also, in mean motion resonance.Thelong term dynamical evolution of
such resonant planetary systems requires study.

In this work, the resonant averaged semi-analytical motion theory is
constructed up to the second order of planetary masses. The Ham-
iltonian of the planetary problem is written in Jacobi coordinates and
it is expanded into the Poisson series in the small parameter and ele-
ments of the second system of Poincare. The ratio of the sum of plane-
tary masses to the mass of the star plays the role of the small parameter.
The way to introduce additional resonant variable and its canonically con-
jugated oneis shown. After that, theaveragingprocess of the Hamiltoni an
isper formed by Hori—Deprit method [2]. The equations of motion are
constructed up to the second degree of the small parameter and the fifth
degree of eccentric and oblique Poincare elements. The transformations
between osculating and averaged elements are provided by the functions
for the change of variables. All analytical transformations with series are
performed by using of computer algebra system Piranha [3], which is ech-
eloned Poisson series processor.
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This work is a direct continuation of previous research of authors [4]
for the non-resonant case of the planetary problem. The resonant variable
is introduced as the linear combination of mean motions of Jupiter and Saturn,
corresponding to resonance 2:5. Then the constructed equations of motion
for giant-planets of the Solar system areintegrated over time interval 10 billion
years.

In the future, this resonant theory can be applied to the investigation of extra-
solar planetary systems.
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Spin periods of Jupiter, Saturn, Uranus and Neptune are specified by the anal-
ysis of the resonant motion of their large satellites: 0.445(2), 0.448(1),
0.673(9) and 0.561(7) days, respectively. They are near-commensurate with
the period PO = 0.111 days of the cosmic oscillation, discovered first in the
Sun, then in other variable objects of the Universe. The like analysis of spin
rates of the total set of the largest and fastest rotators of the Solar system
(planets, asteroids, satellites) resulted in the best commensurable, or «syn-
chronizing», timescale of 0.111 days, coinciding well with PO too (a probabil-
ity the two timescales could agree by chance, is less than 10-5). True origin
of this odd resonance of our planetary system is unknown, but it is supposed
the phenomenon reflects the PO oscillations of gravity operating within
the Solar system.
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Jupiter is the dominant planet in the Solar System: gathering just by itself 76%
of the total mass of planets and small bodies, it nearly forms a “binary system”
with the Sun. To properly answer our key scientific questions about the Solar Sys-
tem as a whole, and even more generally about Planetary Systems(how do they
form, how do they evolve and give birth to the diversity of their objects and of
their architectures, how do they work, do they harbor habitable worlds and can
we find life there), one must apply these questions to the Jupiter System and find
answers there using the power of in situ planetary exploration. Three of these
key questions should be addressed in priority beyond the horizon of the missions
currently in operation (Juno) or in preparation (JUICE, Europa Clipper):

A-How did the Jupiter System form? One can read answers to this question by
studying the objects that have been left basically unaltered since this forma-
tion occurred, about four billion years ago: Callisto, the outermost of the Gal-
ilean satellites, seems to have been only partly differentiated; its bulk compo-
sition, interior and surface terrains still bears the records of its early eons and
can tell us the story of the formation of the Galilean satellites; the 77 or so
irregular satellites which are wandering, mostly on retrograde orbits, far out
of the region occupied by the Galilean satellites, are likely unique and precious
remnants of the populations of planetesimals which orbited the outer Solar
System, beyond the ice line, at the time of the formation of Jupiter.

Fig. 1. This synthetic picture of the Jupiter System shows that it has to be studied
at different spatial scales, from the large scale (whole solar system) at which one
can encompass the Trojan Asteroids orbiting the L4 and L5 Lagrangian points of the
Sun-Jupiter system, through the intermediate scale of the irregular satellites, to the
Galilean satellites and finally to Jupiter itself. Among the Galilean moons, lo must
focus our attention to better understand how the Jupiter System globally works; Cal-
listo, on the other hand, has likely best preserved the memories of the times of the
formation of the Jupiter system, and should be the priority of a mission to unravel the
mysteries of its Origins.
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B-How does it work? One can best address this question by studying and
understanding the great chain of energy transfer operating today in the Jupi-
ter System: how is gravitational energy from Jupiter transferred to lo’s inte-
rior via tidal heat dissipation to feed its unique volcanic activity? How does
this activity in turn store energy into the lo plasma torus to drive the whole
magnetosphere into motion? How does the interplay between the lo torus
and the solar wind finally dump energy into heating of Jupiter’s upper atmo-
sphere, or release it into the tail and interplanetary space?

China is currently designing an exploration mission that will fly to Jupiter
in the 2030’s. This mission will capitalize on the legacy of previous missions
to Jupiter and to develop unique international collaborations with other mis-
sions in flight (NASA’s Juno mission) or in preparation (ESA’s JUICE and NASA’s
Europa Clipper).

The exciting science goals of this mission, which we will call Gan De, can be
reached thanks to a dual-platform architecture combined with an innovative
design of its instrument suitebased on four standard instrument packages
to be used as elementary bricks for the science operations of its different
flight elements.

Fig. 2. This logical chart of the proposed JEM Science Plan shows the three successive
scales investigated by JEM, from bottom upwards: (1) the global Europa, a complex
system responding to the two main types of Jovian forcing, tidal forcing and magneto-
spheric forcing; (2) the scale of Europa’s potential biosphere (median figure), at which
we will more particularly characterize the ocean and ice sheet and (3) finally the local
scale at which we will perform life detection experiments.

C- Does the Jupiter system bear life? Here the main target for our investiga-
tions is Europa, whose habitability will be studied by NASA’s Europa Clipper
mission. Europa, together with Enceladus, is the best possible destination
to search for and possibly find life in the outer solar system. Strong indica-
tions that Europa may indeed be inhabited come from recent key discoveries:
the Galileo discovery of a sub-surface ocean in contact with a silicate floor that
could be a source of the key chemical species for biomolecules, the many indi-
cations that the icy crust is active and may be partly permeable to the trans-
fer of materials, including elementary forms of life, and the identification
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of candidate thermal and chemical energy sources necessary to drive a met-
abolic activity. To understand how the Europa system works and whether it
may have developed a biosphere under the effect of its proper evolution and
of forcing by the other components of the Jupiter System we need to design
and fly to this Ocean World a multi-scale, multi-platform, interdisciplinary
mission that will perform combined orbiter and lander science investigations.
We will summarize the science and technology strategy of this proposed Joint
Europa Mission (JEM), based on the combination of an astrobiology lander
concept and of an orbital platform which will carry and deliver the lander
to its destination, relay its data back to Earth and will finally perform science
operations on a Europan orbit for about three months. While the orbiter will
perform an in-depth investigation of Europa’s geophysics, ocean and habit-
ability, investigations by the Europa lander will be focused on the search for
bio-signatures in solid and liquid samples.

We will emphasize the key role that international cooperation between
the major space-faring nations should play in implementing this ambitious
program.
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Introduction:

The International Phobos/Deimos Data Working Group (PDDWG) was created
by European Space Agency (ESA), Japanese Aerospace Exploration Agency
(JAXA), National Aeronautics and Space Administration (NASA) and Russian
Space Agency (Roscosmos) personnel and scientists to: 1) derive higher level
datasets to support sample site selection, and proximity and sample collec-
tion operation for the JAXA Martian Moon Exploration (MMX) mission and
evolving ESA. NASA and Roscosmos Phobos/Deimos missions; 2) encourage
existing Mars missions to continue or implement new observations to sup-
port 1); 3) develop searchable data catalogs covering MEX, Viking, Phobos
88, etc. archives to allow the international science community to identify
datasets for their use in deriving datasets for 1); develop PDS4-compliant cat-
alog and derived data standards / recommendations to insure international
operability with evolving GIS tools; and 5) keep the science community and
public informed and involved.

Fig. 1. Phobos surface coverage of 3 ODYSSEY THEMIS IR observation sequences

Fig. 2. Phobos surface temperatures from the 3 ODY THEMIS IR sequences
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An international Advisory Committee and Charter have been created. ESA
MEX and NASA ODY have agreed to continue / make new and unique obser-
vations of the Martian moons. Draft PDS4-compliant catalog and derived
data standards have been completed and the initial validation with the PDS
started. Draft catalog and derived data have been produced for evaluation
and validation. The PDDWG is working through NASA Planetary Science Divi-
sion Small Bodies Advisory Group and presenting at international confer-
ences to involve the science community and public. Initial efforts are concen-
trating on completing the validation of PDS4 compliant catalog and derived
data standards and produce archival catalog and derived registered and map
projected datasets from many thousands of MEX HRSC/SRC/OMEGA, Viking
Orbiter Imaging, Phobos 88 Imaging, new THEMIS IR and VIS Imaging [1],
etc., datasetsfor international archive and distribution.
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Introduction:

Earth’s ocean water and its D/H ratio could be the result of mixing water from
several exogenous and endogenous sources with high and low D/H ratios.
Endogenous water sources could include direct hydrogen adsorption from
nebular gas to magma melts followed by H, reaction with FeO, which could
increase the D/H ratio in the Earth’s oceans by 2—-9 times and water accu-
mulation by particles of the protoplanetary disk before the start of gas dis-
sipation in the inner part of the early Solar System. The exogenous sources
included the migration of bodies from the outer part of the main asteroid
belt and the migration of planetesimalsfrom beyond the orbit of Jupiter. In a
number of papers,the outer asteroid belt was considered as the main source
of water on the Earth. Earlier, we studied the migration of bodies with initial
orbits close to the orbits of known Jupiter family comets (e.g., [1-3]), and
the migration of planetesimals with initial values of semi-major axes of their
orbits from 4.5 to 12 AU [4]. Below we consider the migration of planetesi-
mals from different (from 2.5 to 40 AU) distances from the Sun and the prob-
ability of collisions of such planetesimals with the terrestrial planets and the
Moon.In addition to our previous studies [5] of migration of bodies from dif-
ferent distances from the Sun to the terrestrial planets and the Moon, below
we consider a greater number of calculations. For example, besides initial
eccentricities e_ of planetesimals equaled to 0.3, we also consider e =0.05.

The model and initial data used for calculations:

For our calculations of the migration of planetesimals from different dis-
tances from the Sun to the terrestrial planets and the Moon, we used the
symplectic code from the Swift integration package [6]. The gravitational
influence of 7 planets (from Venus to Neptune) or of 5 planets (from Venus
to Saturn) was taken into account. Initial semi-major axes a_of planetesimals
varied froma_toa_ _ with a number of initial planetesimals with a_ propor-
tional to a ¥2.'In our calculationsa__ =a_ +2.5 AU and a___varied with a step
of 2.5 AU from 2.5 to 40 AU. Initial eccentricities e_of planetesimals equaled
to 0.05 or 0.3. Initial inclinations i equaled to e0/2 rad. The mean eccentric-
ities equaled to 0.3 could be reached due to mutual gravitational influence
of planetesimals during evolution of a disk of planetesimals in the feed-
ing zone of the giant planets [7]. Integration was done until planetesimals
reached 2000 AU from the Sun or collideded with the Sun. Nevertheless,
some calculations with a large value of a_ were stopped after several tens
or hundreds of millions of years), if the probabilities of collisions of planetesi-
mals with the Earth had not changed for some long time, and a small number
of planetesimals was left in the disk. Each calculation was made for 250 initial
planetesimals with different orientations of their initial orbits. Several runs
were made for the same a__ . The orbital elements of migrated planetesimals
were recorded in computer memory with a step of 500 years. Based on these
arrays of the orbital elements, similar to the calculations presented in [1-4],
we calculated the probabilities of collisions of planetesimals with the terres-
trial planets, the Moon, and their embryos.

Delivery of water to the terrestrial planets from beyond the Jupiter’s orbit:
In our calculations [4]with a_ =4.5 AU and a__=12 AU the probability p_ of a
collision of a planets imal during its dynamic ifetimewith the Earth was about
2x10°. For recent calculations, the values ofp, at n,=7are presented in Table 1
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for e =0.05 and e =0.3 at several values of a___(p, is the average value for sev-
eral calculations, each with 250 planete5|ma|'§) Due to several planetesimals
with much hlgher probabilities p than for other planetesimals, two values
of p, (p,=3.8x10*at a_ =7.5 AU and e =0.3, and p,=3x10°ata_ =10 AU and
e, =0.05) in Table 1 are much greater than other values of pEWIth 5<a_ <10
AU. Fora_ <10 AU the values of p.in Table 1 were not less than 2x10°. When

min

considering thousands of planete5|mals with 5<a . <10 AU the average value
of p, may be greater than 2x10° at least by a factor of several. This means
that if most of the total mass of planetesimals in the feeding zone of Jupi-
ter and Saturn was in a large number of relatively small planetesimals, then,
for large embryos of Uranus and Neptune, the values of p_could be greater
than 10°. On average, for the distance from the Sun between 20 and 40 AU,p,
can be about 10®. This area could also play an important role in the mlgrat|on
of ice bodies to the Earth. For n,=5 and e =0.3, ata__equal to 5, 7.5 and
10 AU, the average (for 750 pIaneteS|ma|s3 value of p_was close to 2x10%,
2x10° and 1.2x10%, respectively. For n,=5, the value of | p,(calculated for 750
planetesimals at each value of a_ ) was smaller than that for n =7, but for
different runs with 250 planete5|mals p, could also vary by more t‘han a factor

of 10.
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Table 1. Probabilities p_of a collision of one planetesimal during its dynamical lifetime
with the Earth at n,=7 fp is the mean value for several calculations, each of which was
with 250 planete5|mals)

a,., AU 2.5 5. 7.5 10
e,=0.3 510° | 410 | 3.810° 2:10°
e,=0.05 2102 | 610° 210° 3.10°

a_, AU 15 20 30 40
e,=0.3 110° | 6107 6-107 110°
e,=0.05 1100 | 2:10° 6-107 8-107

The ratio of probabilities of collisions with the Earth and the Moon of plan-
etesimals migrated from beyond the Jupiter’s orbit estimated to be about
16-17. The mass of water in the planetesimalsmigrated from beyond the
orbit of Jupiter collided with the Moon could be not more than 20 times
smaller than that for the Earth. Due to a smaller mass of the Moon, the frac-
tion of the material evaporated and ejected from the Moon at collisions
of planetesimals with the Moon was greater than that at collisions with the
Earth.

For Mars, the ratio of the mass of water in planetesimals delivered from
beyond the orbit of Jupiter to a planet to the mass of the planet was approxi-
mately two to three times greater than that for the Earth. In absolute values,
the mass of water delivered to Mars was 3 to 5 times smaller than the mass
of water delivered to the Earth [4]. The mass of water delivered to Mercury
or Venus, calculated per unit mass of the planet, was a little greater than that
for the Earth. These mass fractions would result in relatively large ancient
oceans on Mars and Venus [8].

Most of the planetesimals from the Jupiter’s feeding zone were ejected
into hyperbolic orbits in a few Myr. Most of collisions with the Earth of bod-
ies initially located in the zone at 5-30 AU from the Sun took place in less
than 20 Myr. This testifies in favor of that the planetesimals from beyond
the Jupiter’s orbit could fall onto the Earth and the Moon in the process
of their growth, and the matter, including water and volatiles, delivered
from beyond the orbit of Jupiter was incorporated into the internal layers
of the Earth and the Moon. The delivery of matter to the Earth and the Moon
from the zone of Uranus and Neptune depended on when these giant plan-
ets acquired large masses and began to move in orbits close to their present
orbits. After the formation of the giant planets, the typical time until the
collisions of the planetesimals with the Earth and the Moon often did not
exceed 20 Myr, but a small fraction of the planetesimals could fall onto the
Earth during hundreds of Myr.
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Conclusions:

The amount of material delivered from beyond the Jupiter’s orbit to the Earth
could exceed the mass of Earth’s oceans. Some fraction (may be 1/3) of this
material was composed of water and volatiles. The total mass of planetsimals
migrated from beyond the Jupiter’s orbit and collided with the Moon was by
a factor of 16 or 17 smaller than that for the Earth. The mass of the material
delivered to a planet to the mass of the planet for Mars was about two times
greater than that for the Earth, and such ratios for Mercury and Venus were a
little greater than that for the Earth. Some material from beyond the Jupiter’s
orbit was delivered to the forming Earth.
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Introduction:

Fragmentation of dust aggregates in the protoplanetary disk through evap-
oration of ice is important to define position of the planetesimals formation
on the snowline. The process involves the ratio of sizes and/or densities
of aggregates before and after evaporation of ice and allows us to determine
whether they would accumulate near by the snowline or move to smaller
radial distances of inner planets formation [1, 2].

The effect of icy dust aggregates structure near the snowline was evaluated
in the earlier studies [3] but how the structure of icy aggregate affects the
parameters of fragments and planetesimals formation was not clarified.
The problem is addressed in this study.

The structure, composition, size, and density of ice containing dust aggre-
gates was constrained using the cometary nucleus data available includ-
ing those of 67P/Churyumov-Gerasimenko comet revealed by the Rosetta
mission [4], as well from several Kuiper Belt objects (see [5] and refer-
ences therein). In particular, a high refractory-to-ice mass ratio inside
the nucleus (6> 3) was derived [5]. The cometary nucleus is composed
of fairly dense pebbles consisting mainly (~ 90%) of silicates, sulphides
and a large fraction of organic matter, and only ~ 10% of water ice [4].
The mass ratio of pebbles is up to ~ 99% and only ~ 1% amounts to fluffy
dust particles. Experiments with collisions of small particles of fractal
structure showed that initially fractal dimension growths resulting in
sticking fractal clusters and then it is replaced by bouncing when aggre-
gate sizes reach ~ 1 cm for stony and at least tenfold larger icy aggregates
(see [4] and references therein). This is confirmed by the results of mod-
eling [8].

Input parameters and method:

With regard to these data, we consider a pebble-sized icy aggregate near
the snowline having various fractal dimension meaning its variable poros-
ity. It was suggested that a spherical aggregate consists of two smaller sets
of spherical particles (pebbles) of different size and density due to their
different composition/origin. One type of particles is assumed to consist
mostly of ice evaporating completely at the snowline, a minor fraction
of refractory grains inside being neglected. The other type of particles are
refractories, which consists mainly of silicates, sulphides and organics while
a minor fraction of water ice inside is ignored. These particles are assumed
to fully preserve when crossing the snowline. In our model we vary size and
density of both types of particles thus simulating the porosity and compo-
sition of the medium. The fractal icy assembly approach and the modified
permeable particle method [9-11] were used. For the both types of parti-
cles a selected size range and the inversed power-law size distribution with
variable exponent was accepted. Following the data available on the peb-
ble sizes achievable in the protoplanetary disc, the aggregate diameter var-
ied in the range from 1 to 10 cm. The smallest diameter of each type parti-
cles inside the aggregate was at least one two-hundredth of the aggregate’s
diameter due to computational limits.
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Results and discussion:

The results of our modeling was obtained for the following set of parameters:
Diameter of the aggregate is 10 cm; fractal dimension is 2.75; diameters of
refractory particles are varied from 0.05 to 0.1 cm; diameters of ice particles
are varied from 0.5 cm to 1 cm, i.e. ten times larger; exponent in the inverse
power-law size distribution is equal to 3.5 (similar to interstellar dust particles
and crater sizes), which yields the average diameters ~ 0.06 cm and 0.6 cm,
respectively; density of refractory particles is taken equal to 1.2 g cm=3; den-
sity of ice particles is assumed to be 0.1 g cm™ corresponding to rather high
porosity ~ 0.9. The total mass of the aggregate was obtained to be 60.1 g, the
masses of refractory and ice components are 54.2 and 5.9 g, respectively;
their ratio is similar to that in the 67P nucleus.

Fig. 1. Left: The dust aggregate with diameter of 10 cm and total number of particles
N = 306336 before evaporation of ice at the snowline. Blue balls are ice particles,
yellow are the chains of refractory particles. Right: The largest refractory fragment
resulting from evaporation of ice; number of particles N1 = 107487, that is 35%
of the total number; the maximum size L=7.7 cm.

Mass of the largest fragment (shown in Fig. 1) is ~ 32% of the total mass
of aggregate before the ice evaporation; size of this fragment is ~ 77 %
of the aggregate diameter. Mass of the second large fragment is 7.5 times
less. In the option with greater ice mass fraction and higher density of ice par-
ticles, similar result of massive large fragments was derived. Such large frag-
ments drift from the snowline with rather high velocity into the inner planet
formation zone [2]. However, in the case of smaller ice particles than refrac-
tory ones our modeling yields very small fragments of only several particles
left. In such a case they will be slow down by the gas drag and accumulate in
the asteroid formation zone.

It is aware that the results of modeling is to be analyzed in the whole range
of the input parameters possible variations, which would allow us to estimate
characteristics of the resulting fragments at the inner side of the snowline.
Another goal is to assess the rate of sticking and aggregation of fragments
at the snowline, jointly with their radial drift and influence of turbulent dif-
fusion in the disk gas. Providing the aggregation of fragments was efficient, it
would drastically affect the radial motion and distribution of dust aggregates
implying significant impact on the formation of planetesimals.

This work was supported by the Russian Foundation for Basic Research (Project
17-02-00507).
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Initial data and the model of calculations:

In previous papers (e.g. [1]) the studies of fractions of planetesimals, ini-
tially located at different distances from the Sun, collided with different
terrestrial planets were based on computer simulations of the evolution of
disks of gravitating bodies combined at their collisions.Recently [2] | used
another approach for estimates of such fractions. | made computer simu-
lations of migration of planetesimals, initially located in a ring, under the
gravitational influence of planets or their embryos. Based on the arrays of
orbital elements of migrated planetesimals, | calculated the probabilities
of collisions of planetesimals with the planets or their embryos. In this inte-
gration, the collisions of planetesimals with planets were not simulated,
but the planetesimals were excluded from integration when they collided
with the Sun, or their distances from the Sun exceeded 2000 AU. In the
series MeN of runs, the migration of planetesimals, originally located in
a relatively narrow ring, is studied under the gravitational influence of all
planets (from Mercury to Neptune). In the series Me S of calculations, |
considered the embryos of the terrestrial planets with masses equal to 0.1
of the present masses, moving in present orbits of the planets, and also
Jupiter and Saturn with their present masses and their present orbits (Ura-
nus and Neptune were excluded). ForseriesMe ,N,masses of the embryos
of the terrestrial planets equaled to 0.3 of the present masses of the plan-
ets, and all giant planets were considered. The influence of gas was not
taken into account. The orbital elements of the migrated planetesimals
were recorded in the computer memory with a step of 500 years. Based
on these arrays, similar to the calculations presented in [3—4], for the con-
sidered time interval T, the probabilities of collisions of planetesimals with
planets and the Moon and with their embryos were calculated.

250 initial planetesimals were consideredin each variant of calculations,.
The semimajor axes a_of the initial orbits of the planetesimals changed
froma_ _ toa  +d AU, and the number of planetesimals with a_ was
proportional to a /2. The values of a__ varied with a step of 0.2 AU *from
0.3 to 1.5 AU for dlfferent runs. d_ =0'5 AU for a__=1.5 AU. For all other
runs d_=0.2 AU. In some variants of the MeN ca["culatlons initial eccen-
tricities e_ of orbits equaled to 0.05, and in other runs they were 0.3.
For Me, Sand Me ,Ncalculations | con5|dered only e =0.05. The initial
|ncI|nat|ons i, were equal to e /2 rad. The probabilities of collisions of
planete5|mals during considered time interval T (equaled to 1, 2, 5,10,
20 or 50Myr) with the Earth, Venus, Mars, Mercury, Jupiter, Saturn, the
Moon and the Sun are denoted by p., Pys Py Puer Py Py P,@andp,, , respec-
tively. The probabilities of collisions of planetesimals with embryos of the
Earth, Venus, Mars, Mercury, and Moon with masses equal to 0.1 of their
present masses are denoted by p_ ., Pyyy Puyaorr P  respec-
tively. The tables with the values of the above pro Nloabllltles {or different
calculations were presented in [2]. The considered model doesn’t take
into account the mutual gravitational influence of planetesimals, which
increased their eccentricities and mixing of planetesimals in the zone of
the terrestrial planets.
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Probabilities of collisions of planetesimals with forming terrestrial planets:
For Me_,S runs, at each considered ring, planetesimals collided mainly only
with one embryo, and probabilities of collisions of planetesimals with other
embryos were zero or were much smaller than those for that embryo. So
inner layers of a terrestrial planet were formed by accumulation mainly
of material from the neighbourhood of the planetary orbit. It was shown
that Venus and the Earth, starting from 0.1 of their masses, could accumu-
late most of the planetesimals from the zone at 0.7-1.1 AU in less than 5
Myr, and Venus could accumulate most of the planetesimals from the zone
at 0.5-0.7 AU in not more than 10 Myr. The embryos of the Earth and Venus
grew faster than the embryos of Mercury and Mars. For Me_,S runs and
the zone at 0.3-0.5 AU, p, ., equaled to 0.03 at T=5 Myr. For the total mass
M, of planetesimals in the zone equaled to 0.1m_ (wherem, is the Earth’s
mass),M,p, ,=0.03m_ is about a half of the mass of Mercury (0.055m,).
Therefore, Mercury could accumulate a considerable fraction of its mass
from neighbourhood of its orbit.For Me S runs and the zone at 1.3-1.5 AU,
Pyao; €Gualed to 0.011 and 0.035 at T equaled to 5 and 20 Myr, respectively.
For the total mass of planetesimals in the zone M, =0.2m.and p,, = equaled
to 0.011 and 0.035, we have M, p,, -~ =0.02m_and M p, .=0.07m, respec-
tively. For Me_ S runs and the zone at 1.5-2.0 AU, p,,_equaled to 0.0075
and 0.032 at T equaled to 5 and 20 Myr, respectively. So compared to other
terrestrial planets, Mars (with its present mass of 0.107m_) could acquire a
smaller fraction of its mass during the considered 5 Myr. However, at T=20
Myr and the mass of material in the zone at 1.3-2.0 AU greater than 0.3m,,
Mars could acquire most of its mass from this zone.

Probabilities of collisions of planetesimals with the terrestrial planets:
Analysis of Me N runs showed that probabilities of collisions of the planetes-
imals, originally located at distances from 0.7 to 0.9 AU from the Sun, with the
embryos of the Earth and Venus with masses equal to 0.3 from the masses
of the present planets, differed for these embryos by no more than a factor
of 2. The estimates based on MeN calculations correspond to the last stages
of the formation of the planets. The ratio p /p, of the probabilities of colli-
sions of planetesimals with Venus and the Earth was in the range from 0.5 to
1.9 fora__ inthe range from 0.7 to 1.1 AU. For a__ =1.3 AU, the ratio was
also close to this interval (0.5, 1.9), e.g., at T=5 Myr it was 0.48 and 0.38 for
e, =0.05 and e _=0.3, respectively (p,/p,=0.78 at T=20 Myr and e =0.3). There-
fore, the amounts of material from different parts of the zone from 0.7 to 1.5
AU from the Sun, which entered into almost formed the Earth and Venus, dif-
fered, probably, by no more than a factor of 2. For initial planetesimals with
a,<0.7 AU, the fraction of planetesimals that fell onto Venus was at least sev-
eral times higher than the fraction of planetesimals that fell onto the Earth.
The ratio p,, /p, exceeded 0.1 in the majority of calculations fora_ . >1.1 AU,
and fora__ <0.9 AU in two calculations it reached 0.045 and 0.087/. The pMe/
p,ratiowas closeto 100ata__ =0.3AU,andp , =0.5fora__ =0.3 AU, e =0.05,
and T=5 Myr. In other variants, pMe/pE was significantly smaller, although it
reached 0.07 for a__ =0.7 AU, e =0.3 and T=20 Myr. The results of the MeN
calculations testify in favor of the accumulation by almost formed terrestrial
planets and the Moon of the matter originally located near other planets.
In some runs with a__ equaled to 0.3, 1.1, 1.3, and 1.5 AU, more than 10%
of planets imals could fall onto the Sun. The ejection of matter into hyper-
bolic orbits and the probabilities of collisions of planetesimals with the giant
planets were insignificant.

The Earth and Venus could acquire more than a half of their mass in 5 million
years. The ejection of the matter at collisions of planetesimals with planets,
that was not taken into account in the considered model, can increase the
time of accumulation of the planets. At a small mass of the Mars’s embryo,
the embryo grew slowly. The formation of a Mars’s embryo with a mass that
was several times smaller than that of Mars, as a result of the compression
of a rarefied condensation, can explain the relatively rapid growth (not more
than 10 Myr; such estimates were based on the Martian mantle Hf/W ratio)
of the main mass of Mars. We can also suppose [2] the formation of Mercu-
ry’s embryo with a mass of 0.02 of the Earth’s mass by similar compression.
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The features of the formation of the terrestrial planets can be explained with
a relatively smooth decrease of the semi-major axis of Jupiter caused by its
ejection of planetesimals into hyperbolic orbits, without considering Jupiter’s
migration to Mars’s orbit and back (the Grand Tack model) and without sharp
changes in orbits of the giant planets for the Nice model.

Probabilities of collisions of planetesimals with the Moon:

At the ratio of the masses of the embryos of the Earth and the Moon equaled
to 81 (the ratio of the masses of the Earth and the Moon), the ratio of proba-
bilities of planetesimals collided with the embryos of the Earth and the Moon
in the considered calculations did not exceed 54 and was maximum at the
masses of embryos about three times smaller than the present masses of the
Earth and the Moon. The ratio of the total mass of the planetesimals that fell
onto the Earth to the mass of the planetesimals that fell onto the Moon, in the
considered MeN variants of calculations ranged from 16.9 (fora _ =1.1 AU
and e =0.3) to 35.6 (fora__ =0.9 AU and e_=0.05).

Conclusions:

The embryos of the terrestrial planets with masses which were not more than
0.1 of masses of the planets accumulated mainly material from neighbour-
hoods of their orbits. The amount of material from different parts of the zone
from 0.7 to 1.5 AU from the Sun, which collided with almost formed the Earth
and Venus, differed for these planets, probably, by no more than a factor
of two. Inner layers of each terrestrial planet could be accumulated mainly
from planetesimals from the neighbourhood of the orbit of this planet. The
outer layers of the Earth and Venus could accumulate similar planetesimals
from different regions of the feeding zone of the terrestrial planets.At the
ratio of the masses of the embryos of the Earth and the Moon equaled to 81
(the ratio of the masses of the Earth and the Moon), the ratio of probabili-
ties of planetesimals collided with the embryos of the Earth and the Moon
in the considered calculations did not exceed 54.
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Lidov-Kozai cycles — long-term periodic synchronous variations of an object’s
eccentricity e, inclination i, and argument of periapsisw — are a key concept
for describing secular evolutionof the orbit. They are also instrumental in
understanding dynamical structure of planetary systems as well as debris
disks and belts.

We study seculardynamics of Kuiper belt objects (KBOs) in mean motion res-
onance (MMR) within restricted three-body problem (R3BP). For a “Sun-plan-
et-KBO”system MMR (p+q):pcan be defined as an orbital configuration in which
the KBO completes p+q rotations around the Sun in the same time the planet
completes p rotations (p and q are integer numbers). Special attention is paid
to theexterior first order MMRs (g=-1).In Kuiper belt these resonances are rep-
resented by large populations such as twotinos and plutinos, which are the
objects in 1:2 (p=2) and 2:3 (p=3) MMRs with Neptune, respectively.

Fig. 1. Secular evolution of twotinos: model(left) vs numerical simulation of the entire
solar system (right). Objects 1997SZ, and 1998SM,  are in Lidov-Kozai resonances
with w librating about the values that are neither 0°, §O°, 180°, nor 270°.

A key feature that distinguishes our model from the prior art, is itsapplicabil-
ity to orbits with arbitrary values of eccentricity and inclination. It became
possible owing to a combination of the approach developed by Wisdom [1]
with semi-analytical methods based on numerical averaging of disturbing
function. Thus, the complete survey of secular dynamics in first-order MMR
within R3BP is carried out, revealing a broad variety of Lidov-Kozai cycles.
Many specific cases of secular evolutionare illustrated by examples from
dynamics of actualKBOs (Fig. 1). Some of the described Lidov-Kozai cycles are
well-known and exist outside of MMR as well [2, 3], some were previously
encountered only in numerical simulations involving fictitious particles [4],
while some appear to be new and unique (Fig. 1) and are not replicated by
low-order models of the resonance [5].

Furthermore, our model allows revising the results of [6] and discussing
the role of giant planets (other than Neptune) in secular dynamics of reso-
nant KBOs.
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Introduction:

Pinnacles, which are local promontories of various shapes including spires with
pointed tops, are known in several geologic environments on Earth [e.g., 1].
They mostly represent erosional remnants created by a loss of material sur-
rounding spots of the more-erosion-resistant material. On comet nuclei they
were first briefly described on the nucleus of comet Wild 2 [2] and then dis-
cussed along with other surface features by [3] and [4]. In the case of comet
nuclei, the pinnacle-forming erosion is most probably sublimational loss of sur-
face material to coma and further to open space. Such mechanism of pinna-
cle formation suggests that their maximum heights on the nucleus represent
a measure of minimum depth of the surface erosion and their number and
sizes provide information on degree of inhomogeneity of the nucleus material.
On the nucleus of comet 67P/Churyumov-Gerasimenko, pinnacles (Figure 1)
were first identified and described in its northern part by [5]. The current paper
briefly discuss progress in studying of the 67P pinnacles achieved through
the comprehensive analysis of the OSIRIS camera [6] images and high-resolu-
tion shape model SHAP7 [7] of the total nucleus surface.

Analysis of pinnacles on the surface of 67P

Inhomogeneity of a nucleus structure can be observed on different size levels.
The highest level of inner inhomogeneity forms are regional ridges and depres-
sions. These ridges have about a hundred meters in width and a few hundreds
of meters length. Lower level of the material inhomogeneity can be observed
in the surface structure of individual boulders and finer. In the current work,
medium size of inhomogeneity (pinnacles) is considered (fig.1).

Fig. 1. Fragment of OSIRIS NAC image (left) and image with superposed color-coded
values of the slope steepness (90°—vertical, 0° — horizontal) (right) with pinnacle
Anuket-1 in the Anuket region (OSIRIS image N20160127T7232331219ID30F41).

Using the mentioned high-resolution data, 166 pinnacles were identified
on the surface of the nucleus. For these pinnacles, morphometric measure-
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ments were made — one of them is measuring of the interval in the base
of pinnacle in smaller (d) and bigger (D) planimetric directions. The pinna-
cles were divided into two types: 1) those with rounded planimetric shape
(d/D>0.7) and 2) local ridges (d/D <0.7). 54 rounded pinnacles with heights
from 10 to 93 meters, with mean ratio of high (h) to smaller axes (d) ~0.4 and
112 ridges with heights from 9 to 137 meters with mean dependence of h/d
~0.6, were observed (fig.2).

In lateral views, pinnacles are typically asymmetric and have both gentle and
steep slopes with the average slopes’ angle to be ~60°. Pinnacles typically
deviate from plumb line suggesting that their shapes almost do not con-
trolled by gravitational forces. Inclination of pinnacles from plumb line is
sufficiently high. Mean deviation from the plumb line is ~34° with standard
deviation +20° (+10) and statistical dispersion near 90°.

Fig. 2. Global map of the pinnacle distribution with separation them in the rounded
ones (violet) and local ridges (orange).

Analysis of the OSIRIS images of the 67P nucleus shows that pinnacles repre-
sent outcrops of consolidated material with knobby texture, similar to con-
solidated material outside of pinnacles. In the south hemisphere of the 67P
nucleus at the base of pinnacles’ boulders were observed. Frequently,
in the northern regions, pinnacles are usually surrounded by both smooth
material and boulders. It is assumed that boulders around pinnacles are frag-
ments of pinnacle material.

The observed heights of pinnacles vary on regional scale, which makes it pos-
sible to estimate a minimum thickness of lost material in different regions.
The average height of 10 highest pinnacles were calculated for regions mainly
with solid material (generally in south hemisphere) was found to be 80+8 m
thickness and, for regions with smooth material, (generally in northern hemi-
sphere) -98+13 m. So, estimates of minimum thickness of the erosionally
lost material in the nucleus south and north are practically the same. Using
a thickness of lost material, a time period needed for these processes can
be calculated.

Acknowledgment:

KSS supported by DeutscherAkademischerAustauschdienst. Work of KSS and BAT was
partly supported by grant 0137-2018-0038, Program |.28 by Presidium of Russian
Academy of Sciences. Yu.S. thanksthe Deutsche Forschungsgemeinschaft (DFG) for
support undergrant SK 264/2-1.

References

[1] Migon P. Rock and earth pinnacle and pillar. // Encyclopedia of Geomorphology
Routledge, A.S. Goudie, ed., Taylor and Francis Group. 2004. 876.

[2] Brownlee D.E., Horz F., Newburn R.L., Zolensky M., Duxbury T.C., Sandford S.,
Sekanina Z., Tsou P., Hanner M.S., Clark B.C., Green S.F., Kissel J. Surface of young
Jupiter family comet 81 P/wild 2: view from the Stardust spacecraft // Sci-
ence.2004. 304 (5678), 1764-1769.

[3] Basilevsky A.T. and Keller H.U. 2006. Comet nuclei: morphology and implied pro-
cesses of surface modification. Planet. Space Sci. 54 (8), 808-829.



10MS3- SB-06 THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

(4]
(5]

(6]
(7]

Cheng A.F,, Lisse C.M., A’'Hearn M., 2013. Surface geomorphology of Jupiter
family comets: a geologic process perspective. Icarus 222, 808—-817.

Basilevsky A.T., Krasilnikov S.S., Mall U., Hviid S.F.S., Skorov Yu.V., Keller H.U.
2017. Pinnacles on the 67P comet nucleus: Evidence for large scale erosion and
hierarchical agglomeration of the nucleus. Planet. Space Sci. 140. 80-85.

Keller, H.U., Barbieri, C., Lamy, P, et al., 2007. OSIRIS — The Scientific Camera
System Onboard Rosetta. Space Sci. Rev. 128, 433

Preusker F., Scholten F. et al. 2017. The global meter-level shape model of comet
67P/ Churyumov-Gerasimenko. A&A 607, L1. 5.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3- SB-07

ASSESSMENT OF THE POSSIBILITY
OF ICE PRESENCE ON 101955 BENNU

V.V. Busarey, E.A. Feoktistova

Lomonosov Moscow State University, Sternberg Astronomical
Institute, University Av., 13, Moscow, 119992, Russian Federation
busarev@sai.msu.ru, Hrulis@yandex.ru

Keywords:
NEAs, dust activity, ice sublimation, thermal modeling, Bennu thermal evo-
lution.

Introduction:

101955 Bennu is one of the near-Earth asteroids (NEAs) of taxonomic type B
with the most primitive mineralogy, similar to Cl and CM carbonaceous chon-
drites with a predominance of hydrated compounds [1]. Using the OSIRIS-
REx spacecraft studying the asteroid at the present time, it was first discov-
ered dust activity of Bennu [2]. This process is explained by the formation
of ice dust particles during cracking and drying of hydrosilicates, which make
up a significant proportion of Bennu'’s substance, during stay of the asteroid
at elevated subsolar temperatures [3].

Problem formulation and results:

As follows from the experiments, the heating of CI-CM carbonaceous chon-
drites to temperatures of ~ 1000° C leads to the release of up to 30 wt. %
bound water [4]. At the same time, estimates show that although the tem-
perature increase on the surface of Bennu near perihelion (the eccentricity
of its orbit e = 0.203745) can reach several hundred degrees, at the depth
of only a few centimeters, the temperature decreases by 100 degrees [5].
Therefore, another mechanism of dust activity of such primitive asteroids
deserves attention - sublimation of ice (mainly H20), located in the near-sur-
face or deeper layers of such bodies, where the “heat wave” reaches when
the temperature on the surface increases. A similar variant of the activity
of primitive-type NEAs was considered by us on the example of the asteroid
162173 Ryugu, which has a taxonomic type close to Bennu, using an analyti-
cal model based on the assumption of the presence of water ice in interiors of
the body (at least at the beginning of its stay in the near-Earth space) [6]. Aim
of the work is a computer simulation of the temperature regime of Bennu
and searching areas where the presence of water ice is possible under its
surface.

Assumptions and modeling.

To calculate the temperature distribution on Bennu and into its interiors,
we used a model obtained from observations of the asteroid using ground-
based radar at a wavelength of 12.6 cm (band S), which includes 49152
surface elements [7, 8]. Variations in near-surface properties and rego-
lith structure of asteroids are currently not well determined and radar is
a useful tool for investigations of NEAs [9]. Given the low average density
of the asteroid [10], as well as its belonging to the low-temperature type B,
we assumed that its composition is a mixture of silicates, hydrosilicates and
water ice. We also assumed that the asteroid is covered by a layer of regolith,
the thickness of which is minimal at the poles (~1 m) and increases linearly
to the equator, reaching 4 m. According to our model, the shares of different
compounds in the depths of the asteroid are: water ice — 15%, and hydro-
silicates and silicates — 45 and 40%, respectively. Porosity of the upper layer
of regolith (within 0—0.5 of its total thickness), consisting mainly of smaller
and more packed particles, was assumed to be 0.35, and of the lower layer,
presumably consisting of larger blocks, — to be 0.54. The average density
of denser high-temperature minerals and oxides (olivines, pyroxenes, magne-
tite, etc.) and of low-temperature hydrosilicates and hydroxides we adopted
equal to 3.5 g/cm?® and 2.4 g/cm?, respectively, where the last value is close
to the density of carbonaceous chondrites of Cl-group [11]. Thus, density
of the upper layer of regolith according to our model was 1.638 g/cm?3,



10MS3- SB-07 THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

the density of the lower regolith layer — 1.170 g/cm?3, and the average den-
sity of Bennu turned out to be 1.190 g/cm3, which is in good agreement with
an estimate from [10].

The temperature regime of the asteroid is determined by the solution
of the heat equation

dr d dT
c(T)p(z)—=—] k(z,T)— | O<z<lL 1
(Mo(e) 5= 2 Kz w
with appropriate boundary and initial conditions:
dT
k(z,T)—| =eoTy —(1-a)Fy(M)
dz z=0
k(z,T)d—T =0
z z=L

where z is the depth in m, c(T) is the heat capacity of the considered asteroid
soil layer, for which we used the expression from [12], k(z,T) is the coeffi-
cient of thermal conductivity of the soil, p(z) is the density of the soil sub-
stance; T, is the initial temperature distribution in the soil; L is the pene-
tration depth of the heat wave; F (M) is the flux of radiation from the Sun
falling on a given area of the sur?ace, M is the true anomaly determining
the position of the asteroid in orbit, € is the radiation coefficient (in this work
itis assumed to be 0.95 similar to the coefficient for the Moon and Mercury),
p, is the average Bennu’s surface albedo to be equal to 0.044 [13]; o is the
Stefan-Boltzmann constant. The heat flux from the interior of the asteroid is
assumed to be 0. The heat equation (1) was solved for each of the mentioned
49152 surface elements.

Fig. 1. The temperatures below the limit of the diurnal oscillations on Bennu after
10,000 years of its stay in the near-Earth space.

Figure 1 shows the temperatures below the penetration depth of the diurnal
temperature oscillation. Using these results, we investigated the possibility
of water ice existence in the composition of Bennu. The duration of the exis-
tence of volatile compounds deposits (in this case, water ice) is determined
by the rate of their sublimation [12]:

F= aP (2)

\27kTp

where a is the condensation coefficient, k is the Boltzmann constant, P is the
pressure of saturated water vapor, T is the temperature, p is the mass of H,0
molecule. According to our calculations, in the area of the asteroid poles
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there are small areas (with a total area of about 300 m2) in which water ice
can exist on the surface of the asteroid for a long time. In addition, we inves-
tigated the possibility of existence of water ice in the body of Bennu under
a layer of “dry” (i.e., not containing volatile compounds) regolith. To do this,
we modeled the regolith consisting of two layers: the upper layer was a soil
without water ice and the lower one was taken consisting of a mixture of
water ice (15%) and dry regolith (85%). Different thermophysical parameters
of the lower layer, such as density, thermal conductivity and heat capacity
of the mixture were calculated as

N:Nregolith v+ Nwarer (1-v) (3)

where N, — a parameter of water ice, N — a parameter of regolith,
i water N regolith, .
vy — a share of regolith, (1-y) — a share of water ice in the matter.

The change in the proportion of volatile compounds (in this case water)
in the soil is characterized by the flow of the particles through the soil layer
to the surface. For a soil layer of Az thickness, this value is defined as [12]

IE
J=2= (4)
2Az
where | is the size of the soil granules, Az is the thickness of the soil layer, E
is the evaporation rate of volatile compounds.

Fig. 2. Areas where water ice can be stable against evaporation up to the center of
Bennu for 10,000 years.

Conclusions:

According to the results obtained by solving one-dimensional equation (1)
(in the vertical direction), the existence of water ice on Bennu is impossible
atany depthin the near-equatorial zone (¢ < + 45°) after its revolution around
the Sun in the near-Earth space. For 10,000 years of the asteroid movement
in the present orbit, water ice is possible only in the area closer to the poles
(b = £ 45°) (Fig.2).

However, in this paper we neglected the lateral energy transfer between
adjacent elements of the asteroid. But the presence of water ice in the rego-
lith significantly affects the thermophysical parameters of the soil. In par-
ticular, the thermal conductivity of the soil significantly increases, and for
correct calculation of the temperature distribution in the asteroid, it is nec-
essary to take into account the horizontal heat transfer. Perhaps this will
explain the activity of the asteroid near the aphelion of its orbit (it was
just the case considered by us previously for asteroid 162173 Ryugu [6]).
This will be the subject of our further investigations.
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Comets are among the most primitive bodies of our solar system. Follow-
ing classical dynamical scenarios, comets were formed during the early
stages of the solar system, 4.5 billion years ago, and have since been stored
far from the Sun in a very cold environment. Thus, they hold clues to con-
strain the formation and evolution of our solar system, including insights on
prebiotic molecular chemistry and the origin of life on Earth. Composed of
minerals, organics, and ices (mainly H,0, CO,, and CO ice) comets become
active, when approaching the Sun: ices sublimate and comets erode by losing
gas and dust, forming their well-known and characteristic coma and tail that
can extend over millions of kilometers. Cometary activity has been observed
since the Antiquity, but only understood as resulting from ice sublimation
in the 50’s (Whipple’s model). While this overall picture is still valid today,
the details are far from being understood and we still do not have a compre-
hensive view of cometary activity.

Our physical understanding of cometary activity really started in the 50’s
with the comet nucleus model of the “dirty snowball” developed by Whip-
ple, which demonstrated the key role of water ice sublimation. Following this
initial model, progress has been made using different methods: i) Observa-
tions of comae with Earthbased telescopes, with a breakthrough in cometary
composition, ii) Theoretical numerical models, iii) Laboratory experiments,
mainly since the early90’s starting with the KOSI experiments, and, finally,
iv) In-situ observations of comae and nuclei by dedicated space missions;
six comets have been visited by spacecraft since the 80’s, which cumulated
with the two year continuous observation of comet 67P by Rosetta in 2014-
2016. From all these remote or in-situ observations, laboratory experiments
and theoretical models, emerges a picture of activity driven by ices, which
sublimate when the comet approaches the Sun, dragging dust in the coma
as Whipple had envisaged but with many questions still remaining concern-
ing the details..

Looking at the numerous and fundamental discoveries made in space,
there remains a lag in the theoretical field in some areas: our understand-
ing of the microphysical processes responsible for the transfer of energy
and mass in the cometary nucleus (which determine cometary activity) has
hardly improved significantly. We still do not understand the most basic (fun-
damental) things: 1) we cannot explain how the activity changes depending
on the heliocentric distance; 2) we do not understand what serves as a driver
of dust activity (how dust is released). These two questions set the boundar-
ies of the problem: we need new models applicable for the analysis of both
macro- and microscopic problems.

Since the beginning of the Rosetta mission, it was clear that theoretical
models claiming to describe cometary activity should explicitly take into
account the fact that volatile sublimation does not occur from the surface
of the nucleus, but from under a porous dusty crust. Such model was first
proposed by [3] and later applied in [2, 4, 5]. In these thermophysical mod-
els, the explicit two-layer model of the near-surface region was applied with
varying degrees of rigor. The authors focused on various specific features
of the transfer processes (weakening of the efficiency of sublimation, radia-
tive heat transfer, porosity and bulk ice/dust ratio). However, in all published
theoretical models, without exception, it was assumed that the properties
remain unchanged both with a change in the heliocentric distance and for dif-
ferent regions of the nuclear surface. This used basic model assumption can
be called an assumption of a static dust layer. Here it is important to explain
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one nontrivial detail: the concept of static does not mean that the layer
does not change, quite the opposite, in these models it is assumed implicitly
that the dust particles on the upper boundary of the layer are constantly car-
ried away by the gas flow, and this ablation is exactly offset by the addition
of new particles on the lower boundary of the layer (so we have at the same
time a fixed layer thickness and non-zero dust production).

It seems obvious that this assumption is artificial and non-physical. However,
today we do not have more adequate models. It is not surprising, there-
fore, that none of the models mentioned can explain two very important
observable effects: an accelerated increase in gas production near perihe-
lion and a shift in maximum gas production. At the same time, it was shown
in [1, 4] that these effects are well explained by the hypothesis of variabil-
ity in activity. Unfortunately, in the proposed form, this hypothesis is essen-
tially just a model parametrization. It does not contain a consistent micro-
physical model describing the observed changes (this task was not posed
by the authors). Nevertheless, it gives us important clues about what micro-
physical processes should be included in future models. We can expect that
the changeable activity may be due to the activation of previously inactive
(or weakly active) areas. The main question arises: How can we significantly
increase activity in a microphysical model built on first principles?

We will present the recent results of modeling heat transfer in a cometary
nucleus at different spatial scales: micro, meso and macro. Problems aris-
ing from the use of simplifying assumptions about the constant structure
of the dust layer will be analyzed.
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Introduction:

It was assumed that barrage of comets and asteroids produced many young
lunar basins (craters over 300 km in diameter) during an impact spike
at ~ 3.7 Ga (Late Heavy Bombardment, LHB). Many authors assume the LHB
ended about 3.7 to 3.8 billion years (Gyr) ago with the formation of Orien-
tale basin, but recent analysis of the possible 40 Ar diffusion in Apollo sam-
ples make this assumption questionable [1]. Evidence for LHB sized blasts
on Earth extend into the Archaean and early Proterozoic eons, in the form
of global ejecta layers of impact spherule beds. At least seven spherule beds,
formed between 3.23 and 3.47 Gyr ago, have been found, four between
2.49 and 2.63 Gyr ago, and one between 1.7 and 2.1 Gyr ago [SM]. Recently,
in the geological time scale, late Eocene impact clusters were formed: the Mt
Ashmore structural dome at Timor sea (D ~ 90 km, 35.4 + 0.1 Ma), Popigai
in East Siberia (D ~ 100 km, 35.7 + 0.2 Ma) and the Chesapeake Bay in North
America (D ~ 85 km, 35.3 + 0.1 Ma). The formation event could have been
a rupture of a huge asteroid with a size of 30-40 km into pieces under 10 km.

New data on the east Antarctic gravity field from the Gravity Recovery and Cli-
mate Experiment (GRACE) mission revealed a prominent positive free-air
gravity anomaly over ca. 500 km diameter subglacial basin centered on (70¢S,
1209E) in north central Wilkes Land [2]. The inferred impact crater is nearly
three times the size of the Chicxulub crater (D~ 180 km, 65 + 0.2 Ma) and pre-
sumably formed at the beginning of the greatest extinction of life on Earth at
ca. 260 Ma. The Siberian Traps were antipodal to it. Potential sources of such
uninvited guests are near-Earth asteroids families — Apollons, Atons, etc.
Theirs debris regularly cross the Earth’s orbit and, once in a hundred years,
the fall of a body with size ~ 10 m occurs. The probability of significantly
larger falling fragments, at a size of ~ 1 km, is much smaller, with a recurrence
of a few million years. Nevertheless, disastrous consequences for the entire
Earth’s biosphere makes detailed studies of their strength and rate of decay
under the action of tidal forces an active subject

Failure model:

Fig. 1. Meteorite Chelyabinsk’ LL5 fragment: a) pristine ordinary chondrite; b) impact
melt. Breccias size ~ 35x25x15 cm, mass ~ 4 kg, mean density ~ 3.2 g/cm?.
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At present, the geological composition of small bodies of the Solar system
is better known from a number of spacecraft missions to asteroids and com-
ets (Hayabusa, NEAR-Shoemaker, Rosetta etc.). They are mainly consolidated
bodies, made of rocks, metal compounds and ice, with dramatic surface
structures full of large craters and/or system of cracks which should dis-
appear in the case of full fragmentation and subsequent re-accumulation.
A detailed study of the meteorite Chelyabinsk (LL5 S3 WO ordinary chondrite,
fall 15 February, 2013) revealed that its parent body’s composition was brec-
cias of pristine chondrite material and crystallized impact melts with hard
coupling with each other. One of its main rest’ fragment is shown on Fig. 1
and thoroughly done measurements provided the mechanical strength
of underlying surface rocks [3].

Apparently, melting and subsequent solidification are common processes fol-
lowing shock wave propagation on asteroids and comets after impact events.
Therefore, to consider small bodies’ failure states of stress, we need a failure
model, as used in rock mechanics.

The Grady & Kipp [4] dynamic fragmentation model treats the fracturing
material as if it were a continuum. The average effect of many individual frac-
turesis incorporated into a scalar parameter called damage, D. The parameter
D is defined such that D = 0 corresponds to intact, undamaged rock, and D=1
means the material is completely fragmented and unable to transmit tensile
stress — i.e. the body is a collection of separate fragments. In this model,
the yield strength, Y, is given by

Y=(1-D)-Y, +D-Y,, (1)

where Y, and Y, are the yield strengths of intact and shock-damaged rock,
respectlvely The yield strength Y is well established and is known as the Cou-
lomb friction law,

Yd - Ycoh + Maam - P, (2)

where Y_,, W, and P are the cohesion, internal friction and pressure,
respectwe’ly The Y, is limited by the von Mises plastic limit, which is typlcaIIy

1-5 GPa under strong compression. The maximum value of p__~ 0.6 is typi-
cal for rocky granular media.

Recent observations have indicated that rubble pile asteroids (D = 1) may
have a small, but finite, level of tensile strength allowing them to have rota-
tion rates above their spin deformation limit [5]. Estimation of maximum
possible tensile strength provides only value ~ 10 KPa. Popova et al. [PO]
assembled data on 13 cases of meteoritic falls and estimated the bulk
strength of the objects corresponding to their earliest observed fragmen-
tation in the high atmosphere. In all 13 cases, the strengths were much
less than the compressive or tensile strength reported for that class
of stony meteorites. Bulk compressive strengths upon atmospheric entry
of these bodies were shown to be very low: 0.1 — 1 MPa on first breakups
and 1 - 10 MPa on final breakups.

From the [6] we can see that pre-entry, 10-100 meter scale interplane-
tary meteoroids are typically highly fractured (0.5 < D < 0.8) and can break
up under tensile stresses of 0.03 + 1 MPa. The exception is the fall (Septem-
ber 15, 2007) of the Carancas stony meteorite at Peru which caused the for-
mation of a 13 m wide impact crater. It was classified as an ordinary chon-
drite H4-5 with an estimated initial size ~ 0.9 + 1.7 m, a compressive strength
~ 20 + 40 MPa and a tensile strength ~ 1.2 + 2.4 MPa, depending of the trajec-
tory. So, the Carancas meteorite is a rare example of a monolithic meteoroid
that was almost free of internal cracks (0 < D < 0.2).

Results:

One of the most important questions in this context is at what distance
from a large planet such a body may split, and how this distance depends
on the physical properties of the body. This has been under debate ever since
Edouard Roche, calculating his famous expression for the splitting distance,
D, as



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3- SB-09

. 1
3 3
D=2.45-[p—"J Ryord=—| 20| p45 (3)
pO Rp pp

where R, and p,are the radius and density of the planet, and p  is the density
of the small body Roche used a homogeneous, self-gravitating liquid satellite
on a circular orbit around a solid planet, no reference to any other property
of the body than its density.

Let us consider the stability of a rotating prolate body during a close encoun-
ter with Earth, in a general scaling form. As we know from the detailed anal-
ysis [7], the tensile (positive) stress, oxx, appears first on the surface equator
at the point x =z =0, y = ¢, for some distance Dc (“down” case). The parame-
ter Dc could be defined as

1 l
— |- T(k,t)+3-| <= [-R(k,t)—
GE;)(D,V,E): s (63j (fot)+ [IQJ (fit) ) 4)

Z(k,t)
-6-(f,(e) A (k,t)+ f,(8)- R (k.t))
1-v 2 c . . .
where k(V)= Yy t=1-¢ =—, Vis the Poisson’ ratio, as usual

— Q

(see [SV] for details abéut functions
the condition !¢ (D v,€)=0:

(kt), etc.). Therefore, 6_is defined by

; T(k,t)
(Sc) = /
3'{2-<ﬁ<s>a<k,t>+fz(s)fz(k'f))‘[f"]'”k’”} ,

This scaling form, connecting the dimensionless variables & = [po J and
Pp
/
== =Po ' Py = T__, allows to analyze the critical distance for any pos-
ly Po 7" G.T?

sible combination of physical parameters of asteroid and planet. For a sphere
€=0, 6_takes the simplest form

(3.) = (1) (6)
c [(7+5V)(1_2V)—x-6-(4_3\,_5'\/2)}

In the future, it is planned a further development of the Griffiths theory
to study the conditions of cracks growth at small bodies’ environments.
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Introduction:

The Martian Moons eXploration (MMX) missionto be launched 2024
by the Japan Aerospace Exploration Agency (JAXA) will conduct remote sens-
ing observations of both Mars moons, Phobos and Deimos, and will as well
carry out in-situ observations on and return samples from the surface of Pho-
bos [1] back to Earth. A rover provided by DLR/CNES will be delivered to Pho-
bos and perform scientific measurements on the surface including Raman
spectroscopy with an instrument developed byDLR/INTA/JAXA.

Raman spectroscopy for mineral phase identification on Phobos.

Phobos occupies a unique position in the exploration of the Solar System.
It is a low-gravity object inside the gravity well of Mars. The origins of both,
Phobos and Deimos, are uncertain and studying both provides insights into
the formation of the inner Solar System, including the terrestrial planets [2].
Gaining knowledge about the origin, evolution, and formation of Solar Sys-
tem bodies is the main objective of MMX and the accompanying rover mis-
sion. For this purpose information about Phobos’ mineralogical and geo-
chemical composition will be obtained in-situ using Raman spectroscopy [3].
The investigation of returned samples in laboratories on Earthallows more
detailed analyses and provides the most unambiguous means to distinguish
among the different hypotheses about the moons’ origin.

RAX (Raman spectrometer for MMX) is a compact, low-mass Raman instru-

ment witha volume of approximately 81x98x125 mm?3 and a mass of less
than 1.4 kg developed by DLR, INTA/UVA and JAXA/UTOPS/Rikkyo. It will per-
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form spectroscopic measurements to identify the mineralogy ofthe Phobos
surface. The RAX data will support the characterization of a potential land-
ing site for the MMX space craft and the selection of samples for the return
to Earth. The RAX measurements will be compared with Raman measure-
ments obtained from the RLS instrument during the ExoMars 2020 mission,
to provide evidence for the Martian or non-Martian origin of the surface min-
erals of Phobos.
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Introduction:

The dynamical evolution of asteroids pairs on close orbits has been studied
for more than 10 years. Such asteroid pairs may be of a common origin. They
can be formed as a result of the ejection of fragments of the large asteroids
substance during non-catastrophic collisions of these asteroids with other
small bodies. Asteroid pairs also can be formed in the process of crushing
an asteroid under the action of the YORP effect, and as a result of the decay
of binary and multiple systems of asteroids due to the BYORP effect. Anal-
ysis of asteroid pairs distribution shows that close pairs are concentrated
in the main asteroid belt, but they are not found among the known near-
Earth asteroids. The reason may be the gravitational scattering of the form-
ing asteroid pairs due to approaches with the terrestrial planets.

In order to study the mechanisms of gravitational scattering, dynamical evo-
lution of asteroid pairs on close orbits has been investigated in the terrestrial
planet region.Evolution in the past is consideredfor several asteroid pairs:
(3200) Phaethon, (155140) 2005 UD, (225416) 1999 YC, 2012 KT42,and oth-
ers. The cluster 3200-155140-225416could be formed by rotational fission
of a critically spinningparent body.We investigate the evolution of this group
of asteroids in order to estimate the time when these pairs appeared.
Method:

Numerical modeling of the motion of asteroid pairs was performed for 200 kyr
into the past, using the codeOrbit9 of the OrbFitsoftware [1]. Orbital ele-
ments of the asteroids, taken from the AstDySdatabase (Asteroids Dynamic
Site1), for the epoch T = MJD58400 (00h 00m 00s 09/10/2018), were used
as initial ones. The equations of motion of the asteroid, the eight major
planets and the dwarf planet Pluto were integrated together. Oblateness
of the Sun, relativistic effects and semimajor axis drift due to the Yarkovsky
effect were also taken into account.

Inorder to take the Yarkovsky effect into account, we tried to estimate the max-

da
imum values of the semimajor axis drift m for asteroids of the group, using

d
physical parameters and d_Z of asteroid (101995) Bennu, which are well-
known at the moment [2]:
2
[@j_(d_aj Jas (1-¢3) o, p, cosp 4
dt dt Jg \/E(l—ez) D p cosp 1-Ag
Here e is the eccentricity of the orbit, D is the diameter of asteroid, p

is the bulk density of asteroid, ¢ is the obliquity (angle between thesspin
axis and the normal to the orbit plane), and A is the Bond albedo (Agpu,

where p is the geometric albedo). The symbols with a “B” refer to asteroid

d. _
(101995) Bennu. For asteroid Bennu: (d—ij =(19+0.1)-10" au/Myr,
8
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Dy =(0.492£0.020) km, ps=(1.26+0.07) g/cm3, p, =0.046+0.005,

o =(175+4).

The search of the new groups of asteroids on close orbits was performed

using the Kholshevnikov metrics ¢,, which is the distance between two orbits

in the five-dimensional space of Keplerian orbits [3,4]. The group was defined
1

as a group, if ¢<0.04au > for each pair in the group.

Results: da
We estimated the maximum absolute value of the semimajoraxisdrift — .Ifwe

do not know the inclination of theasteroid rotation axis to the orbital plane,

) %)
dt max dt max

, and alsoa zero drift case. For (3200)Phaethon, we accept

we consider both cases with +

&)
dt max

da a
three cases: nominal drift value, (—j and (—j (within the standard
min max

and with, , a case with

a half of

dt

deviation). So, for (3200)Phaethon: Z—‘: = —(6.9 + 1.9) x10™* au/Myr [5].

Table 1 shows the estimations of the close approach moments (At from
MJD58400 to backward), the relative distance Ar, and the relative veloc-

; . . ... da
ity Av, as well as the rates of the semimajor axis drift d_ for both aster-
t

oids of the pair, the Hill radius RH for the primary asteroids of the pairs,
and the escape velocity v__ for the secondary asteroidwith respect to the pri-
mary asteroid. For (32003 Phaethon, radius of the Hill sphere is accepted
to be 78 km at the distance equal to the value of semimajor axis [6].
For aphelion R, =113 km, and for perlhellon R, =6.6 km. The escape veloc-
ity on the surface of the H|I| sphere in aphellon v =1.29 m/s, in perihelion
v =1.68 m/s. For R =78 km, vesc=1.55 m/s.

Table 1. Approaches of asteroids for pairs with close values of the Kholshevnikov met-

ricsp2
Astgroid 1 da da At, Ar, R., 4, Vo
(Primary) — 1, ||—],| vears km km m/s | m/s
- dt dt
Asteroid 2
(Secondary) au/Myr | au/Myr

(3200)Phaethon | 6.9E-04 | 9.8E-05 | 82678 | 3329341 | 113 |11.77 | 1.29

(155140) 2005
uD

(3200) Phaethon | 6.9E-04 | 1.2E-04 | 166522 | 1563532 | 113 | 7.22 | 1.29

(225416) 1999 YC
(3200) Phaethon | 6.9E-04 | 0.4E-03 | 104758 | 3672321 | 113 |12.27] 1.29

2012 KT42

We have considered only nominal trajectories, and we haven’t found any close
approaches within 200 kyr. Further, it is planned to increase the integration
interval up to 400 kyr, and to consider the nearest clones of the trajectories
within the limits of orbital elements definition errors.

The Yarkovsky effect and well-determined orbital elements was required
to take into account accurately to carry out precise simulation of the dynam-
ical evolution of the asteroid pairs. Determination of physical and rotational
parameters of asteroids as well as precise orbit determinationare needed
to solve this problem.
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In addition, we found some new groups of asteroids using the Kholshevnikov
metricsfor further consideration: the first one consists of 2010 CL35,2008
EK60, 2006 DY217; the second one consists of 1999 TS224, 2007 RWS5,
2009 SK141.
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Introduction:

Recently, a significant interest is the study of close pairs of asteroids, very
likely having a common origin [1-3]. Pairs can be formed by collisional dis-
ruptions of massive asteroids. YORP-induced spin up may lead to rotational
fission of fast spinning asteroids. In this case, the disparate fragment must
exceed the escape velocity under the effect of the centrifugal force. Break-
ups of binary or multiple asteroid systems could also result in the formation
of paired asteroids with close orbits. Examination of the dynamical evolution
of asteroid pairs with close orbits allows estimating their ages. If an asteroid
pair has been produced by fragmentation, of particular interest are physi-
cochemical properties of the relatively young surface, which has had brief
contact with the space environment.

Method:

The search of candidatesfor young asteroid pairs has been carried out by
means of the computation of the values of the Kholshevnikov metrics ¢,
and gg [4]. The metric ¢, is the distance between two orbits in the five-di-
mensional space of Keplerian orbits. The metric g5 is a distance in three-di-
mensional factor-space of positional orbital elements. Osculating elements
of orbits were used to calculate the metric ¢, and proper elements of orbits
were used to calculate the metric ¢;. Orbital elements of asteroids have
been taken from Asteroids Dynamic Site — AstDyS!. Criteria for finding
the new young asteroid pairs are G, <0.004 au?, ¢g<0.001au*? and
G, —G5 <0.001 au¥2. Also, we consider some asteroid pairs with common
origin from [5].

To study the dynamical evolution of some selected close asteroid pairs, the
equations of the motion of the systems were numerically integrated 1 Myr
into the past, using the N-body integrator Mercury [6].

We made three series of integration. In the first, we use only major planets
perturbations. In the second we add Ceres, Vesta, Juno, and Pallas. In the third
series of our numeric integration, we try to estimate the non-gravitational
Yarkovsky effect. In addition to distance during the encounter, we perform
calculation relative velocity along with integration by Nesvorny and Vokrouh-
licky [7] and by our previous paper [8] expression.

We perform numerical integrations of the orbits of all pairs of asteroids which
were selected using the Kholshevnikov metrics over 100 kyr backward in time
with the code known as Orbit91 [9]. Major planets’ perturbations, oblateness
of the Sun, relativistic effects and semimajor axis driftdue to the Yarkovsky
effect were taken into account. We used the relation between drift value
and physical parameters of asteroid (101995) Bennu and asteroids’ parame-
ters in order to estimate their maximal drift values. Evolution scenarios with
altered semimajor axis drift values were investigated. The moment of pair
formation corresponds to the conditions that the distance between asteroids
has the same order as the Hill radius and the relative velocity has comparable
value with the escape velocity.
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Results:

Using the Kholshevnikov metrics, we found six new members of Rampo fam-
ily (2009 SR371, 2013 RL101, 2013 VC30, 2015 TA367, 2015 TM372, 2017
UH21) which did not list in [1]. One new member of Hobson family (2017
SQ83) was detected that did not list in [2].The two new asteroid clusters were
discovered that comprising three asteroids ((381362) 2008 EP15, (405843)
2006 BT227, 2012 XC32 and (338073) 2002 PY38, 2012 TZ97, 2016 SQ14)
in each.

We considered conditions of the asteroids approaches for the asteroid pairs
with close values of the Kholshevnikov metrics and . Table 1 shows the esti-
mations of the close approach moments ( At from MJD58400 to backward),
the relative distance Ar,and the relative velocity Av, as well as the rates
of the semimajor axis drift da/dt for both asteroids of the pair, the Hill radius
R, for the primary asteroids of the pairs, and the local escape velocity
for the secondary asteroid with respect to the primary asteroid.

Table 1. Approaches of asteroids for pairs with close values of the Kholshevnikov met-
rics p, and ps.

Asteroid 1 da
(Primary) — [—j ’
Asteroid 2 dt )y
(Secondary) au/Myr au/Myr

(355258) 2007 | -0.0012 | —0.00081 | 8200 | 2029 | 136 | 0.18 | 0.005
Ly4

(404118)
2013AF40

(53576) 2000 | —0.00015 | 0.00089 | 6121 | 5738 | 381 | 0.85 | 0.014
cs47
(421781) 2014
QG22

(180906) 2005 | 0.00064 | 0.00061 | 11788 | 2199 | 180 | 0.16 | 0.008
KB6
(217266) 2003
YR67

(87887)2000 | 0.00011 | 0.00019 | 5635 | 1133 | 621 | 0.06 | 0.049
$5286 —
(415992) 2002
ATA49

(320025) 2007 | —0.00016 | -0.00032 1632 | 1218 | 696 | 0.11 | 0.054
DT76

(489464) 2007
DP16

da
Ez’ At, | Ar, | Ry, | Av, | Ve,

years km km | m/s m/s

Table 2 presents the estimations of ages of asteroid pairs. We used the N-body
integrator Mercury. The exception is the pair (46829) McMahon-2014 VR4
that we integrated both Mercury and Orbit9. In some cases, we obtain
for the pair age values very different from the values in paper [5] (boldface
typed pairs in Table 2). For example, if the Yarkovsky effectproduces (46829)

da _
McMahon’s semimajor axis drift E: -1.8...107° au/Myr then the estima-

tion of the ageof this pair is 26 kyr only. This problem required the future
careful studying in each case.
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The Yarkovsky effect was required to take into account accurately to carry out
precise simulation of the dynamical evolution of the asteroid pairs. Determi-
nation of physical and rotational parameters of asteroids is needed to solve
this problem.

Table 2. Estimations of ages of asteroid pairs

#pair Asteroid 1 Asteroid 2 Age, kyrs Age, kyrs
(Primary) (Secondary) [5]
1 (5026) Martes 2005 WW113 18 18
2 (1741) Giclas (258640) 2002 ER36 200 180
3 (3749) Balam (312497) 2009 BR60 400 270
4 (46829) McMahon 2014 VR4 800 150 (Mercury)
950(0rbit9)
5 (4765) Wasserburg | (350716) 2001 XO105 200 100
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Introduction:

Investigation of dusty plasma systems beyond the Earth’s atmosphere
is of considerable interest not only from the viewpoint of understanding
and describing the processes occurring in nature, but also in connection with
the planning of space missions, including those to Mars and its satellites,
as well as with the interpretation of data obtained in the existing and future
space missions. In the Martian atmosphere, the presence of dust grains
was never questioned, because grains of the Martian soil can be lifted from
the surface due to various processes. The dust component can play a sub-
stantial (in some cases, decisive) role in the radiation balance. Dust grains
get charged under the action of solar radiation, interaction with charged par-
ticles of the atmosphere and solar wind, triboelectric effect in dust devils,
and other factors.

The Martian atmosphere is somewhat similar to the Earth’s atmosphere.
In particular, there is an ionosphere on Mars with the maximum electron
density of up to 10° cm™ at altitudes of 135-140 km. The lower boundary
of the ionospherelies at 80 km; however, it can come down to 65 km in some
cases [1]. This fact points to the possibility of the development of dusty
plasma processes in the atmosphere of Mars that have a certain similar-
ity with the processes of the formation of dusty plasma clouds occurring
in the Earth’s atmosphere [2]. An adequate description of dusty plasma pro-
cesses in the atmosphere of Mars appears to be very important and timely
from the point of view of developing its models.

Interest in investigation of the Martian satellites — Phobos and Dei-
mos stems from the fact that the satellites of Mars are more accessible
for manned missions than Mars itself due to their weak gravity. For exam-
ple, the gravitational acceleration on Phobos is about 0.0057 m/s?, and land-
ing a spacecraft on its surface is more reminiscent of docking to another
spacecraft rather than landing on a planet. According to observations made
from the Viking [3, 4] as well as Phobos — 2 and Mars—Express space-
crafts [5], the surface of Deimos is covered with a dust consisting of small
separate regolith grains formed as a result of bombardment of the sur-
face by microscopic meteoroids. Weak gravity enhances the role of dust
on Phobos and Deimos, because even a small perturbation can lead
to the formation of a massive dust cloud above the surface of these Mar-
tian satellites. Among the aims of the future Boomerang (Phobos—Grunt
2) mission are to detect dust particles in an orbit around Mars and near
the surface of Phobosand to determine the main parameters of dust particles
(momentum, mass, velocity, and charge). Furthermore, the measurement
of the plasma parameters and the determination of the local electric field
near the surface of Phobos are expected. To these ends, piezoelectric impact
sensors, whose operation is based on the impact action of a dust particle,
and probes for measurements of the parameters of the plasma and the local
electric field near the surface of Phobos will be used.

The purpose of this work is a brief review of the results of studies of fine
particles and dusty plasmas in the atmosphere of Mars and in the vicin-
ity of its satellites Phobos and Deimos, carried out recently at the Space
Research Institute of the Russian Academy of Sciences.

Dust in the atmosphere of Mars:

The atmosphere of Mars is much thinner than the Earth’s atmosphere,
and its ability to hold dust grains for a long time is very low. High dust num-
ber density is observed only during dust storms or other events that lift dust
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from the Martian surface. The data on the presence of dust in the Martian
atmosphere were obtained from Mars rovers and instruments installed
on orbital stations. However, estimates made by different methods yield
somewhat different values of the main physical parameters of dust grains [6].
These discrepancies can be explained, e.g., by the presence of clouds of con-
densed grains. At altitudes of 100 km in the mesosphere, where the tem-
perature is sufficiently low for carbon dioxide freezing, clouds formed of dust
grains with a size of about 100 nm (similar to noctilucent clouds in the Earth’s
atmosphere) were observed by means of the SPICAM infrared spectrome-
ter installed on Mars — Express orbiter [7]. In addition, clouds of micron-size
grains were observed at altitudes of about 80 km by means of the OMEGA
spectrometer onboard Mars — Express [8]. A theory study of the role of con-
densation processes in the formation of dusty plasmas in the Martian ion-
osphere has been carried out in [9]. The calculations within the framework
of the model [9] allow us to draw the following main conclusions concerning
clouds of condensed particles.

1) Ice particles of CO,, which are initially in the zone of supersaturation of CO,
vapor, collect on their surfaces most of the CO, vapor and are precipi-
tated downward together with absorbed CO, molecules. Particles of dif-
ferent dust layers absorb different amounts of carbon dioxide molecules.
This leads to the possibility of the interfusion of layers and the formation
of dust clouds. The characteristic time for the sedimentation of solid
dust particles consisting of CO, molecules in the condensation zone is
about several minutes. Below the condensation zone, the particles evap-
orate. Accordingly, the characteristic time for the sedimentation of dust
in the condensation zone determines the characteristic time for the exis-
tence of dust clouds similar to noctilucent clouds [2] in the Earth’s ion-
osphere. In the condensation zone, particles of CO, ice can reach sizes
of the order of 100 nm. This value is in accordance with the data of obser-
vations performed by the Mars — Express orbiter using the SPICAM IR
spectrometer [7]. In the daytime, dust particles can acquire charges
of the order of 100 e, where -e is the charge of an electron.

2) Similar to the situation at the Earth, particles with a characteristic size
of several nanometers may exist in the Martian ionosphere over the con-
densation zone due to the bombardment of Mars by micrometeorites.
Those particles that are initially located above the upper boundary of the
condensation zone (even when reaching the condensation zone in defi-
nite time) cannot be significantly increased in size due to the insufficient
(residual) amount of CO, molecules in this zone. These nanoscale parti-
cles exist at altitudes from 112 to 115 km during several hours, which can
lead to phenomena in the atmosphere of Mars, which are similarto polar
mesosphere summer echoes [2] at the Earth.

Dusty plasmas at Phobos and Deimos:

In accordance with theory results [10, 11], due to the lower gravity, sub-
stantially larger dust grains (a ~ 1 um) are lifted above the surfaces of Pho-
bos and Deimos relative to those lifted above the surface of the Moon
(a~ 0.1 um). In this case, the role of adhesion, which seems to significantly
hamper the detachment of dust grains from the lunar surface is substantially
reduced on Phobos and Deimos. In fact, it can be stated that the formation
of dusty plasmas above the surfaces of Phobos and Deimos is related to pho-
toelectric and electrostatic processes. The role of meteoroids in the forma-
tion of dusty plasmas in the near-surface layer above each of the satellites
of Mars also turns out to be much smaller relative to the conditions exist-
ing on the Moon. At the same time, at long distances from Phobos and Dei-
mos (substantially larger than their linear dimensions of ~ 10 km), the effect
of meteoroids leads to the formation of a dust halo consisting of grains
with a size of about 10 pmand number density of Nd ~ 10% km=[12]. This den-
sity is much smaller than the number density of dust grains, which is estab-
lished near the surfaces of Phobos and Deimos due to photoelectric and elec-
trostatic processes. As to the specific features of dusty plasma near the surface
of Deimos compared to that near Phobos, it should be noted that the size
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and electric charge of dust grains at certain altitudes above the surface of Dei-
mos are larger than those at the same altitudes above the surface of Pho-
bos. In this case, the number densities of dust grains at the same altitude
above Deimos and Phobos are nearly the same. This is related to the fact
that the gravitational acceleration on Deimos is smaller than that on Phobos.

Acknowledgments:

This work was supported in part by the Russian Foundation for Basic Research (proj-
ect no. 18-02-00341-a) and within Major Project of RF Ministry of Education and Sci-
ence (Moscow, Russia) MP19-270 “Problems of the Origin and Evolution of the Uni-
verse with the Use of Methods of Ground-Based Observations and Space Research”.

References:

[1] Patzold M., Tellmann S., Hausler B., et al., A sporadic third layer in the iono-
sphere of Mars // Science. 2005. V. 310. No. 5749. P. 837-839.

[2] Klumov B.A.,Morfill G.E., Popel S.l.,, Formation of structures in a dusty iono-
sphere // J. Exp. Theor. Phys. 2005. V. 100. No. 1. P. 152-164.

[3] Thomas P. Surface features of Phobos and Deimos // Icarus. 1979. V. 40.No. 2.
P. 223-243.

[4] Thomas P, Veverka J. Downslope movement of material on Deimos // Icarus.
1980. V. 42. No. 2. P. 234-250.

[5] Zakharov A., Horanyi M., Lee P, et al. Dust at th Martian moons and in the cir-
cummartian space // Planet. Space Sci. 2014. V. 102. P. 171-175.

[6] Dlugach Z.M., Korablev O.l., Morozhenko A.V., et al., Physical properties of dust
in the Martian atmosphere: analysis of contradictions and possible ways of their
resolution // Solar Syst. Res. 2003. V. 37, No. 1, P. 1-19.

[71 Montmessin F.,, Bertaux J.L., Quémerais E., et al. Subvisible CO, ice clouds
detected in the mesosphere of Mars // Icarus. 2006. V. 183. No. 2. P. 403-410.

[8] Montmessin F., Gondet B., Bibring J.P., et al. Hyperspectral imaging of convec-
tive CO, ice clouds in the equatorial mesosphere of Mars // J. Geophys. Res.
2007. V. 112. P. E11S90.

[9] Dubinskii AYu., Reznichenko Yu.S., Popel S.I. On formation and evolution
of dusty plasma structures in ionospheres of Earth and Mars // Plasma Phys.
Rep. 2019.V. 45. No. 10, in press.

[10] PopelS. 1., Golub’ A. P., ZakharovA. V., ZelenyiL. M. Dusty plasma near the surface
of Phobos // JETP Lett. 2017.V. 106.No. 8. P. 485-490.

[11] PopelS. 1., Golub’ A. P., ZelenyilL. M., Dusty plasma near the Martian satellite
Deimos // Plasma Phys. Rep. 2018.V. 44.No. 8.P. 723-728.

[12] Krivov A. V., HamiltonD. P. Martian dust belts: Waiting for discovery // Icarus.
1997. V. 128.No. 2.P. 335-353.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3- SB-14

PRESENT SOLAR OBSERVATIONS — A CATALYST
OF PROCESSES AT THE BIRTH OF SOLAR AND
DEATH OF STELLAR SYSTEM

I. Roth
Space SciencesUniversity of California

Analysis of heliospheric anomalous abundances of energetic elements and
isotopes points to the existence of an efficient physical mechanism through
nuclear or resonant plasma interactions. When processes involving nuclear
reactions do not show consistency with experiments, one must envision
acceleration mechanisms involving plasma processes in the presence of solar
or interplanetary magnetic field. The most spectacular heliospheric enhance-
ment with unusual abundances involves the *He isotope and heavy elements
(mainly Mg, Ne, Si, and Fe) in impulsive solar flares. The cosmic value of cor-
onal He isotope ratio®He/*He ~2.0-10*%s enhanced during impulsive flares
by several orders of magnitude due to resonant wave-particle interaction
with electromagnetic ion cyclotron (emic) waves. These observations may
help in explaining two astrophysical observations (1) at the birth of solar sys-
tem formation and (2) at the death of a stellar system.

Observations of Calcium-Aluminum Inclusionsin meteorites with enhanced
abundance of Mg. This stable isotope requiresexistence of the parent radio-
active 2°Al isotope, which decays into the observed fossil element *¥Mg with
lifetime of ~ 1Myears. The observations of fossil radioactive elements in mete-
orites is connected intimately to the formation of thesolar system. The young
solar-like stars emit copious amount of x-rays indicating intense magnetic
activity. Theirradiation of pre-solar grains by solar cosmic rays (H,*He) which
were accelerated in CME shocks may givethe correct yield of the radioactive-
41Caand>Mn, buttoo low for*Al.Supernova abundances are also at odds with
other element abundances. Possible solution would include the young Sun with
strong flare activity, resulting in large enhancement of MeV 3He. These ener-
getic *He ions are crucial in the formation of 2°Al through *Mg(*He,p)**Aland
similar reactions. Therefore, plasma acceleration of rare isotopes in the early
solar system contributes to selective formation of radioactive elements which
are observed as fossil elements in the meteorites.

Observation of enhanced abundances of *He in planetary nebulae. The pres-
ently observed 3*He abundance in galactic HIl regions is similar to the Big
Bang Nucleosynthesis yield of 3He/H ~ 2.0*107, in contrast to the evolution-
ary galactic models, which enhance this ratio. An extra nonstandard rota-
tion-induced mixing in a red giant branch, required to explain the anomaly
in 12C/13C, which decreases also the ratio 3He/H,does not support the mea-
surements of the known planetary nebulae which show abundance ratio of
3He/H ~ 10*- 103for the inferred mass of the progenitor star with M < 2 M,
in contrast to the nonstandard mixing. It is suggested therefore that enrich-
ment of a subset of minority elements at progenitor star with a low mass and
intense magnetic activity causes the *He/*He enhancements, solving partly
the “astrophysical *He problem”, with important implications for galactic evo-
lution and cosmology.



m THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

WHAT IS A MAIN DRIVER FOR ION LOSSES
AT MARS AND WHAT IS A ROLE
OF THE CRUSTAL MAGNETIC FIELD?

E. Dubinin !, M. Fraenz !, M. Patzold 2, O. Vaisberg 3, L. Zelenyi 3,

J. McFadden 4, J. Halekas 5, J. Connerney ¢, F. Eparvier’

1 Max-Planck-Institute for Solar System Research, Germany;

2 Rhenish Institute for Environmental Research, Germany;

3 Institute of Space Research, Moscow, Russia;

4 University of California, Berkeley, USA;

5 University of lowa, USA;

¢ NASA Goddard Space Flight Center, USA;

7 Laboratory for Atmospheric and Space Physics, University of Colorado
Boulder, Boulder, Colorado, USA

Keywords:
Mars, Solar wind, Solar EUV flux, lon losses, Crustal magnetic field

Introduction:

The paradigm is that Mars loses the ionosphere by ablation process forced
by solar wind. However, there is another important driver — solar irradiance
which carries a much higher energy. We will discuss the role of both drivers
for ion losses. It will be shown that processes of ion escape driven by the
solar wind and the EUV radiation are very different. It occurs that solar irra-
diance is more efficient driver. The EUV radiation not only heats and ionizes
the atmospheric gases. The subsequent energy transfer process drives ion
acceleration by the ambipolar electric field, their outflow and escape. There
is also no consensus about the role of the crustal magnetic field. Whether
it shields the ionosphere from solar wind and weakens ablation or enhances
ion outflow by the processes similar to ones operating at the Earth. We will
show that answer on this question depends on the solar wind conditions
and the IMF orientation.
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Current Sheets (CSs) play a crucial role in the storage and conversion of mag-
netic energy in planetary magnetotails. Using high resolution magnetic field
data from MAVEN spacecraft we report the existence of Super Thin Current
Sheets (STCSs) in the Martian magnetotail. The typical half-thickness of the
STCSs is ~5 km, and it is much less than the gyroradius of thermal protons
(p ) The STCSs are embedded into a thicker sheet with L > pp forming a mul-
tiscale current configuration. The formation of STCS does not depend on ion
composition but it is controlled by the small value of the normal component
of the magnetic field at the neutral plane (BN). A number of the observed
multiscale CSs are located in the parametric map close to the tearing-unsta-
ble domain and, thus, the inner STCS can provide an additional free energy
to excite ion tearing mode in the Martian magnetotail.
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Introduction:

Using data from the Mars Advanced Radar for Subsurface and lonospheric
Sounding (MARSIS) onboard Mars Express [1], we retrieve the magnetic
field in Mars ionosphere [2]. We consider the effect due to the crustal fields
and to the Solar wind. This is relevant in the context of the observed aurorae
in Mars under Solar storms, either localized above crustal fields [3] or diffuse
above both the nocturnal and the diurnal zones of the planet [4]. We also
aim at considering the information arising from crossing the corresponding
datasets from Spicam and MAVEN.

In relation to that, we study the mechanism of particle confinement that
is at the basis of the aurora, considering dipolar and quadrupolar terms [5, 6].
Quadrupolar magnetic fields provide a mechanism similar to that of dipolar
fields that enables confinement. For fields with similar strength, the quadru-
polar field appears to bound more energetic particles than the dipolar.

References:

[1] R. Orosei, R.L. Jordan, D.D. Morgan, M. Cartacci, A. Cicchetti, F. Duru, D.A. Gur-
nett, E. Heggy, D.L. Kirchner, R. Noschese, W. Kofman, A. Masdea, J.J. Plaut,
R. Seu, T.R. Watters, G. Picardi. “Mars Advanced Radar for Subsurface and lono-
spheric Sounding (MARSIS) after nine years of operation: A summary”, Planetary
and Space Science. 2015. V. 112, P. 9-114.

[2] M. Ramirez-Nicolds, B. Sanchez-Cano, O. Witasse, P-L. Blelly, L. Vazquez.
“The effect of the induced magnetic field on the electron density vertical profile
of the Mars’ ionosphere: A Mars Express MARSIS radar data analysis and inter-
pretation, a case study”, Planetary and Space Science. 2016. V. 126. P. 49-62.

[3] J-.L.Bertaux, F. Leblanc, O. Witasse, E. Quemerais, J. Lilensten, S.A. Stern, B. San-
del & O. Korablev, “Discovery of an aurora on Mars”, Nature volume. 2005.
V. 435. P. 790-794 .

[4] ). Deighan, S.K. Jain, S. Chaffin, X. Fang, J.S. Halekas, J.T. Clarke, N.M. Schneider,
A.LF. Stewart, J.-Y. Chaufray, J.S. Evans, M.H. Stevens, M. Mayyasi, A. Stiepen,
M. Crismani, W.E. McClintock, G.M. Holsclaw, DVY. Lo, F. Montmessin, F. Lefévre
& B.M. Jakosky, “Discovery of a proton aurora at Mars”, Nature Astronomy vol-
ume 2. 2018. P 802-807.

[5] L.Vazquez, S.lJiménez, “Motion of a charge in a magnetic dipole field I. Painlevé,
Analysis and a conservative numerical scheme”, Applied Mathematics and Com-
putation 25. 1988. P. 207-217.

[6] M. Ramirez-Nicolds, D. Usero, M.P. Velasco, L. Vazquez, “Numerical study
of a charged particle in a general magnetic field”, International Journal of Pure
and Applied Mathematics. 2016. No. 2, V. 106. P. 401-414.



THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-SW-04

KINETIC MONTE CARLO MODEL
OF HIGH-ENERGY H/H+ PRECIPITATION
INTO THE MARTIAN ATMOSPHERE

V.l. Shematovich , D.V. Bisikalo %, J.-C. Gérard 2, B. Hubert 2

1 Institute of Astronomy of the Russian Academy of Sciences, Moscow,
Russia; shematov@inasan.ru

2 Laboratoire de Physique Atmosphérique et Planétaire, STAR Institute,
Université de Liege, Belgium

Keywords:

Mars, solar wind, high-energy proton and hydrogen atom precipitation,
auroral phenomena, atmospheric ultraviolet emissions, kinetic Monte Carlo
model.

Introduction:

Observations with the SPICAM and ASPERA-3 instruments on board the ESA
Mars Express and the IUVS spectrograph on board the NASA MAVEN space-
craft have identified three types of aurorae on Mars, two of them (electron
diffuse and proton aurorae) profoundly different from comparable types
on Earth and other planets.

The results of model calculations of precipitation of the high-energy pro-
tons and hydrogen atoms (H/H+) from solar wind and/or magnetosheath
into the Martian atmosphere are presented. A modification of the kinetic
Monte Carlo model [1, 2] developed earlier to analyze the data of the MEX/
ASPERA-3 instrument onboard the ESA Mars Express and MAVEN/SWIA
instrument onboard the NASA MAVEN spacecraft was used. In the presented
modification of the kinetic model for the first time the arbitrary (three-di-
mensional) structure of the magnetic field of Mars is taken into account [3].
Because the local measurements of all three components of the mag-
netic field by MAVEN/MAG magnetometer are now available, it is possible
to describe not only the flux of protons penetrating into the atmosphere,
but also the deposition of the H/H+ flux along the spacecraft orbit, as well
as the formation of the scattered by atmosphere upward fluxes of protons
and hydrogen atoms. Comparison of the calculations and measurements
of proton fluxes at low altitudes received by the MAVEN/SWIA instrument
during the MAVEN deep-dip maneuvers allowed us to conclude about
the efficiency of charge exchange processes between the solar wind protons
and the extended hydrogen corona of Mars. It is also found that the induced
magnetic field plays an important role in the formation of the upward (scat-
tered by the atmosphere) proton flux and actually controls its value.

The developed kinetic Monte Carlo model of proton and hydrogen atom pre-
cipitation into the atmosphere of Mars will be used to calculate the bright-
ness and line profiles of the atomic hydrogen emission in the Ly-a line
for comparison with the observations of the recently discovered proton
aurora [4] at Mars. For such calculations, the simultaneous measurements
of the intensity of the induced magnetic field by the MAVEN/MAG magne-
tometer and the energy spectra of H/H+ fluxes precipitating into the Mars
atmosphere measured by the MAVEN/SWIA analyzer will be used.
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There are two essential effects inherent to the interaction of non-magnetic
bodies with the solar wind: (1) the generation of the planetary magneto-
sphere by the currents induced in the almost superconducting ionosphere
and (2) the mass loading of the incident solar wind by a continuously ion-
ized exosphere. Both effects alter the solar wind magnetic field and create
a solar wind void near the planetary body. The mass loading and the direct
interaction of the interplanetary magnetic field (IMF) with the ionosphere fill
the void with accelerated planetary ions.

Several physical mechanisms lead to the formation of a separation bound-
ary between the Venusian induced magnetosphere and the magnetosheath
flow. lonospheric currents create a “magnetic barrier” separating the solar
wind and the induced magnetosphere. This boundary naturally extends
to the Venusian wake as a boundary of the solar wind void, but on the night-
side it loses some characteristic features and obtains more complexity.

To call this separator in the tail region we prefer to use a term “Induced Mag-
netosphere Boundary”. Actually this boundary does have so complex nature,
thus to characterize it we have to investigate a broad region around the sep-
arator. The present paper is devoted to a detailed study of such interface
region around the ionosphere of Venus on the nightside of the planet.
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Introduction:

Comets are small Solar system bodies, “ice balls” [1] composed of a mix-
ture of rocks, dust and frozen volatiles and organics. The cometary nucleus
becomes active when sufficiently close to the Sun as Solar radiation heats
the nucleus’ surface. The slowly expanding atmosphere gets gradually ionised
as it moves away from the nucleus. The newly-formed charged particles have
nearly zero velocity with respect to the persistent supersonic magnetized
solar wind, and as a result, the plasma flow experiences soft “mass-loading”.
Most recently the ESA/Rosetta spacecraft accompanied a weak comet 67P,
providing an unprecedented perspective into the evolution of a comet.

The dynamics of the cometary plasma have been studied extensively using
numerical models to predict and explain the complex plasma observa-
tions. With the advent of modern high-performance supercomputers large
scale three-dimensional simulations become possible. In order to under-
stand Rosetta’s measurements and particle heating in the weak outgassing
case it is of primary importance to include electron-scale kinetic physics
in the model [2]. We performed numerical 3D full kinetic (PIC) simulations
of a plasma source which mimics the kinetic-scale comet-solar wind inter-
action [3]. Our main finding is that the electron pressure gradient supports
the ambipolar electric field which in turn confines the low-energy part
of electron population. The accelerating parallel potential is generated,
which controls the parallel electron temperature and total density. The pop-
ulation of passing electrons has temperatures on average of several times the
solar wind temperature in weak comet case [4]. The high solar wind electron
density near the comet compensates the charge imbalance, briefly trapping/
decelerating fast-moving electrons and confirming the coupled four-fluid sce-
nario. As a result, such process substitutes electrons of cometary origin with
the electrons of solar wind origin near the nucleus.
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Introduction:

We confirmed sublimation activity near perihelion of 704 Interamnia and dis-
covered similar activity of 24 Themis and 449 Hamburga, main-belt primitive
asteroids. To study the phenomenon, a spectral method is used [1].

Observations and results:

24 Themis (C-type [2] or B-type [3]), 449 Hamburga (C-type [2]) and 704
Interamnia (F-type [2] or B-type [3]) were quite near perihelion in time
of the observations that allowed to test presence of ices (predominately
water ice) in their matter at elevated sub-solar temperatures due to the
effect of ice sublimation. The effect leads to formation of a temporal subtle
exosphere consisting of micron-sized particles of water ice which could be
detected by optical methods. Relevant for the case dynamical parameters
of asteroids in addition to eccentricity (e) are semi-major axis of the orbit (a)
and orbit inclination (i). In particular, these are for 24 Themis: a=3.13617 AU,
e =0.124743, i = 0°.752; for 449 Hamburga: a = 2.551006 AU, e = 0.172769, i
= 3°.085; for 704 Interamnia: a = 3.057946 AU, e = 0.154658, i = 17°.310 [4].
It should be also noted that these asteroids had close equatorial coordinates
at our observations.

We used a spectrophtometric method of registration of asteroid sublimation
activity. It will be discussed in more details in the next section. For obtaining
UVBRI-reflectance of mentioned asteroids (at effective wavelengths 0.366,
0.436, 0.545, 0.641, and 0.800 um), UVBRI-photometry of these bodies, solar
analog star (HIP 29759) and standard stars were performed by means of
60-cm telescope and a CCD-camera in the Crimean Observatory of SAl MSU
in March 2019. To control the stability of the spectral transparency of terres-
trial atmosphere, standard stars on common with asteroids CCD-frames were
utilized. Normalized UVBRI reflectance curves of 24 Themis, 449 Hamburga
and 704 Interamnia on 17, 18, and 19 March are shown in figures 1-3, 7-9
and 13-15 followed by corresponding figures with records of relative inten-
sity of standard stars. The latter show that atmospheric observational condi-
tions were predominately stable.

Discussion and interpretation of the results:

Previously we have discovered a simultaneous sublimation activity of four main-
belt primitive-type asteroids passing near perihelion, one of which was 704 Inter-
amnia [1]. It points to a widespread character of this process among such aster-
oids and presence of ice (predominately H,0) in their substance. Considerable
eccentricity of orbits some of these bodies creates possibility to test presence of
ice in the matter at elevated temperature. As demonstrated our study of reflec-
tance spectra of four primitive asteroids with strong sublimation activity [7], a
maximum arising at 0.4-0.65 um is a diagnostic feature of the process. Accord-
ing to the Mie theory [8], spectral position of the maximum is determined by
micron-sized spherical particles of H,0O ice scattering light.

Here we confirm sublimation activity of 704 Interamnia and report the
detection of this process on 24 Themis and 449 Hamburga passing perihe-
lion. It is important to note that presence of water ice was discovered on
the surface of 24 Themis with IR-observations near 3 um [7]. As seen from
the UBVRI-reflectance curves on Figs 1 and 3, 7 and 9, 13 and 15 obtained
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on 17 and 19 March, the asteroids demonstrated very similar spectral
appearance: combination of a lower maximum (at 0.44 um) a higher one
(at 0.66 um). We interpret those as light-scattering by submicron particles
of H,0 ice (the first maximum) and micron-sized silicate particles (second).
However, it should be confirmed by a special modeling of the light scatter-
ing and other conditions. Surprisingly, these curves are very similar for all
three asteroids. Another strange thing is strictly different appearance of the
UBVRI-reflectance curves of all asteroids on 18 March (Figs 2, 8 and 14).
On this day, reflectance spectra of all asteroids looked as if the process of
sublimation completely stopped, and they acquired the usual appearance.
To show this, we compare the UBVRI-reflectance curves of Themis (Fig. 2)
and Interamnia (Fig. 14) and their known SMASSII reflectance spectra [5, 6].
Let us try to explain the phenomenon.

Fig. 1. Fig. 2. Fig. 3.
Fig. 4. Fig. 5. Fig. 6.
Fig. 7. Fig. 8. Fig. 9.
Fig. 10. Fig. 11. Fig. 12.

Fig. 13. Fig. 14. Fig. 15.
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Fig. 16. Fig. 17. Fig. 18.

Previously, we reported the detection of solar activity effect to the shape
of reflectance spectra of active asteroids obtained in 2012 (a high solar
activity) and in 2016-2018 (low solar activity) [10]. Obvious explanation
is the influence of different intensity of the solar wind to the surface mat-
ter of a primitive asteroid incorporating water ice and related consequences
to the parameters of sublimation exosphere. In the period of a minimal
solar activity the flow of solar wind from the Sun becomes more smooth
(e. g., [11]). This is probably a reason of the unusual similarity of the shape
of the reflectance spectra of the considered active asteroids determined
by the physical state of their sublimation exosphere. Yet weak solar flares
are possible in such a period. It was such a small solar flare that occurred
shortly, 10 days before our observations on March 18 [12] (maybe, this
time had been enough for the solar wind oscillations to reach the asteroids
at a speed of ~ 550 km/s). The power of the flare was possibly sufficient
to create a spherical shock-wave in the solar wind and blow away sublima-
tion exospheres of the asteroids in the anti-sun direction. Thus, it allowed
observations of asteroid bare surface without any noise (i.e., in the absence
of an exosphere).
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Introduction:

The detection of life on other planets requires a good understanding on the trace
organic substances and inorganic element chemical anomalies that extinct micro-
organisms have left behind. Among other evidence, such as mineralogical, isoto-
pic, and morphological, the organic and inorganic anomalies constitute some of
the evidence that we call biosignatures.Chemical biosignatures as such are usu-
ally preserved in trace amounts within minerals (i.e., clay) and as small-scale geo-
chemical environments. To detect them we require state-of-the-art instruments
for which we must define a good set of analytical methodologies.

Mass spectrometric techniques constitute state-of-the-art tools to detect
potential biosignatures. In this work we will initially review how mass spec-
trometry is used to detect chemical patters that could define a good set of bio-
markers which will be used in the direct or indirect search of life on other plan-
ets. We will then focus on instruments such as high mass resolution and mass
resolving power Time-of-Flight mass spectrometers which detect secondary
ions, molecular or elemental (isotopic), which are produced with ion sputter-
ing, often with laser assisted ionization [1] or laser desorption mechanisms [2].
We will also present a new methodology to detect patterns of hydrocarbon
fragments during sputtering that have the potential to distinguish among
organics that have a different source. With reference materials, such as tetra-
cene (CH ), we will demonstrate that it is possible to clearly separate this mol-
ecule and its fragments from background organics of other origin (Figure 1).
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Fig. 1. Pattern distribution of odd- and even-numbered carbon hydrocarbons clearly
distinguishing the tetracene substance (C H,; blue distribution of peaks) and its frag-
ments from another component (green distribution of peaks) which is possibly con-
tamination.

To acquire the above information a labour intensive data processing proce-
dure is required, which is highly aided and automated with a software we
developed in-house, the “spaceTOF”. This is a fully interactive software capa-
ble to handle the massive data files produced by ToF-SIMS instruments, espe-
cially those that can perform high-spatial resolution ion mapping.
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Biosignature interpretation is generally performed using a small number
of characteristic peaks from reference materials, and statistical or labelling
techniques. Biochemical phases that have been investigated in the litera-
ture include proteins and their aminoacids [3], extracellular polymeric sub-
stances [4], lipids in tissues and cells [5, 6, 7, 8], and PAHs in meteorites [9, 10].
Itis concluded that no unique peaks are characteristic of the different biolog-
ical samples, while mass spectra are much further complicated by the large
number of molecular fragments. Additionally, the absence of repeatability
and the large number of artefacts [3] (Quong et al., 2005) complicate inter-
pretation. Contamination is common in the samples, and it should be consid-
ered when studying geobiological and astrobiological samples [7], therefore
its signatures should be also included in the database.

To perform the above task and demonstrate our methodology, we use all the
peaks of a mass spectrum to produce patterns such as in Figure 1, which appear
to be distinct and characteristic, similarly to the mass patterns resulting from
the tetracene TOF-SIMS mass spectra. High mass resolution spectra together
with fine mass calibration, separate for the elemental/isotopic and molecular
ions, fully benefit an automated interpretation [11]. We apply the methodol-
ogy to real samples, including a Martian meteorite (Nakhla), fossilised cyano-
bacteria by hematite from Milos Island in Greece, mass spectra from the comet
67P/Churyumov-Gerasimenko made by the COSIMA Instrument of the Rosetta
Mission, and from stalactite samples from Icaria Island, Greece.
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The necessary molecules for the basic ‘building blocks’ of life — i.e. mole-
cules — can be made by the action of charged particles and UV light, espe-
cially at the boundaries of denser and less dense atmospheric layers; during
electrical discharge (i.e. lightning strikes) in the primordial planetary atmo-
sphere; at the hydrothermal vents after the formation of earth’s crust; on the
shores of primordial seas and oceans when the tides were huge and more
frequent and in the small puddles of water at the foot hills of volcanoes due
to gas from the magma being percolated through the water. However, these
places are insignificant compared to the vastness of space where molecules
were being formed via the processes of astrochemistry.

It is believed that some of the necessary organic molecules may have been
formed in specific areas of space (namely dark molecular clouds, e.g. Horseh-
ead nebula) and delivered on to the Earth during the heavy bombardment
period of its history, approximately 4.3—4.0 billion years ago. These organic
molecules may have played a pivotal role in the formation of life on Earth.
In addition, it is believed that life on Earth was formed within a very short
geological time frame of only 200—300 million years. So, it is not unreason-
able to suppose that these molecules were initially made in space which in
effect could be, metaphorically speaking, a huge chemical laboratory.

To date no less than 190 molecules have been discovered in dark molecular
clouds; the formation of molecules under a variety of simulated space con-
ditions (e.g. different temperatures, levels of radiation energies and differ-
ent types of impinging radiations) compares well with what is found in these
huge structures. Such molecules are then eventually delivered on the surface
of a planet by impactors. Collectively, the molecules made in the vastness
of space and those other places mentioned at the beginning of this abstract
form the inventory of molecules from which life on Earth emerged.
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Introduction

The origin of life on Earth and other planets is usually understood as a step-
by-step chemical complication of organic macromolecules and microsys-
tems. However, plenty of laboratory experiments in this direction have
resulted in obtaining protocells and artificial cells, but not actually living cells.
Therefore, there exists a certain principal gap between non-living and living
types of natural systems. In a context of physics, E. Schrodinger defined it
as a gap between the primary “order from chaos” to the secondary “order
from order” [1]. However, he did not explain how the secondary order (i.e. life
proper) may arise from the primary one. Some other researchers indicated
the gap as “Mysterious Evolution Jump”, or the “Missing Link”, that should
be examined in framework of the origin of life problem [2]. Till now nature of
this gap is not satisfactory explained by the three existing approaches to evo-
lution of cells: compositional (or metabolism-first), RNA-world (or genes-
first) and cellular (last universal common ancestor). The author’s inversion
concept examines nature of the difference between these types of natural
systems from the thermodynamic point of view [3, 4].

Thermodynamic difference between living and non-living systems

Entropy, free energy, and information are basic thermodynamic notions.
Owing to their universality, they can be used for a fundamental comparison
of living and nonliving systems. It is well known that biological evolution par-
adoxically proceeds with accumulation of free energy (that is, its contribution
prevails over the contribution of entropy). In contrast, non-biological systems
evolve with the tendency of entropy growth, in accordance with the 2nd law
of thermodynamics (in particular, stars or magmatic systems continuously
dissipate free energy into the environment, i.e., lose it). There is no gener-
ally accepted explanation for this difference. But it is obvious that the emer-
gence of the first living microorganisms from non-living organic microsys-
tems implies a reversal of the thermodyn