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Fig. 1. Example of simulated spectral transmission for sampled atmosphere of Venus
at the 7280 nm spectral region. The gas mix model total pressure is 20 mbar, tempera-
ture —300 K, effective optical path — 15 m, and targeted gas components content: CO,
96 %, SO, 10 ppm, H,0 30 ppm

Gas sampling system will take a portion of the ambient atmosphere, being in-
jected by outside high pressure, will rarefy and insert it into the analytical cell
volume and, after measurement, will rapidly pump it out in a ballast volume,
setting 3—5 minutes of time for one complete measurement cycle. Sampling
technique becomes challenging at low heights and near the surface of Venus,
where the atmosphere main gas CO, approaches to and reaches its supercrit-
ical state under high values of its pressure and temperature.

General technological challenge is minimization of size, mass, power
con-sumption, and other resource parameters of the ISCRA-V instrument,
working under large variations of ambient gas pressure and temperature
at the gas inlet and under expected wide variations of local temperature at
the ISCRA-V mounting board, which may alter up by several tens of degrees
during the experiment active time. Stability of opto-mechanical modules, re-
liability and rapidness of gas sampling should be provided by selection of
original technologies and use of low thermal expansion materials, such as
invar alloy and sitall ceramic, despite if they are hard ones for processing.

Fig. 2. An illustration of the ISCRA-V optical multipass sensor layout
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SO, MEASUREMENTS IN THE CLOUD LAYERS:

The Venera-D lander at its descent will rapidly pass through the cloud layers
of the atmosphere of Venus, leaving time for not more than two complete
measurements of the ISCRA-V in the clouds. However, studies of gas mixing,
phase transitions, chemical reactions, etc. in the cloud layers are of particular
interest for the Venera-D mission. An optional atmospheric balloon probe
module could be included into the mission for carrying out measurements
in low and medium cloud levels, at heights from 53 to 60 km during several
weeks of its work.

A simplified version of the ISCRA-V instrument could be proposed for mea-
surement of molecular content variations in the clouds of Venus on board of
such an atmospheric balloon-carried module. For example, leaving only one
laser channel of measurements at 7280 nm spectral region (see Fig. 1) and
adapting the gas sampling system to nearly “normal” pressure and tempera-
ture of the ambient atmosphere, it should be possible to monitor SO, content
variations by a kind of a Laser Atmospheric Spectrometer (LAS) instrument
with its high sensitivity to SO, and with its radically reduced mass and other
resource requirements. In this case, carrying out regular measurements over
a long time of time will help to obtain statistically accurate data and a spatial
mapping of measured molecular content variations in accordance with the
actual trajectory of the atmospheric module flight.
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INTRODUCTION:

In this paper, we describe a scientific concept of the VIRAL experiment (Venus
InfraRed Atmospheric Linker), devoted to studing the composition and struc-
ture of Venus atmosphere at the top and above the cloud layer, on board the
Venus Orbiter Mission announced by the Indian Space Research Organization
(ISRO). VIRAL includes two infrared channels: an echelle spectrometer [1]
and an ultra-high resolution heterodyne interferometer [2]. The instrument
is designed to perform solar occultation measurements, providing an optimal
photon yield combined with a superior spectral resolving power that exceeds
20 000. The high vertical resolution (with a footprint of about 1 km at the
limb) allows the detailed altitude profiling of the Venusian upper atmosphere
with its composition and structure.

VIRAL will provide the profiling of both the major and minor species that exist
in Venus’ upper atmosphere, altitudes from 65 to 150 km. The list of com-
ponents in the infrared wavelength range (2.2—4.2 um) includes CO, and its
main isotopes (with related retrievals of the atmospheric temperature), H,O
and HDO (related to the evolution of water on Venus [3], CO, SO, [4]) HCI, HF,
as well as H,SO,4 droplets and aerosols. An optimized sensitivity will allow for
the establishment ofrefined upper limits or new detections for a number of
trace gases, such as H,CO, OCS, C,H,, H,S, and possibly phosphine. Due to the
mission orbital peculiarity, VIRAL will cover the middle and near-equatorial
latitudes. This will complement and improve the results of analogous exper-
iment on board Venus Express orbiter operated in 2006-2014, which sound-
ed mostly near the Northern Pole [5]. The VIRAL results will increase also our
knowledge about the gaseous species variability and about the structure and
dynamics of Venus upper atmosphere.
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INTRODUCTION:

Radiative damping in the Venus’s atmosphere at altitudes above ~65 km is
the main process of internal wave dissipation having vertical wavelength
<4 km, and this approach was used by Hinson and Jenkins [1] earlier for the
wave analysis of the Magellan radio occultation (RO) temperature and sig-
nal intensity data. We used parameters of the temperature variation at alti-
tude of ~65 km from Magellan profiles, remaining after high-pass filtering for
wavelengths <4 km by Hinson and Jenkins, as the input data for our reanaly-
sis of internal waves in the Venus’s atmosphere. Internal gravity wave (IGW)
characteristics in the atmosphere were inferred from the radio occultation
measurements, collected on 5-6 October 1991 during three successive or-
bits (orbit numbers 3212—-3214) of the Magellan spacecraft [1]. The results
obtained by two independent methods are presented, compared, and dis-
cussed in this work.

ANALYSIS OF THE MAGELLAN RO TEMPERATURE DATA BY USING

THE SATURATED WAVE ASSUMPTION (SWA-METHOD):

The estimate of intrinsic wave frequency by Hinson and Jenkins [1] (HJ-paper)
is based on the assumption that the observed attenuation of wave amplitude
at altitudes above ~65 km is due to radiative damping. With this aim, they
analyzed the attenuation of vertical temperature oscillations in the three Ma-
gellan profiles at the full altitude range from ~65 to ~90 km.

Our SWA-method uses parameters of local temperature anomaly at altitude
of ~65 km only which is connected with the monochromatic IGW. They are
the amplitude of temperature perturbation | T |=4 K, its vertical wavelength
[A;|=21/|m|=2.5 km, the background absolute temperature T, = 230 K, the
normalized amplitude of temperature perturbation |7/|=|T"/T,|=17-10"
and the background buoyancy (Brunt-Vaisala) frequency N, =0.021 rad/s.
These experimental values were determined by Hinson and Jenkins [1] from
temperature data and they are represented in table 1 (upper part) as input
RO data for our reanalysis. Based on the above indicated values and equa-
tion (12) of the work [2], the values of relative wave amplitude a. and other
IGW parameters were reconstructed. Thus, our local estimates don’t require
temperature analysis in the full altitude range. Using equation (12) of the
work [2] and indicated data about vertical wavelength, background buoyancy
frequency, gravity acceleration, normalized amplitude of temperature per-
turbations, we have determined the relative wave amplitude a, = 0.83. This
value satisfies the IGW identification criterion (a, < 1) and wave-like tempera-
ture fluctuations in Magellan RO data may be considered as wave induced.
Based on HJ-paper [1] results about wind velocity perturbation amplitude
|u’|and intrinsic horizontal phase speed, we have also calculated relative
wave amplitude ~0.82. The key ratio f/w was determined with the aid of fol-
lowing equation:

f 2J1-a 2/1-a,/d, (1)
w 2-a  2-a/d,

Assuming that the wave saturation degree d. = 1 = 100 % (saturated wave
assumption), we have found from (1) that the ratio f/w is equal to ~0.69.
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Using value |f|=2.7-107° rad/s at 67° N latitude, we have determined the
intrinsic frequency w = 3.9:10° rad/s and intrinsic wave period t"=44.8 hrs =
= 1.9 days. The last value is ~5 times greater than the wave period ~9 hrs
inferred in HJ-paper [1]. In the table 1 we have shown internal wave char-
acteristics which were computed from the Magellan RO temperature data
using SWA-method.

Comparison our results with the data found in HJ-paper [1] shows dra-
matic differences. So, our estimate of intrinsic horizontal phase speed |c,
(~11.8 m/s) and wave amplitude of wind speed perturbations |u’| (~9.9 m/s)
are 1.4 more than corresponding estimates ~8.5 m/s and ~7.0 m/s inferred
in [1]. We see that these estimates |cp|and |u’| found by two independent
techniques differ from each other by ~28 and ~29 % respectively. The value
of horizontal wavelength obtained by SWA-method (~1895 km) is ~7 times
greater than corresponding value ~270 km found by Hinson and Jenkins [1].
One of the reasons for observed differences is possible uncertainties for
methods used. Hinson and Jenkins declare that probably uncertainty of their
method is of ~50 % [1, p. 322].

Taking into account the results obtained in the works [3-5], we consider that
following two assumptions given in HJ-paper [1, p. 319, left column] may be
reasons of significant systematic uncertainties:

1. “The wave amplitude is not sufficient to cause convective instability, an
alternative damping mechanism.”

2. “Similarly, wind-shear instability is not likely to be the cause of the ob-
served attenuation, since the wave amplitude appears to be insufficient
to trigger this effect.”

In addition, authors of Hl-paper [1, p. 320, right column] used a simpli-
fied dispersion equation for IGWs with intermediate intrinsic frequencies:
Np >> w >> f, which excludes low-frequency internal waves in advance.

For reanalysis Magellan RO temperature data we use the saturated wave
assumption and in our SWA-method. Sometimes, this assumption does not
hold, thus leading to some systematic errors in the SWA-method application
and aliasing of reconstructed wave characteristics [6]. Let us consider error
estimates connected with the fact that the exact value of threshold amplitude
a may be differ from relative wave amplitude a.. We assume a fully saturated
wave d. = a = 0.83, but in the common case a threshold amplitude a may be
arbitrary obeying inequality 1 > a > a,. So, the possible values of saturation
degree are in the interval 1 > d, > a,, or 83 < d, < 100 %. Simultaneous ra-
diosonde studies of temperature and wind speed show that saturated IGWs
are observed in most cases; however, exceptions are also possible [6]. We
adopt a reasonable deviation of ~10 % for the a.- and a-values. Points A and
B in figure 1 indicate our obtained results and 10 % deviation: A (f/w = 0.69;
d. =0.83) and B (f/w = 0.54; a = 0.91). The value f/w = 0.54 was calculated
with aid of equation (1) using a = 0.91. So, we see that relative uncertainty for
f/w is equal of ~22 %. We have found other mternal wave characteristics for
given case B. Their magnitudes are: w = 5.0- 10 rad/s (~28 %); T" = 34.9 hrs
(~22 %); |caml =9.9 m/s (~16%), |kp|= 0.5 10 m™* (%52 %); A = 1260 km
(~34 %); |u'|=9.0 m/s (~9 %) [V'|=4.9 m/s (~28%); |w'|=1.8-10" m/s
(~39 %). The relative errors for these parameters are shown in brackets. We
see that a deviation of ~10 % for the ae- and a-values leads to relative uncer-
tainties from ~9 % to ~52 % for the reconstructed IGW characteristics.

Thus, the observed great differences between wave parameters reconstruct-
ed by two independent methods may be connected with erroneous assump-
tions and significant systematic uncertainties for methods used. There is a
simple possible explanation allowing reconciling the results obtained by two
independent techniques. The data obtained in work [1] can indicate that an
analyzed internal wave is unsaturated. The values of the threshold ampli-
tude a and saturation degree d, calculated on the basis of the data from [1],
are ~0.99 and ~83 %, respectively. If the errors of the method allow these
estimates to be considered reliable, the assumption about the saturation of
the internal wave amplitude may not be fulfilled. In this case, the correction
(de = 0.83 = 83 %) in equation (1) makes it possible to reconcile the results
obtained by two independent methods.
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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 [1] for analysis

Solar zenith angle (SZA) 109°
Local true solar time (LTST) 22h05m
Latitude, ¢ 67°N
Longitude 127°E
(Venus’s r':gilttjl;(:ll?i’SGOSZ km) 257 km
Acceleration of gravity', g 8.7 m/s?
Angular rotation rate of the atmosphere, Q -1.5-10 rad/s (westward)
Coriolis parameter, |f|=]2Q-sing| 2.7-107 rad/s (at 67° N latitude)
Inertial period, tr= 21 /|f| ~64.6 hrs = 2.7 days (at 67° N latitude)
Background absolute temperaturel'*, Tp ~230 K
Background buoyancy frequency” *, Nyp ~2.13-107 rad/s
Vertical wavelength?, |A;| = 2r /| m| 2.5km
Vertical wave numbe?, |m| ~2.5:10%m™

Amplitude of temperature
perturbations?, | 7’| 40K

Normalized amplitude of temperature N 3
perturbations® ", 7| =IT"/T,| 17.4-10

Internal wave characteristics found by two independent methods

) ~0.83 (our results)
Relative wave amplitude?, |a,_,|5|u'|/|c;,"h 0.82 (was calculated by us

for HJ-paper results)

Intrinsic wave frequency’, w _;3.9-10‘5 rad/s (our results)
¢ 2:107" rad/s (parameter ¢ in HJ-paper)

e s 1 _in_ ~44.8 hrs = 1.9 days (our results)
Intrinsic wave period”, " = 2n /w ~9 hrs (value 2t/o in HJ-paper)

. ~0.69 (our results)
Ratio f/w ~0.14 (value f/o in HJ-paper)

~11.8 m/s (our results)

Intrinsic horizontal phase speed?,

[con |=w/ | k| 8.5 m/s (value N/m in Hl-paper)
) ~0.33-10 m™ (our results)
Horizontal wave number?, |k, |=w/|c/n ~2.33-10° m™ (was calculated from
HJ-paper)

~1895 km (our results)

Horizontal wavelengthl, Ap =21 Jkp 270 km (“meridional” wavelength in

HJ-paper)
Amplitude of wind speed perturbations ~9.9 m/s (our results)
along the horizontal propagation vector, 7.0 m/s (“meridional” amplitude in
lul=aclcy | HJ-paper)
Amplitude of speed perturbations ~6.8 m/s (our results)

transverse to the horizontal propagation

0.7 m/s (“zonal” speed amplitude in
vector, |V |=f/w|v’|

HJ-paper)
. . . ~1.3 102 m/s (our results)
Amplitude of vertical wind speed . . .
perturbations, |w' | =A, /As |/ | 0.07 m/s (verthcjzi\lpsa%eei;:l amplitude in

L At 65 km altitude;
" was calculated by us using data of HJ-paper [1]
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Fig. 1. Normalized wave amplitude (threshold amplitude) a required for shear wind
instability (Ri < 1/4) as a function f/w. The wave amplitude (a = 1) required for con-
vective instability is shown by a dashed line. This plot was built by using formula (7)
from the work [2]
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INTRODUCTION:
Here we present our last publication in Journal of Geophysical Research:
Planets [1].

More than 250 000 wind vectors in the Southern hemisphere were derived
from the VMC VIS image pairs using automated correlation procedure.
The observations covered almost entire Venus Express lifetime (eight Ve-
nus years).

The VMC VIS channel (513 nm) sounded the lower part of the upper cloud
(60£3 km) located between the layers at 70+2 km (cloud top) and 55+2 km
(middle cloud) probed by two other VMC channels: UV (365 nm) and near-
IR (965 nm) correspondingly. Effective altitudes of the layers depend on the
cloud structure and vary with space (especially, latitude) and time.

The mean VIS zonal wind speed gradually decreases with latitude from about
-85 m/s close to the equator to -35 m/s at 802 S.

We found acceleration of the mean zonal wind at 30+5° S over 5 years (8 Ve-
nusian years) by 18.5 m/s (Fig. 1a, green line).
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Fig. 1. Long-term variations of the mean zonal velocity at latitude 30+5° S: a) UV
(blue), VIS (green) and near-IR (red) winds. The error bars correspond to standard de-
viations o; b) the difference between mean zonal velocities derived from the UV and
VIS channels. The numbers indicate the data sets. The error bars correspond to 99.6 %
confidence interval (30y),shaded areas correspond to the standard deviations o

The meridional wind derived from the VIS images has equatorward direction
in the entire Southern hemisphere. The mean meridional wind speed peaks
at ~10° S with +9.4+1.3 m/s (o = 7.0 m/s) value and then gradually decreas-
es to +1.1+0.1 m/s (o = 7.4 m/s) at 50-55° S. Further towards the pole, the
meridional component increases to +2+0.2 m/s (o = 5.5 m/s). The VMC day
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observations alone do not allow to conclude whether these motions indicate
a thermal tide or a branch of a Hadley cell. However, comparisons with night
observations as well as general circulation modelling suggest that the latter
case is likely in the deep cloud.

Variations of the zonal and meridional wind components correlated with
both local time and surface topography are observed in the cloud layer. Both
zonal and meridional components have daytime maxima at low latitudes
(~15°S) at 14-15 h local time.
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Fig. 2. Mean latitudinal profiles of the zonal and meridional winds derived for the
“slow” (a) and “fast” (b) sub-sets. Error bars correspond to 99.6 % (305)) confidence
interval; colored shaded areas correspond to the standard deviations o.

The latitudinal profiles of the zonal wind derived from the VIS images usually
fall between those measured in UV and near-IR channels. In extreme cases
they can be quite close either to UV or to near-IR wind profiles (Fig. 2). We
think it would be more natural to expect VIS and near-IR wind profiles to
be close since these channels sound approximately the same altitude due
to similarity of the optical properties from visible through near-IR. Similarity
of the VIS and UV winds is likely due to that in some cases both VMC chan-
nels “see” similar cloud features. This could, for instance, result from the UV
absorption extending to the visible spectral range or presence of additional
absorbers at the cloud top.

We found a tentative evidence for quasiperiodic long-term variations in the
difference between the mean zonal wind speeds derived from the UV and VIS
channels with a period of about 3 Venusian years and amplitude of 5-6 m/s
(Fig. 1b). These quasiperiodic variations may be due to the degree of “visibil-
ity” of identical structures in the UV and VIS channels.
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INTRODUCTION:

UV (365 nm) images obtained by Venus Monitoring Camera (VMC/Venus
Express) from 2006 to 2013 and by Ultraviolet Imager (UVI/Akatsuki) from
December 2015 to August 2020 were used to study the mesosphere dynam-
ics. Wind vectors obtained by processing 528 orbits of VMC and 86 orbits of
UVI were derived by the digital tracking technique [1, 2]. We have studied
changes in the longitudinal dependence of the zonal speed at the cloud top
(70£2 km) in equatorial latitudes for limited time intervals of Venus Express
and Akatsuki missions. Since the longitudinal position of the zonal speed
minimum varies depending on local time, and the zonal speed minimum is
observed at noon [3], studies were carried out for 11:00—13:00 local time (LT)
interval for both missions.
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Fig. 1. Variations of the mean zonal wind speed at 202+2.59S over the mission time
(X axis — Julian Date) from 11:00 to 13:00 LT. Every point is the result of averaging over
the Venusian year (224.7 days) in latitude band 20+2.5° S. Blue circles show zonal
wind averaged through the Venusian year derived from VMC images, green circles are
the same for UVI. Red square shows zonal wind averaged by using only two days of
observation (2015.12.07-08). Error bars correspond to standard deviation o.

RESULTS:

The VMC registered in 2006—2013 the increase of the mean zonal wind speed
from 85 to 115 m/s in equatorial latitudes [1]. Figure 1 shows the zonal speed
variations at 20° S, from 2006 to 2020. The trend obtained from the VMC
data (2006-2014) shows the increase in the average zonal speed from 82 to
112 m/s by 2013. The results obtained from UVI images from the end of 2015
to 2020 manifest a downward trend of the mean zonal wind speed (from 95
to 84 m/s), opposite to the upward trend obtained from VMC images before
2013.

The study of the longitudinal dependence of the zonal speed on a set of lim-
ited trend intervals makes it possible to trace the evolution of the minimum
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over Aphrodite Terra over time. Figure 2(a—f) shows how, as the mean zonal
speed increases during the VMC/Venus Express mission, the minimum of the
mean zonal speed over Aphrodite Terra transforms into a maximum. Con-
versely, as the mean zonal speed decreases (UVI/Akatsuki), the relative max-
imum observed over Aphrodite gradually transforms into a zonal speed min-
imum (Fig. 2(g—j)), which is then smoothed out (Fig. 2k) and, forming again,
shifts in the direction of superrotation.
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Fig. 2. Dependences of the zonal speed (black lines) on longitude in the upward part
of trend (VMC) averaged for 6 Venus years: 01-06 (a), 03—-08 (b), 05-10 (c), 06—-11 (d),
07-12 (e), 08-13 (f). Dependences of the zonal speed (black lines) on longitude in
the downward part of trend (UVI) averaged for 3 Venus years: 01-03 (j), 02—04 (h),
03-05 (i), 04—-06 (j), 05—07 (k), 06—08 (/). Zonal speed is averaged in 10-deg latitude
band above the highest region of Aphrodite Terra (from 5 to 15° S) in local time inter-
val from 11:00 to 13:00 hours. The red line (all panels) shows the mean surface topog-
raphy at the same latitude band. The error bars correspond to the 99.6 % confidence
interval (3o5). Grey shaded are as correspond to the standard deviations o. Horizontal
coordinate corresponds to 1.5 longitudinal period (540°) for better presentation
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According to Fig. 2, the zonal speed maximum above Aphrodite Terra is ob-
served for the first time when the results, including ones corresponding to
the 11th Venusian year of the upward part of the trend (VMC), are averaged
(Fig. 2d). At the beginning of the downward part of the trend (UVI), a relative
maximum above Aphrodite Terra is observed only on the curve containing
measurements corresponding to the 1st Venusian year (Fig. 2g). Thus, we
can assume a change in the dynamics of the atmosphere of Venus from 2012
to 2015. The smoothing of the minimum (Fig. 2k), when the influence of the
surface on the zonal velocity is not visible, and the subsequent appearance
of the minimum, as well as its displacement (Fig. 21), suggests some changes
in atmospheric dynamics that require further study.

CONCLUSION:

The monotonous increase of the mean zonal speed at equatorial latitudes
from 82 to 112 m/s during 2006—2013 changed to its gradual decrease down
to 84 m/s in 2020. Change in the dynamics of the Venus atmosphere was
observed from 2012 to 2015 and corresponds to high mean zonal speed in
the trend.
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ABSTRACT:

We propose a new generation instrument, DAVUS (Descent in the Atmo-
sphere of Venus with the Ultraviolet Spectrometer), for in-situ measure-
ments of the atmospheric UV absorbers on board Roscosmos’s “Venera-D”
landing platform. The experiment implements active absorption spectros-
copy using an integrated UV source: its light penetrates through Venusian
gases in an optical cell and further is registered by a spectrometer at the
wavelength range from 250 to 400 nm. This spectral interval is sensitive to
the molecular absorption lines of minor species, such as SO,, SO, CIO, which
play key roles in the chemistry of the clouds and the lower atmosphere of
Venus. For example, sulfur dioxide SO,, being a volcanic gas, is a chemical
precursor of H,SO4-acid clouds (47-70 km) enshrouding the planet. In the
clouds, SO, mixing ratio sharply decrease with altitude: from ~10° ppbv at
50 km to ~10° ppbv at 70 km [1, 2] (Fig. 1).
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Fig. 1. Overview of SO, content measurements on Venus (ppbv — parts per
billion in volume) at various atmospheric altitudes (adapted from Vandaele
et al. [2]). The blue dashed line frames the DAVUS measurement scope

Another subject of interest is an unknown UV absorber situated at 300—
400 nm when measuring the contrast albedo of Venus clouds. So far, a pro-
found spectral characterization to define this component has been per-
formed neither remotely nor in situ. Sulfurs S, and dimeric sulfur monoxide
S,0,, studied by Frandsen et al. [3], are also considered by DAVUS as proba-
ble candidates for the unknown absorber.
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While the platform is descending from an altitude of 70 km to the surface,
the gaseous and aerosol species fill the multi-pass optical cell. The spectrom-
eter (isolated hermetically and thermally) measures the atmospheric trans-
mission with a high spectral resolution of 0.2 nm (Fig. 2). Thus, the consid-
ered gases’ concentration can be retrieved at an effective footprint length
(in the cell) about 2 m with the altitude sampling of ~500 m. An analogous
experiment was previously performed by ISAV/VEGA instrument [1], which
retrieved SO, abundance at the altitude range of 5-60 km, not covering the
uppermost cloud layer (see Fig. 1). With DAVUS we improve the sensitivity,
spectral resolution and the altitude coverage relative to ISAV measurements.
This will enlarge our knowledge about the atmospheric UV absorbers and
their linkage with volcanic activity on Venus.
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Fig. 2. Examples of SO, transmission spectra, modeled for DAVUS measurements at
different atmospheric altitudes (a). All spectra are convolved by a point spread func-
tion of the instrument with a spectral width of 0.2 nm (b)
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INTRODUCTION:

Using Venera-15 and -16 satellites, the radio occultation measurements of
the Venus'’s atmosphere were carried out in the period from October 1983 to
September 1984. The orbits of the satellites were such that the approaches
to the planet were made in the Northern Hemisphere of Venus, and exits —in
the Southern. As a result of radio probing of the atmosphere by satellites en-
tering the planet, a regular drop in the decimeter (wavelength ~32 cm) signal
intensity with the decreasing altitude was observed in the range from 80 to
45 km. Such a change in the signal level is due to the atmospheric refraction
of radio waves. The typical behavior of the normalized radio wave intensity
Inorm Versus altitude is shown in Fig. 1 (panel a).

I Venera-16 -
Venera 16 2 = 31.10.1983 -
16.10.1983 = ] ===
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a) b)

Fig. 1. Examples of the behavior of the normalized radio wave intensity lnorm versus
altitude. Panel a) shows typical behavior in many sessions, panel b) shows behavior
with a striking feature that was observed in several sessions. The inset of panel b)
shows a fragment of the selected part in magnification

In some sessions, the experimental profiles of the refractive attenuation ver-
sus the ray altitude show a sharp drop in the radio wave intensity and a bright
feature is distinguished in the range from 60 to 56 km near tropopause. In
this altitude interval, an alternation of deep minima and sharp maxima of the
signal power is observed. The behavior of the normalized radio wave inten-
sity lnorm @s the ray deepens into the planet’s atmosphere in sessions with
a singularity is shown in Fig. 1 (panel b). It was found that strong changes in
the signal level occur in the region where the transition from the isothermal
to the adiabatic polar atmosphere and a sharp change in the temperature
gradient are observed [1].

EXPERIMENTAL DATA:

It was noted above that during radio sounding of the atmosphere of Venus
at altitudes from 60 to 56 km, strong changes in the signal level were ob-
served on some profiles of the signal intensity. This feature manifested itself
in the following: the radio wave intensity dropped to almost zero levels at
an altitude of ~59 km, then, as the ray descended, it sharply increased with
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the transition to a damped undulating behavior at the same level at altitudes
near ~57 km. With further lowering of the ray into the atmosphere of the
planet, the radio wave intensity fell in a typical way characteristic of refrac-
tion. The described behavior of the intensity at the indicated altitude interval
in five radio occultation sessions is shown in Fig. 2.
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Fig. 2. Experimental data on the radio wave intensity (A = 32 cm) obtained during
radio sounding in October 1983 of the Venus’s atmosphere by the Venera-15, -16 sat-
ellites. The latitudes and longitudes of sounded region are shown for each session

The altitude positions of maxima for curves I, — X1—Xg are shown on the left
vertical axes of panels a)—e) in Fig. 2. These positions are counted from the
lo/4 level (shown by a horizontal dashed line in the figure). The altitude in-
tervals from the planet’s surface are indicated on right vertical axes. Vertical
dashed lines mark the zero level I,,orm and mean level Iy, where the undulating
behavior of l,om occurs. Values of the normalized intensity l,orm are plot-
ted on the horizontal axes. In the sessions shown in Fig. 2, radio soundings
were carried out at latitudes 85.3—87.0° N. It is known that the altitude of
the region in the Venus’s atmosphere with a changing temperature regime,
including the position of the tropopause, varies greatly: from 55 km at the
equator to 62 km at 75° N, and closer to the pole it again drops to 57 km from
the surface.

CONCLUSION:

Analysis of the radio wave intensity (wavelength ~32 cm) profiles, obtained
during radio sounding of the Venus’s atmosphere and shown in Figu. 2, sug-
gests that in these sessions the conditions were similar to the conditions for
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the formation of a diffraction pattern when light is incident on the edge of
an opaque half-plane. The lower edge of this opaque half-plane is located
near tropopause level at altitudes of 58.2 to 58.7 km from the surface of
Venus. Taking into account the influence of atmospheric refraction and using
the Cornu spiral, we have shown that the observed features are due to the
Fresnel diffraction of radio waves in a zone starting from the edge of opaque
half-plane.
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INTRODUCTION:

Coronae — large (up to 2500 km across) landforms with a characteristic an-
nulus consisting of densely packed grooves and/or ridges [1-4]. Annulus
surrounds the interior of the coronae, which is dominated by volcanic for-
mations [4]. In some cases, lava flows extend beyond the annulus onto the
surrounding plain [5]. There is a consensus that coronae are the surface man-
ifestations of mantle diapirs [1-4, 6-13].

We have studied all cataloged coronae of Venus [4, 14] and found that three
main topographic classes characterize them: D (dome-shaped), W (multi-
ring), and U (topographic depressions) [15]. Some of these coronae may rep-
resent long-lived volcano-tectonic structures [16—19].

Coronae are often found in spatial association with rift zones, which may
indicate the genetic relationship of coronae and rifts [20-27]. Sometimes
coronae are spatially associated with lobate plains, and may represent the
sources of the plains [28].

In this work, we have carefully analyzed regions where coronae, rift zones,
and lobate plains occur together in order to establish how often or rarely the
spatial associations of these formations may suggest their genetic relation-
ships.

The results of the analysis of the spatial association of coronae with lobate
plains shows that ~32 % (169 coronae out of 532) of all coronae is spatially
associated with lobate plains. Among these, more commonly coronae are
sources of the plains (subpopulation 1, 90 features, or ~17 % of all coronae,
Table 1). Coronae of subpopulation 1 mainly belong to the D topographic
class. Less often, coronae are embayed by lobate plains (subpopulation 2,
79 coronae, ~15 % of all coronae, Table 1). Coronae of subpopulation 2 more
often have the W and U topographic profiles.

Table 1. Topographic and morphological characteristics of coronae spatially associat-
ed with lobate plains.

Populations of coronae spatially Subpopulation 1, Subpopulation 2,
associated with lobate plains number (%) number (%)
90 (17)" 79 (15)°
D class 40 (23 74",
W class 25(15),, 37(22),,
U class 25 (15) 35(21)

* Percent of the entire population of coronae,
** Percent of coronae that are spatially associated with lobate plains.

The results of the analysis of the spatial association of coronae with rift
zones shows that ~19 % (102 coronae out of 532) of all coronae is associated
with rift zones (Fig. 1). The annulus of these coronae is either completely
consist of rift structures (rift coronae, 75 features or ~14 % of all coronae),
or formed by groove belts that are cut by rift structures (pre-rift coronae,
27 features or ~5 % of all coronae).
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Fig. 1. Rift coronae are in red; pre-rift coronae are in blue; yellow: lobate plains; black:
rift zones; geological boundaries are from [29]

Most of the rift-coronae (43, ~8 % of all coronae) are associated with lobate
plains and represent apparent sources of lobate plains. The pre-rift coronae
source the plains much less frequently (16 features or ~3 % of all coronae);
they are mostly the W-class coronae. The rift-coronae are often spatially as-
sociated with novae (21 coronae), while the association of the pre-rift coro-
nae with novae is less common (8 coronae). In all cases, novae postdate the
corona annulae and represent sources of lobate plains.

CONCLUSIONS:

1) About 1/3 of the entire population of coronae of Venus is spatially as-
sociated with lobate plains and only ~17 % of all coronae represent ap-
parent sources of lobate plains. These coronae mostly belong to the D
(dome-shaped) topographic class, which likely represents a progressive
stage of the diapir evolution accompanied by the growth of a dome-like
topographic feature.

2) About 1/5 of all coronae is spatially associated with rift zones and only
~8 % of the entire corona population is formed by rift-related structures;
a significant part of them are rift (~ 73 %) and a smaller part are non-rift
coronae (~27 %).

3) Thus, the rate of formation of coronae during the later geologic history of
Venus (the network rifting-volcanism regime during Atlian Period [30]) sig-
nificantly diminished. The rift formation (in contrast to groove belts during
the tectonic resurfacing regime of Giuneverian Period [30]) was not com-
monly accompanied by the corona formation. Instead, rifts are associated
with extensive topographic swells that are characterized by abundant vol-
canism and large positive gravity anomalies (e.g., [31]). This may suggest
that the mantle diapiric activity (development of rootless bodies) during
Guineverian Period was changed by mantle plume activity (formation of
bodies with deep roots or supplying channels) during Atlian Period.
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INTRODUCTION:

Geologic mapping has been used to study the Venusian surface since the first
radar images were transmitted back to Earth by the Venera-15 and -16 space-
craft. Since then, and with the high-resolution global coverage provided by
the Magellan mission, several efforts have been made to understand geo-
logic processes and test hypotheses with mapping on several scales. For ex-
ample, VMAP (Venus Geologic Mapping) program [1] consists of an ongoing
series of 1:5 000 000 scale maps of each of Venus’ 62 quadrangles (e.g., [2]).
In addition, other authors compiled a global map on a scale 1:10 000 000
(e.g., [3]). These efforts provided important insights on the overall geology,
major geologic units, global and regional stratigraphy and structures of Ve-
nus, as well as forming the framework for interpreting the geologic evolution
of the planet.

Detailed maps of volcanic centers on a scale 1:500 000, such as the ongoing
mapping of Atira Mons (Fig. 1; [4]) and [5] are less common, but are the focus
of the new International Venus Research Group [6]. In the example of Atira
Mons, we showcase how such efforts offer many perspectives to gain novel
information using the Magellan dataset and point to several challenges that
can potentially be solved by the new missions heading to Venus in the next
decades [7-10].

VALUE OF DETAILED MAPPING OF A LARGE SHIELD VOLCANO:
e Developing a detailed flow history and the evolution of any summit cal-
dera;

e Determining effusion rates and identifying cooling-limited and supply-lim-
ited flows [11-12];

¢ Understanding the relationship between the location of sources and tim-
ing of eruptions (e.g., mid-late flows are possibly sourced outside the sum-
mit, on the flanks);

e Estimating flow volume over time for a large shield volcano can provide
constraints into the volatile release history, and its potential role for cli-
mate change on Venus;

e A thoroughly characterized large shield volcano is an important target for
the future missions (for higher resolution images and a potential lander,
such as Venera-D).

CHALLENGES OF DETAILED MAPPING:
e Discerning lava breakouts from isolated patches of older flows;

e Determining whether radar dark channels in the center of bright flows
represent a part of the flow or a younger pulse;

e Assessing whether flow units of similar morphology and radar brightness
in different sectors belong to the same flow stage;

e Determining whether downslope radar backscatter changes indicate sep-
arate flows or variations in roughness of a single flow;
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e Marking and interpreting diffuse boundaries between flows;
e Dealing with data artifacts in SAR and topography data;

e Avoiding overinterpretation of subtle features, since we are mapping close
to the resolution limit of the datasets.

RESULTS OF DETAILED MAPPING OF ATIRA MONS:
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Fig. 1. Geologic map of Atira Mons. Colors indicate different generations of lava flows
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Fig. 2. Sector division of Atira Mons
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Atira Mons is a large shield volcano capped by a central caldera, locat-
ed on the NE portion of the Beta-Atla-Themis Region. It covers an area of
~310 000 km?, has a volume of ~280 000 km3 (comparable in size to a terres-
trial Large Igneous Province; [13]). Most of the flows are within ~300 km of
the summit, however one flow can be traced ~700 km to the SSW (Fig. 1). Our
current mapping includes 61 flow units, provisionally divided into one sum-
mit and four flank sectors (Fig. 2). It shows that 1) flow units concentrated on
Atira Mons’ summit are younger than the ones on the flanks and are possibly
related to caldera formation; 2) larger volumes of magma were emplaced as
initial stages of Atira Mons, including the ~700 km long flow in the SSW; 3) In
most cases, the youngest flows in each sector can be traced back to the sum-
mit; 4) Some flows seem to be sourced from sources on the flanks (dykes?).
For more details, see [4]. We are currently comparing the characteristics and
sequence of Atira Mons to other large Venusian shield volcanoes in the Beta
Regio area, such as the ~350-400 km diameter Tuulikki Mons [14].
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INTRODUCTION:

The surface of Venus is characterized by the presence of numerous craters
due to bolide impact, of various types seen in Magellan SAR images, which
were previously classified by [1] into six main types. An additional type of bo-
lide feature is “splotches” that are formed during the interaction of a bolide
and the dense atmosphere of Venus [1, 2]. The shockwave from such an air-
blast can affect the surface in different ways, leading to both radar darkening
and brightening [1, 3]. Shockwaves from these bolides are sufficient to form
large features on the surface [2, 4].

Fig. 1. a, b—Magellan SAR image of the study area showing splotches (circles)
and similar appearing features (stars) that have an ambiguous origin, but are
most likely volcano-tectonic

According to [5], the Phoebe Regio area is characterized by an abnormally
high density of splotches. The main goal of this study is to show the main
morphological characteristics of the “splotches” that were discovered as a
result of the geological mapping of the Phoebe Regio on Venus, and con-
sider their interpretation. Through our mapping, twelve well-defined bright
splotches are recognized to be distributed along a SSW-NNE trend that is
3000 km long and 200 km wide (extending between the SSW end at 17,2° S
and 266,8° E, and the NNE end at 6° N and 277,1° E) (circles 1-12 in Fig. 1).
Additional features (marked by stars in Fig. 1b) resemble splotches, but are
considered more likely of volcano-tectonic origin.

The diameters of the splotches vary from 70 to 180 km. The splotch shape
is predominantly circular and the centers of these splotches are dark (which
may or may not include a faint central crater) and they are surrounded by
356
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Fig. 2. Different splotches. See Fig. 1 for locations labelled by number. Key features
are labelled
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Fig. 3. Displays the diameters of splotches and their dark centers (from SSW to NNE
end of the Splotch chain)

wide radar-bright annuli. The inner dark circle can vary in diameter from
10 to 35 km. The dimensions of the bright outer ring vary from ~50 to 80 km
or more, and its boundaries are often quite blurred. Some particular charac-
teristics of each of the 12 splotches are presented below (Fig. 2, 3):

According to the size of the dark center, all splotches can be divided into
three main groups: splotches with a small dark center <20 km (1, 3, 4, 8,
10, 11 in Fig. 1), splotches with a large dark center 250 km (5 in Fig. 1) and
splotches with a dark center ranging from 20to 50 km (2, 6, 7,9, 12 in Fig. 1).
Some splotches have center which resemble the remains of craters in their
morphology (2, 6, 12 in Fig. 1). Special attention should be paid to splotch 5
in Fig. 1. The presence of a dark center with such a large diameter is unique
for this area.

As a rule, all splotches have a clear round shape, however, sometimes the
definition of this characteristic is influenced by the type of surface and the
presence of additional geological features. In some cases, due to the pres-
ence of rifts or grabens, which significantly increase the radar brightness of
357
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the area, it can be difficult to determine the outer boundaries of the bright
ring, as in splotches 3, 4, 8, 11, 12 in Fig. 1.

Of great importance is the type of surface on which the splotch is located. As
mentioned earlier, some splotches overlap older rifts and fractures, which
greatly complicates the identification of their outer boundaries. The same
applies to the splotches that were found within the tessera region (splotch-
es 7, 9). In addition to tectonic faults, in some cases we detect splotches
near radar-bright volcanic flows, which also complicates correct identifica-
tion (splotches 4, 5, 10, 11). Splotches are most clearly detected within the
radar-dark plains (splotches 1, 2, 6, 10), because the contrast that occurs at
the bright splotch-dark plain boundary allows one to correctly set the outer
and inner boundaries of the splotch.

The observation of such bright splotches allows us to make an assumption
about their relative age. As in the case of the halo observed in some impact
craters [6], we consider “splotches” as one of the youngest units on the sur-
face of the studied region. Our interpretation is based on the fact that the
material of the splotches is rather heterogeneous, is not very thick and would
be easily covered with other materials or removed by wind. The elongation
direction of the splotch distribution suggests a trajectory for the arriving
bolide oblique to the solar system ecliptic plane. We interpret the elongate
splotch distribution to have been formed by a stream of individual fragments
of a parent body that disrupted in solar orbit well before entering the atmo-
sphere of Venus. An analogous example is the 21 fragments of Shoemak-
er-Levy 9 which sequentially impacted on Jupiter [7].
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ABSTRACT

According to the long-term observations of the Sun performed in 1968-2022
by the CrAQ, Stanford and five other observatories, the mean magnetic field
of the Sun varies with the Hale’s period Py = 22.14(8) years; a saw-tooth
shape of this variation supports the recent hypothesis [1] about a cosmo-
logical origin of the cycle. We present also arguments in favour of a tight
connection between Py and the Earth’s orbital period Pg:

Pe=(1-3/m)Py,

noting that motions of the Sun, Earth and Venus are involved in the close
mutual resonance, since the Venusian spin period (sidereal, in days),

Py = 2Pg/3 = 3°Ps = 3°Pp = 243000,

with the observed value Py = 243025 days, Ps = 27027(7) days, synodic pe-
riod of the Sun’s spinning, and Pp, the mean terrestrial day. The Sun-Ve-
nus-Earth gravitational configuration, moreover, repeats each time interval
Pye = 243 years, while

Py/Pp = Pyg/Pg = 3°,

Pe = 33P5/2, Ps = 33PD and Pp = 32Po, where Py = 372 days is a period of solar

pulsations [2]. A hypothesis is advanced that timescales Py, Ps, Pg, Ppand Py

are in fact fundamental constants of the World.
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Discussing the place of Russian science in the development of planetary sci-
ence of the solar system, it is necessary to pay tribute to the Russian sci-
entists of the XVIII century, whose forecasts and observations were ahead
of the achievements of European ones and were succe ssfully confirmed by
further scientific research of the Earth and the planets of the solar system.
The laws of motion of celestial bodies, descriptions of the features of their
structure and the matter of their constituents were studied in comparison
with the planet Earth. Of great interest was also the verification of their com-
pliance with the laws of physics discovered on Earth.

Let’s focus on two of the most significant figures of scientists of that time:
Russian scientists M.V. LOMONOSOV (1711-1765) and LEONARD EULER
(1707-1783), who success — fully worked in several branches of science at
once and laid the foundations of natural sciences.

Systematization of Russian science by M.V. Lomonosov (discovery of laws,
definition of concepts and terms): in chemistry, physics, the sciences of the
structure of matter, geography, geological surveys, astronomy, mathematics
and the structure of the Earth, it allowed laying the foundation for further
research. Many discoveries belong to him. In the field of astronomy, an as-
sumption was made, later confirmed, about the nature of the Sun as a gas-
eous, rather than a stony incandescent formation.

M.V. Lomonosov made this discovery while observing the transit of Venus
across the solar disk. It made a splash — it was the first evidence in history
of the presence of an atmosphere on another celestial body near the planet
Venus with the help of original scientific instruments designed by him. At
the same time, Mikhail Vasilyevich himself did not consider this discovery
important. Then the scientist’s discovery was confirmed. Later, the effect was
named after Lomonosov.

His contemporary, who also worked at the Academy of Saint Petersburg,
Russia. L. Euler was focused on research in mathematics, mechanics, phys-
ics, astronomy... his works describing the motion of the Moon in differential
equations are known. A special place is occupied by his work in the field of
“spherical motion of bodies”, in which one point of the body remains station-
ary. The name reflects the fact that with such a movement, the points of the
body move along the spheres. More fully, this movement is called rotation
around a point and the rotation of the body is set by three angular coordi-
nates

There are several ways to choose such angles. One of them includes: — pre-
cession angle, — nutation angle, angle of proper rotation.

Laid more than 300 years ago, their foundations still serve scientists in the
knowledge of nature. So, following Euler, a system of several spherical coor-
dinate systems and angles — “Spatial-Temporal technology” — STT (Bulatova,
2000), including the “Moving source Method” MST (Bulatova, 1999) allowed
solving many topical problems of navigation (determining coordinates by the
signal of a found satellite), remote sensing of the Earth, geodynamics, etc.



13MS3-VN-PS-09
POSTER

Thus, V.P. Trubitsin calculated the process of disintegration into separate
continents of the ancient supercontinent PANGAEA using the HTP algorithm
and confirmed the theory of movement of modern continents constructed
by him. Previously, Lomonosov believed that every 20 years it is necessary
to update the maps, since the state of the planet changes during this period.

The ideas proposed by Lomonosov about the structure of the Earth, the doc-
trine “About the layers of the earth”, where different layers of our planet
(core, crust, mantle) rotate at different speeds relative to each other, and its
atmosphere (“the atmosphere has three layers: the lower one, in which the
main processes take place, the middle one, characterized by a consistently
low temperature, and the upper one, practically independent of the Earth”).
Modern concepts based on detailed studies of processes inside and on the
Earth’s surface and in its atmosphere (for example, the aurora — the glow of
the upper structures of the atmospheres of planets that differ in the magne-
tosphere, as a result of contact with charged fragments of the solar wind).

Works in the field of atmospheric electricity research (together with Georg
Richman) and the creation of a network of meteorological stations equipped
with devices. for constant monitoring of the electricity content in the atmo-
sphere. This made it possible to prove its presence in the air not only at the
time of a thunderstorm. The device began to be used to predict thunder-
storms. It was Lomonosov who first tried to explain the causes of lightning in
the Earth’s atmosphere by presenting his theory of atmospheric electricity.
Interestingly, modern scientists confirm that he was 100 % right.

Research continues.
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Small aperture ground-based telescopes are important instruments for de-
tecting and confirming exoplanets using transit photometry (Super-WASP [1],
HATNet [2]). To detect exoplanets by this method [3] it is necessary to carry
out surveys of one field of the sky for a long time.

The 50-cm robotic telescope for detection of exoplanets has been in opera-
tion at SAO RAS since 2020 [4]. During 6 months (from August 2020 to Janu-
ary 2021) the first 2.5 degrees field was observed. As a result of these obser-
vations 8 exoplanet candidates were found, as well as more than 100 variable
objects. From February 2021 to the present time observations of the second
field are carried out. The data from it are now being processed, and the first
results will be presented in this report.

In parallel with the process of detecting new candidates, additional photom-
etry and spectroscopic observations of interesting objects found earlier in
this program are regularly carried out since spring 2022 using the second
50-cm telescope, as well as other SAO RAS instruments.

A data processing pipeline was developed to perform photometry, light curve
analysis, and parameter estimation of the found exoplanet candidates.
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More than 5000 planets have been discovered, and some of them are ~Earth-
sized and exist in the habitable zone. However, it is difficult to characterize
them as Earth-like, Venus-like, or other. Transit spectroscopy observations
for the exoplanetary atmosphere have been performed to characterize larg-
er exoplanets however require very high accuracy for small Earth-like exo-
planets. A hydrogen exosphere has been detected around a Neptune-sized
exoplanet [1], but exospheres of Earth-sized exoplanets have not been de-
tected yet. Recently, Earth’s hydrogen exosphere was re-investigated, and it
was revealed that the Earth’s exosphere is extended to ~38 Earth radii [2]. On
the other hand, Venus’ and Mars’ hydrogen exospheres are not so extended
because of the low temperatures of their upper atmosphere. This is caused
by the difference in the mixing ratio of CO, in the upper atmosphere. Venus
and Mars have Co,- rich atmospheres W|th a lower exospheric temperature.
On Earth, CO, is removed from its atmosphere by a carbon cycle with its
ocean and tectonics. Translating these arguments to exoplanets in a habit-
able zone presents a possible marker distinguishing Earth-like planets from
Mars-like or Venus-like planets.

Some theoretical upper atmosphere model results for high EUV irradiation
show that the temperature of the upper atmosphere could be ~10000 K [3, 4]
with EUV irradiation 10-100 times higher than that at the present Earth.
We estimated the oxygen exosphere density distribution for TRAPPIST-1e.
In this presentation, we show the difference in the distribution between
these models and discuss their observability.
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INTRODUCTION:

The surface of hot exoplanets is exposed to intense radiation of host stars
resulting in intense hydrodynamic escape and mass loss of hydrogen-domi-
nated upper atmospheres. Transit absorption spectroscopy is widely used for
probing exoplanetary atmospheres, providing information on composition,
temperature, density, and physical processes that occur at upper layers of
escaping atmospheres interacting with the stellar radiation and plasma wind.

Atmospheres of many hot Jupiters and warm Neptunes consist mostly of hy-
drogen, and the Ly-a spectral line is valuable for providing evidence of at-
mospheric escape. However, it is strongly absorbed in interstellar medium
and contaminated by geocoronal emission. As it was suggested in [1] and
calculated in [2], the absorption by a metastable helium in the 23S state at
10830 A offers an alternative way to probe the evaporating exoplanetary
atmospheres. Calculations by simple hydrostatical model [2] predicted for
GJ-436b transit absorption in Hel(23S) line at a level of 8 %, but observa-
tions of this system have yielded unexpected non-detection at 10830 A [3]-
At the same time, extremely deep and long transit was measured in Ly-a
line [4]. Such discrepancy motivates a detailed study of processes involved
in populating of Hel(23S) state for the GJ436b by more developed models.

Complex and complicated models are required to interpret the spectral tran-
sit features of hot Jupiters correctly. We use in this work a 3D gas-dynam-
ic code which takes into account the processes of recombination and plas-
ma-photochemistry of plasma components [5, 6] and treats hydrogen and
helium component as separate fluids. We found out that the main reason of
discrepancy between simplest 1D calculations [2] and observations [3] was
in neglecting the radiation pressure acting on metastable helium atoms. It
appears that strong acceleration induced by absorption of stellar radiation at

10830 A results in a wide dispersion of Hel(23S) atoms and reduction of peak

absorption by several times. Previously, we shown that radiation pressure

is important for interpretation of absorption by Hel(23S) atoms for another

warm Neptune — Wasp107b [7].
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INTRODUCTION:

Exoplanets with substantial hydrogen/helium atmospheres have been dis-
covered in abundance, many residing extremely close to their host stars.
Their atmospheres are forced by the extreme irradiation levels resulting in
the formation of the extended planetary envelopes due to the thermal and
non-thermal atmospheric escape. Ongoing atmospheric escape has been ob-
served to be occurring in a few nearby exoplanet systems through transit
spectroscopy both for hot jupiters and for lower-mass sub-neptunes [1].

In the recent study [2] the hydrodynamic simulations of the escaping atmo-
spheres of 18 hot exoplanets in the solar neighborhood were performed with
an aim to find ideal observational targets. It was found that the hot Neptune
GJ 3470b should have one of the largest mass-loss rates due to its low mass
(M =0.04M,, R =0.37R)) close orbit (a = 0.0336 a.u) and relatively high activity
ofthe host star Ml 5 dwarf(M =0.54M, R, =0.55R ). The first Lya observa-
tion [3] of GJ 3470b indeed revealed the ?arge absorptlon depth of 3517 % in the
blue wing [-94; -41] km/s of the line and, moreover, the absorption at the level of
2315 %, was also measured in the red wing [23; 76] km/s, as well as a relatively
short transit duration of ~2 hours without any distinct early ingress and extended
egress phases. Similarly to hot Neptune GJ 436b the exoplanet GJ 3470b appears
to be the next hot exoplanet with a large hydrogen envelope extending far be-
yond the Roche lobe. Existing models of the upper atmosphere of the planet GJ
3470b predict a significant outflow of atmospheric matter [2-4].
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Fig. 1. (top panel) The energy spectra of the atomic hydrogen flux escaping from the
upper atmosphere of hot Neptune GJ 3470 b due to exothermic photochemistry are
shown at the upper boundary of H2->H transition region. The vertical line indicates
the escape energy of hydrogen atoms at the upper boundary of the model atmo-
sphere at distance of ~2 planetary radii. (bottom panel) Height profiles of the upward
moving (solid line) and escaping (dashed line) fluxes of suprathermal H atoms formed
due to the exothermic photochemistry.



13MS3-EP-04
ORAL

Results of calculations of the effect of the extreme ultraviolet (UV) stellar
radiation on the production of the suprathermal fraction of atomic hydrogen
in the H,—>H transition region in the upper atmosphere of hot Neptune GJ
3470b are given in this report. The formation of the escaping flux of H atoms
created by this effect was also studied and the production rate and ener-
gy spectrum of the hydrogen atoms with excess kinetic energy due to the
exothermic photochemistry were calculated. Using the numerical stochas-
tic model for a hot planetary corona [5, 6], we had investigated the kinet-
ics and transport of suprathermal hydrogen atoms in the upper atmosphere
and the flux of H atoms escaping from the atmosphere was calculated (see
Fig. 1). The latter is estimated as 2.0x10™® cm™ s™ at distance of 1.85R/R_for
a moderate stellar activity level of UV radiation, which is an indication of the
non-thermal atmospheric loss due to the exothermic photochemistry. This
estimate corresponds to the non-thermal mass-loss rate of 4.4x10° g s * and
is comparable to the estimates [2-4] of the thermal atmospheric mass-loss
rates calculated with aeronomic models for GJ 3470b.
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INTRODUCTION:

The properties of forming planets in young planetary systems are largely a
reflection of the ongoing infall of planetosimals and the magnetic activity of
the young star that manifests itself in its excess ultraviolet and X-ray emis-
sions. The series of studies that are combined by the ZEIT (Zodiacal Exoplan-
ets In Time) and THYME (TESS Hunt for Young and Maturing Exoplanets) pro-
grams based on the photometric observations of the Kepler Space Telescope
(mainly the extension of its mission K2) and the TESS mission are devoted to
searching for and studying the properties of young planetary systems. Until
recently, there were no young planets among those discovered by the pri-
mary mission of the Kepler Space Telescope. The situation changed after the
appearance of an extended study of the Kepler-1627 (KIC 6184894) planetary
system by Bouma et al. [1].

KEPLER-1627:

Based on data from the Kepler Space Telescope archive, in [2] we have
studied the photometric variability of the young solar analog Kepler-1627,
a G8V-type star with a planet of 3.777 Earth radii in size and an orbital pe-
riod 7.2 days. Kepler-1627 is a member of the 6 Lyr cluster with an age of
38 Myr and is currently the system with the youngest planet with a precise
age detected by the Kepler primary mission. We have found the stellar rota-
tion period P = 2.606+0.020 days, the differential stellar rotation parameter
AQ = 0.06620.011 rad day™, and the photometric variability amplitude as
well as estimated the spottedness parameter of Kepler-1627 (in the range
1.1 - 6.5 %) of the stellar surface area. In absolute measure the spot area
on the surface of Kepler-1627 exceeds the maximum spot area on the Sun
and varies from 11 700 to 68 200 m.s.h. We suggest that during the interval
of its observations the spot area on the stellar surface had cyclic variations
similar to the Rieger periodicity on the Sun. High flare activity (88 flares with
an energy logE in the range from 33.41 to 35.25 have been recorded) and
spot activity have been detected in the star. Possible manifestations of the
cyclicity in the flaring activity of Kepler-1627 are considered. We have found
the chromospheric activity indices logR_HK(Teff) for Kepler-1627, which in-
dependently suggest that the object is young.
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INTRODUCTION:

Close orbiting hot exoplanets possess a unique feature of hydrodynamic out-
flow of upper atmospheres. It was revealed for a number of hot Jupiters and
warm Neptunes through observations of transit absorption in VUV lines of
such elements as H, C, O, Mg, Si as well as in infrared lines of H and He.
The planetary wind is driven by such important factor of space weather as
intensity of ionizing radiation. The multicomponent and partially ionized at-
mospheric material overflowing with a supersonic velocity the Roche lobe
comes into direct interaction with another important factor of space weath-
er — surrounding plasma of the Stellar Wind. This interaction principally dif-
fers from the processes in tenuous planetary exospheres in the Solar system.
The escape of upper atmospheres of hot exoplanets is a complex phenome-
non, and quantitative interpretation of observational data requires numeri-
cal simulations. The comparison of spectrally resolved transit measurements
of particular exoplanets and 3D simulations of their dynamical environments
gives a tantalizing evidence of planetary and stellar winds interaction, en-
abling to draw important conclusions about both the atmosphere of an exo-
planet and the parameters of a stellar wind plasma.

SIMULATION RESULTS:

Using the 3D aeronomy self-consistent global MHD code [1] we modeled sev-
eral hot Jupiters and warm Neptunes for which various spectrally resolved ob-
servations have been made —HD209458b, HD189733b, Wasp107b, Wasp80b,
GJ436b, GJ3470b, TOI421b&c, PiMenC [2, 3 and references there in]. For the
two of them (GJ436b, GJ3470b) simulations show that the observed strong
absorption in Lya line can be explained only by the interaction of planetary
outflow with SW having parameters compatible with the Solar Wind. The
non-detection of absorption by PiMenC in Lya line requires either a strong ra-
diation flux or a very weak SW. The modeling of HD189733b [3] confirms that
variability of observations can be explained by variability of space weather
conditions. Transit data on Hl, Ol, Cll, Hel lines available for HD209458b al-
lowed us to estimate the upper limit on the possible magnetic field of this
planet [1]. For the double planetary system TOI421 we predicted [2] strong
blue-shifted absorption in Lya line and marginally observable absorption in
Hel line.

These simulations of different systems give grounds for general conclusions
on how diverse a space weather can be around other stars and what obser-
vations are required to constrain its parameters.
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The most widespread elements in the Universe are hydrogen and helium. It is
known that such objects as Warm Neptunes’ and Hot Jupiters’ atmospheres
and surfaces mostly consist of these elements. So, our observational data
and modelling techniques can extract the most valuable information from
their spectral lines. Currently, there is a search for other lines suitable for
observation and research. It is expected that atmospheres contain mixture of
heavier elements including carbon or oxygen. Absorption of stellar radiation
and emission by trace elements, especially Mg and Fe may significantly influ-
ence the heating and cooling balance of planetary atmosphere.

Aeronomy modelling is a complex field for which many phenomena and
processes need to be taken into account. In many cases LTE approximation
is not viable. For example, modelling stellar atmospheres requires non-LTE
approach to calculate level populations of elements [1]. The general kinetic
approach, realized as independent module in aeronomy and hydrodynamic
codes may allow trace elements to be included in the consideration. At the
moment there are a number of ready-made solutions for kinetics model-
ling [2-5], but they have a number of features that do not allow them to be
included in the general aeronomic codes for the implementation of fast and
optimized calculations - slow languages/runtimes, lack of API, or dependence
on simplified descriptions such as LTE.

We are developing a non-LTE model containing the following atomic transi-
tions: collisional excitation and ionization, photoexcitation, photoionization,
and radiative transitions between a large set of levels of any given element.
The project is developed in C++, and intended primarily as a module for the
code described in [6], but it can also be connected as a static or dynamic
library to other C++ projects, or as a Python module thanks to the Cython
extensions. Also, a universal format for describing elements and correspond-
ing encoding/decoding and serialization/deserialization modules have been
developed. Another important element of the project is the visualization of
atomic diagrams of levels and transitions, since this allows to optimize calcu-
lations and generate appropriate computational configurations. To do this,
the TypeScript language is selected, which is transpiled to JavaScript, and ex-
ecuted in the web browser (frontend) and on the server Node.js (backend).

The project aims to implement accounting for arbitrary elements (first of all,
0O, C, Mg, Fe) using data and methods of previous extensive research of stellar
atmospheres [1]. At this stage, the main emphasis is on oxygen atom in order
to simulate the absorption at 777.4. A line of Ol recently detected at transits
of Kelt-9b [7].
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INTRODUCTION AND INITIAL MODEL:

The Proxima Centauri planetary system consists of the star with a mass
equal to 0.122 of the solar mass, and of three exoplanets. In my calcula-
tions of the motion of planetesimals, the gravitational influence of planets
b (ab= 0.04857 AU, e, = 0.11, m, = 1.17m_, m_is the mass of the Earth) and
c (ac = 1.489 AU, e_=0.04, m_= 7'”5) was considered. Other values of m_
(0.7m,, 3.5m,, 12m,) were also considered. The probabilities of collisions of
planetesimals with planet d (ad =0.02895 AU, m,=0.29m_, e, =i, = 0) were
calculated based on the arrays of migrated planetesimals and planets. The
motion of planetesimals and exoplanets was calculated with the use of the
RMVS3 version of the symplectic code from Levison and Duncan [1]. In most
calculations, the integration time ¢, equaled to 1 day. The integrations with
t_equaled to 0.5 day and 0.2 day have been also made. The obtained results
were about the same for different considered t.

Initial orbits of planetesimals were located in the feeding zone of planet
c. The considered time interval usually exceeded 100 Myr, and sometimes
reached 1000 Myr. Planetesimals were excluded from integration, if they col-
lided with planets or the star or were ejected into hyperbolic orbits. In [2]
planets and planetesimals were considered as material points, and probabil-
ities of collisions with planets were calculated based on the arrays of orbital
elements of planetesimals and planets. Schwarz et al. [3] studied the motion
of exocomets with initial eccentricities between 0.95 and 0.9999 considering
Proxima Centauri c with a semi-major axis a_from 0.06 to up to 0.3 AU. In my
calculations, initial eccentricities e_ of planetesimals equaled to 0.02 or 0.15.
Greater initial eccentricities correspond to the case of mutual gravitation-
al influence of planetesimals. Calculations showed [4-6] that even for the
feeding zone of the terrestrial planets the mean eccentricity of planetesimals
could exceed 0.2 during evolution and reach 0.4 at the late stages. In each
calculation variant, initial semi-major axes a_ of orbits of planetesimals were

in the range froma_, toa,  =a . +0.1 AU. The considered values of a,_.
varied from 0.9 to 2.2 AU. The number of planetesimals with a_ was propor-
tional to a 1/2, i.e. surface density was proportional to a_ 12, For the (i+1)
th planetesimal the value of a_ was calculated with the use of the formula
Ayis1) = (ao’.2 [(a,,,+d, )2 ammz]/No)l/z, where a_; is the value of a_ for ith plan-
etesimal, da 0.1AU,N_=250is the number of planetesimals in one variant.
Initial inclinations of the planetesimals were equal to e0/2 rad.

THE MOTION OF PLANETESIMALS IN PROXIMA CENTAURI PLANETARY
SYSTEM AND PROBABILITIES OF THEIR COLLISIONS WITH PLANETS:
The results of calculations showed that the probability of a collision of a planetes-
imal during its dynamical lifetime with planet ¢ was about 0.05 at 1.1<a <1.2 AU,

0.4-0.55 at 1.2<a <1.7 AU, 0.3 at 1.7<a <1.8 AU, 0.02 at 1.8<a <1.9 AU for
e, =0.02. This probability was about 0.15 at 1.0a, <1.1AU,0.3at1.1<a <1.9AU,
0.04-0.05 at 2.0sa 2.2 AU for e = 0.15. Most collisions with planet ¢ took
place during the first 10 Myr. For e_= 0.02, the ratio of the number of plane-
tesimals collided with planet ¢ to that ejected into hyperbolic orbits was about
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2 at 1.1Saosl.2 AU, 1.2 at 1.2Saosl.4 AU, 0.85-1 at 1.4Saosl.6 AU, 1.3 at
1.6<0,£1.7AU, 0.5 at 1.7<a <1.8 AU, 0.2 at 1.8<a <1.9 AU. For e =0.15, this ratio
was about 0.9 at 1.050051.2 AU, 0.5-0.6 at 1.2300S1.4 AU, 0.4 at 1.4Saosl.8 AU,
0.05 at 2.0<a_<2.2 AU, and 0.02 at 2.2<a_<2.3 AU. At time T = 100 Myr the frac-
tion of initial planetesimals that were left in elliptical orbits was not more than
0.06 at 1.2<a,<1.7 AU and 2.0<0,<2.1 AU, not more than 0.3 at 1.1<a <12 AU,
not more than 0.2 at 1.7<a <1.9 AU, and not more than 0.1 at 2.1<0,£2.2 AU for
e, = 0.15. It was not more than 0.25 at 1.2<a <1.8 AU for e_= 0.02. The ratio of
the fraction of planetesimals ejected into hyperbolic orbits to that collided with

exoplanets is greater for a greater mass of a planet moving in the orbit of planet
c and for greater initial eccentricities of orbits of planetesimals. Based on esti-
mates of the amount of planetesimals ejected into hyperbolic orbits, it is possible
to conclude that during the growth of the mass of planet ¢ from 3.5m_ to 7m,

the semi-major axis of its orbit could decrease by at least a factor of 1.5.

After hundreds of millions of years, some planetesimals could still move in el-
liptical orbits inside the feeding zone of planet c that had been mainly cleared
from planetesimals. Often such planetesimals could move in some resonanc-
es with the planet, e.g. in the resonances 1:1 (as Jupiter trojans), 5:4, and 3:4.
The number of such left planetesimals was greater at small eccentricities. For
some (typically resonant) subregions of a_ located outside the main feeding
zone of planet ¢, planetesimals could be ejected into hyperbolic orbits or
could collide with planets.

Only one of several hundred planetesimals, which migrated from the feeding
zone of Proxima Centauri ¢, reached the orbits of Proxima Centauri b and d. The
probability of a collision of a planetesimal initially located in the feeding zone
of planet ¢ with planets b or d (averaged over all considered planetesimals)
was ~10™-107 at initial eccentricities of planetesimals equal to 0.02 or 0.15.
The probability was greater for greater initial eccentricities. Such probabilities
are greater than the probability of a collision with the Earth of a planetesimal
migrated from the zone of the giant planets in the Solar System [7]. The latter
probability is typically less than 10 per one planetesimal. A lot of icy material
and volatiles could be delivered to planets b and d. Depending on initial eccen-
tricities of planetesimals (such variations correspond to possible mutual grav-
itational influence of planetesimals), the total mass m_, of material delivered
from the feeding zone of planet c to planet b was estimated to be in the range
from 2><10'3mE to 2><10'2rnE. The temperature of planet c is considered to be
much below zero, and the feeding zone of planet c was located farther from the
star than the snow line. At fraction k, _ of ice in the planetesimals between 0.05

and 0.5, the values m, =k, -m_, of the amount of water ice delivered to plan-

et b are between 10'4mE to 10'2mE. Probably, the amount of water delivered
to Proxima Centauri b exceeded the mass of water in Earth’s oceans, which is

2x10'4mE. The amount of material delivered from the feeding zone of planet ¢
to planet d could be a little less than that delivered to planet b.

The duration of the motion of ejected planetesimals from 500 to 1200 AU
(the Hill radius of Proxima Centauri) from the star was studied. For the pres-
ent mass of Proxima Centauri ¢, about 90 % of ejected planetesimals moved
from 500 to 1200 AU in less than 1 Myr, and not more than 1 % moved in such
region for more than 10 Myr (but during less than a few tens of millions of
years). For the mass of the planet embryo equal to a half of the mass of plan-
et ¢, the fraction of planetesimals moved from 500 to 1200 AU in less than
1 Myr was about 70-80 %. The consideration of the gravitational influence of
the star binary system (Alpha Centauri AB) would not change the above con-
clusions, because the motion of planetesimals was considered inside (mainly
deep inside) the Hill spere of Proxima Centaury and ejected planetesimals
have very small chances to return to the Hill sphere of Proxima Centauri.

CONCLUSIONS:
During the growth of the mass of planet ¢ by a factor of 2, the semi-major
axis of its orbit could decrease by at least a factor of 1.5. After hundreds
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of millions of years, some planetesimals could still move in elliptical orbits
inside the feeding zone of planet c that had been mainly cleared from plan-
etesimals. The amount of water delivered to Proxima Centauri b probably
exceeded the mass of water in Earth’s oceans.
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We simulate with a global 3D aeronomy code two warm Neptunes in the
TOI-421 system and show that both planets experience significant escape of
their upper atmospheres. The code solves continuity, momentum, and en-
ergy equations for all considered species, which are H, H+, H,, H,+, H,+, He,
He+, and He,+. Along with that, the metastable Hel(2 S) atoms are treated
as a separate fluid with its own velocity and temperature, which are deter-
mined by those of the species from which they originate, namely He+ or Hel,
depending on whether recombination or excitation from the ground state,
respectively, generate the Hel in the metastable (23S) state. Elastic collisions
with other species also affect the macroscopic physical parameters of the
Hel(23S) fluid. The ENAs are also treated as a separate fluid, which is crucial
for calculation of Lya absorption.

The double shock structures, generated around the planets in course of their
interaction with the stellar wind (SW) plasma flow are revealed. Further de-
tails of the PW and SW interaction are given in the Figure 1, where the spatial
profiles of velocity, temperature and density of most important molecular,
atomic and ionic species are shown along the star-planet line. The X axis
starts at the star and is broken from 0.065 to 0.11 a.u. The temperatures of
thermospheres of TOI-421b and TOI-421c reach the maxima 8000/7000 K at
the distance of about 3R , and gradually decrease then with the distance due
to the adiabatic cooling caused by the expansion. Similar to other simulat-
ed warm Neptunes, such as GJ-436b and GJ-3470b, the molecular hydrogen
population extends rather far from the planets and strong outflows with the
integral mass loss of about (2-3)-10'° g/s.

V, kmis; T,10° K

| He(2's]

log (n), cm™
L4 B 2 N W s o@m o@a

{Ha(z's)
LA

0,045 0,0475 0,05 0,0525 0,055 0,11 0,125 0115 01175 a.u. 012

Fig. 1. Profiles of spatial distribution of the main physical quantities along the
star- planet line, obtained for TOI-421b (left panel) and TOI-421c (right panel) Integral
XUV flux is 20 erg/cmz/s at 1 a.u. and stellar integral mass loss M’ is 2x10* g/s
Star is positioned at zero coordinate. Right boundaries of the panelss correspond to
the position of each respective planet. The scaling of vertical axes (left — for the log
of density, and right — for the speed and temperatur ) is common for both panels.
Black line shows the electron temperature in units of 107K, grey line shows the proton
velocity, and other colored lines depict densities of the main speaes Black dashed
vertical lines indicate, from left to right, the position of SW shock, |onopause PW
shock. Note that planets radii in terms of a.u. are 1.14x10" 4/2 16><10 while the star
radius is 4x10°3

The calculations of stellar Lya transit absorption by the planets reveal that
it reaches a detectable level only for a moderate or strong SW, with a suf-
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ficiently high density. In this case, the energetic neutral atoms provide sig-
nificant absorption at the high velocity blue wing of the Lya line, whereas
the corresponding transit light curves exhibit an early ingress and extended
egress features. With the same code, we modeled also the absorption at the
position of the 10830 A line of the metastable helium, showing that it can
be detected only for the farthest planet of the con5|dered two, if the helium
abundance is comparable to the solar value. The increased absorption in the

blue wing of Lya for the decreasing F, ,, is caused by two factors.

The increase of Hel(23S) absorption with the increasing stellar XUV flux is
caused by the growing HeI(ZZS) population, because the photoionization in-
creases the amount of He+ ions, from which the Hel(22S) is produced We
found that the Hel(2?S) absorption at both TOI-421b and TOI-421c is pro-
duced within small regions <3Rp around the planets. This explains why the
expected absorption level remains relatively low, being marginally detectable
only for larger TOI-421c, if the He/H ratio is not significantly below the solar
value.
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MIXING OF PLANETESIMALS IN THE TRAPPIST-1
EXOPLANETARY SYSTEM
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INTRODUCTION AND INITIAL MODEL:

The exoplanetary system TRAPPIST-1 consists of a star with a mass equal to
0.0898 of the mass of the Sun and 7 planets (from b to h) with masses from
0.33 to 1.37 Earth’s masses. The semi-major axes of the planets’ orbits are
in the range from 0.012 to 0.062 AU. The orbital elements and masses of
the planets are presented in Table 1. The motion of planetesimals under the
gravitational influence of the star and seven TRAPPIST-1 planets (from b to
h) was calculated with the use of the symplectic code from [1]. The late gas-
free stage of formation of almost formed planets was studied. Planetesimals
collided with planets or the star or ejected into hyperbolic orbits (reached
50 AU from the star) were excluded from integration. In each variant of the
calculations, the initial values of semi-major axes of orbits of 250 planetesi-
mals varied from a . to a__, initial eccentricities of their orbits were equal
to e = 0.02 or e = 0.15, and their initial inclinations equaled to e0/2 rad.
The values of @, and a__ are presented in Table 1. The considered disk of
planetesimals was located near the orbit of one of the considered planets.
Earlier | studied [2-3] the migration of planetesimals during formation of the
terrestrial planets. The considered model of mixing of bodies in the zone of
the TRAPPIST-1 planets can also characterize the migration of bodies ejected
from some planets after collisions of these planets with some planetesimals
or other bodies.

Table 1. Orbital elements, masses m (in Earth masses m,) of exoplanets in the TRAP-
PIST-1 system, and the values of a_. and a,__ for the considered disks near planets
bcdef g h.

m/m, a, AU e a.., AU a0 AU
b 1.37 0.0115 0.0062 0.0094 0.0137
c 1.31 0.0158 0.0065 0.0137 0.0190
d 0.39 0.0223 0.0084 0.0190 0.0258
e 0.69 0.0292 0.0051 0.0258 0.0339
f 1.04 0.0385 0.0101 0.0339 0.0427
ol 1.32 0.0468 0.0021 0.0427 0.0544
h 0.33 0.0619 0.0057 0.0544 0.0694

PROBABILITIES OF COLLISIONS OF PLANETESIMALS WITH DIFFERENT
PLANETS:

The results of calculations showed that, as the Earth and Venus, several plan-
ets in the TRAPPIST-1 exoplanetary system accumulated planetesimals initially
located at the same distance. The conclusions are the same for calculations with
the step t_ of integration equaled to 0.1 day and 0.01 day (the step can decrease
for the motion near a planet). Times of evolution of disks b, ¢, d, e, f g, h varied
from 12 Kyr to 63 Myr (see Table 2). The numbers of collisions of planetesimals
with planets (from b to h) for different disks (from b to h) are presented in Ta-
ble 3 for the considered time intervals. The total number of such collisions of all
planetesimals with planets ¢ - h was greater than that for 100 Kyr (the numbers
for 100 Kyr were presented in [4]) by not more than 4 %. Not more than 3 %
of planetesimals were ejected into hyperbolic orbits. There was no ejection for
disks initially located near orbits of the planets b and c. There were no collisions
of planetesimals with the host star. More than a half of planetesimals from disks
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near orbits of planets from b to g collided with planets in less than 1000 yr, and
for disks b - d even in 250 yr. Planetesimals with a dynamical lifetime greater
than 100 Kyr typically were ejected into hyperbolic orbits or collided with plan-
et h. The fraction of planetesimals collided with the ‘host’ planet (compared to
collisions with all planets) typically decreased with the considered time interval.
In each calculation variant, there was at least one planet for which the number
of collided planetesimals was greater than 25 % of the number of collisions of
planetesimals with the ‘host’ planet. The fraction of collisions of planetesimals
with the ‘host’ planet was usually smaller for disks located farther from the star.
For the initial disk near the orbit of the planet h, the number of collisions of plan-
etesimals with the planet g was about that with the planet h. Planetesimals mi-
grated from distances greater than 0.7 AU could collide with all planets, but most
of their collisions (>70 %) were with planets g and h. Planetesimals could collide
with all planets for disks near orbits of planets from d to h. Therefore, outer layers
of neighbouring planets in the TRAPPIST-1 system can include similar material, if
there were a lot of planetesimals near their orbits at the late stages of the accu-
mulation of the planets.

Table 2. Times of evolution of disks b, ¢, d, e, f, g, h (until collisions of all planetesimals
with planets or their ejections into hyperbolic orbits) in Kyr for initial eccentricities
of planetesimals equaled to e at the step t_of integration equaled to 0.1 day (first
values) or 0.01 day.

e b c d e f g h

o
0.02 | 1504, 12.0, 32.4, 6446, | 6282, 212,1106 |63135,1133
>6200 52.3 11.1 367.4 1815
0.15 20.1, 24.5, 355, 437, 128, 119,467.6 | 3391,933.5
41.4 13.7 282.3 | 3942 | 229.7

Table 3. The number of collisions of planetesimals with planets (from b to h) in the
TRAPPIST-1 system for different disks (from b to h). Initial eccentricities of planetesi-
mals equaled to e . There were 250 planetesimals in each initial disk. Variants with an
integration step t_= 0.01 day are marked by bold letters in the left column, for other
variants t_= 0.1 day.

e, b c d e f g h ejected
b | 0.02 | 199 47 2 2 0 0 0 0
b 0.02 187 54 2 3 2 1 0 0
b | 0.15 | 188 55 6 1 0 0 0 0
b | 0.15 | 180 63 5 2 0 0 0 0
[o 0.02 49 153 32 9 3 4 0 0
c 0.02 56 148 26 11 3 5 0 0
c 0.15 77 140 13 10 6 2 2 0
c 0.15 73 141 23 7 0 5 1 0
d 0.02 13 42 120 43 18 11 3 0
d 0.02 13 47 128 29 16 14 3 0
d 0.15 28 69 68 45 16 19 3 2
d 0.15 30 71 59 43 23 19 5 0
e | 0.02 5 20 31 110 38 39 3 3
e | 0.02 7 27 24 105 46 34 4 3
e | 0.15 11 38 32 69 53 32 12 3
e | 0.15 7 29 22 72 57 53 3 7
f [0.02 6 11 10 37 98 75 11 2
f 0.02 4 7 14 43 108 58 14 2
f 0.15 6 21 26 42 61 77 12 5
f 1.0.15 7 20 23 45 57 80 10 8
q 0.02 3 12 12 33 45 110 31 4
g 0.02 1 11 16 20 48 114 33 7
g 0.15 2 12 20 36 62 94 18 6
g | 0.15 5 16 16 26 68 95 22 2
h 0.02 1 10 7 15 43 79 90 5
h 0.02 6 3 6 24 31 71 105 4
h | 0.15 6 9 8 22 48 83 66 8
h 0.15 1 6 14 31 51 86 54 7
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CONCLUSIONS:

Outer layers of neighbouring exoplanets in the TRAPPIST-1 system can in-
clude similar material, if there were a lot of planetesimals near their orbits at
the late stages of the accumulation of the exoplanets.
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With an 3D _aeronomic model, we have numerically modeled Lya and
He (10830 A) absorption from the escaping atmosphere of HD 63433c
(R=2.67R,, P=20.5 day), mini-Neptune orbiting a young (440 Myr) solar ana-
log in the Ursa Major Moving Group [1]. To compare the obtained numerical
calculations with the transit spectral data, we varied the extreme ultraviolet
radiation (XUV) and the mass loss of the stellar wind. With the calculated
mass loss of the stellar wind M_, = 2-10, the mass loss of the planet was
2.13-10'%g/s, which is 3.2 times less than for the nearby planet HD 63433b.
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INTRODUCTION:

At present, several dozen compact planetary systems containing more than
two planets with masses of the order of the Earth’s mass are known [1]. It is
shown that the stable evolution of compact planetary systems requires the
presence of resonances that prevent close encounters of planets moving in
neighboring orbits (see, for example, the five-planet systems Kepler-80 [2],
K2-138 [3] and the seven-planet system TRAPPIST-1 [4]). In this case, res-
onances between pairs of planets can form chains. The longest resonance
chain known to date is realized in the TRAPPIST-1 system: 8:5 — 5:3 — 3:2 —
3:2 — 4:3 - 3:2 [4]. In the K2-138 system, five planets form the longest chain
consisting of identical 3:2 resonances [3]. On the other hand, simulation re-
sults show that in wide systems with massive planets, chains of high-order
resonances can lead to the destruction of planetary systems [5].

We consider the compact planetary system K2-72 and search for resonance
chains within the errors of determining the semi-major axes of orbits from
observations. For compact systems, an important factor affecting evolution
is tidal interaction; therefore, when analyzing the feasibility of the proposed
resonance chains, we will model dynamic evolution taking into account tides.

RESONANT ANGLES:
When analyzing the resonant properties of planetary systems, the behavior
of resonant angles is studied. For two planets i and j+1, which are in reso-

i

nance of mean motions , the resonant angle can be set as follows [6]:

Prjiajes =k =14 =k Ay + @, (1)

where is the resonance order, 4,, A, are the mean longitudes of planets i

and i+1, @, is the longitude of the periapsis of planeti (s =0) or i+1 (s = 1)

k.
orbit. For the next pair of planets i+1 and j+2, which is in resonance %
i1 i+l

the resonant angle
(Di+1,i+2,i+1+s = (ki+1 - /i+1)ﬁ'i+1 - ki+12’i+2 + /i+1wi+1+s (2)

Instead of two resonances between two neighboring pairs of planets, three-

body resonances can be considered. In this case, the three-body resonance
i i+1

and with a resonant

ki _Ii ki+1 “lin
angle that does not depend on the periapsis longitude [6]:
O = pA —(p+ak,, +a4,,

i,i+1,i+2

is a chain of two two-body resonances

(3)
where p=1,,(k, —1), g=1k,

SEARCH FOR POSSIBLE CHAINS OF RESONANCES:

The search for chains of resonances was carried out for the values of the
semi-major axes of the orbits of the planets, which varied within the stan-

dard deviation a, =a,, + o, . Here a,, is the nominal value of the semi-major
axis of the orbit, o, is the standard deviation of the determination of the
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semi-major axis. To determine the resonant combinations of the semi-major
axes of the orbits, the ratio of the mean motions n, and n,,, was represented
as a segment of a sequence of convergent fractions

. b, b b,
BT L1 e & T (4)
ni+1 dl dZ dj
We obtain a rational approximation of the real ratio of mean motions
b,
Mmook 5 (5)
n k-1 d

i+1 j
After the sets of relations of the form (5) are obtained for all pairs of neigh-
boring planets, possible chains of resonances are formed (if the resonance
values of the major semiaxes of the outer and inner orbits in neighboring
pairs coincide). The final selection of potential resonance chains is based on
an estimate of the frequency of the resonant angle

vesas =|pn, —(p+q)n,,, +an,,| <& (6)

i,i+1,i+2

where the values are chosen as a criterion e¥10™-107 day ™.

POSSIBLE CHAINS OF RESONANCES IN A COMPACT PLANETARY
SYSTEM K2-72:

In table 1 shows the parameters of the K2-72 system. The masses of the plan-
ets m are expressed in solar masses M, and calculated from the radii of the
planets R, assuming that they have the same average density as the Earth.
Star radius is given in solar radii R, and planetary radii are given in Jupiter
radii R, The orbital elements a, e, i, g are the semi-major axis, eccentricity,
inclination, periapsis argument, respectively. The moment Tconj corresponds
to the conjunction of the planet with the star.

Table 1. Parameters of the planetary system K2-72 [1].

Parameter K2-72 K2-72 b K2-72 ¢ K2-72d K2-72 e
m, M 0.27 | 3.797x10°° | 4.705x107° | 3.106x107° | 6.471x107°
+0.08
-0.09
R, Rs' RJ 0.33 0.096 0.103 0.090 0.115
+0.03 +0.010 +0.012 +0.011 +0.012
a, au 0.040 +0.005 0.078 0.050 0.106
+0.007 +0.004 +0.009
-0.010 —0.006 -0.013
e 0.11 0.11 0.11 0.11
+0.20 +0.20 +0.20 +0.20
-0.09 -0.09 -0.09 -0.09
i, deg 0.85 0.46 0.74 0.32
+0.59 +0.32 +0.50 +0.22
-0.86 -0.44 -0.70 -0.32
g, deg 7.49 16.83 14.28 11.39
+120 +113 +114 +117
-134 -138 -137 -136
conj’ 7010.376 6989.465 6984.788 6987.054
ID — 2450000 +0.002 +0.005 +0.008 +0.005
-0.007

The application of the described technique made it possible to obtain sets of
possible resonance chains. Table 2 lists for each chain the resonant values of
the semi-major axes of the orbits, two- and three-body resonances, and the
frequencies of resonant angles of three-body resonances (6). The planets are
numbered in order of increasing semi-major axis of the orbit: 1 — K2-72 b,
2 —K2-72d,3 —K2-72 ¢, 4 — K2-72 e.
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Resonance chain 1 2 3
a, au 0.03905 0.04079 0.04271
a, au 0.05117 0.05345 0.05345
a, au 0.07193 0.07004 0.07004
a, au 0.11418 0.11118 0.11118
1-2 3:2 3:2 7:5
2-3 5:3 3:2 3:2
3-4 2:1 2:1 2:1
1-2-3 p=4,q=5 p=2,q9=3 p=54g=6
Vips day™ 5.23x10” 1.55x107 3.71x107°
2-3-4 p=3,q9=4 p=2,9=2 p=2,9=2
Vs day? 1.86x10™° 2.88x107° 2.88x107°

We considered a number of scenarios for the evolution of the K2-72 system
over 100 Myr using the Posidonius software [7], which takes into account
tidal interactions. At nominal values of the semi-major axes, the simula-
tion ended with the decay of the system 3 Myr after the start of integra-
tion. Under the initial conditions corresponding to the chains of resonances
3:2 —5:3—2:1and 7:5 — 3:2 — 2:1, the system decayed in less than 55 Myr.
In the vicinity of the chain of resonances 3:2 — 3:2 — 2:1, the system remains
stable over the entire interval under consideration. A detailed study of the
dynamic evolution of the planetary system in the vicinity of the resonance
chain 3:2 — 3:2 — 2:1 will be carried out.
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location: IKI, entrance A-4
time:

10 october, 9:00-18:00
11-14 october, 10:00-18.00

ORAL SESSIONS

location:

¢ |KI conference hall, second floor
Sessions:Mars, Moon and Mercury, Giant Planets, Astrobiology,
Small Bodies, Venus
11-14 october

¢ |KI Room 200, second floor
Session Extrasolar Planets
14 october

POSTER SESSIONS

online discussion

COFFEE BREAKS, WELCOME PARTY, RECEPTION

location:
¢ |KlI conference hall, second floor

¢ |KI exhibition hall, ground floor

INTERNET ACCESS AND WIFI

there is Internet access in and near the conference hall



9.10

10.10

11.10

12.10

13.10

14.10

SOCIAL PROGRAM

14.00
Historic Stage,
ballet THE BAT

14.00
opera,
new stage

14.00
Chamber Stage
(Nikolskaya, 17/1)

ANNA
KARENINA

19.00

19.00
(o] Musical

pera,
Historic stage

9.00
One-act ballets,
New stage

19.00
(0]

pera,
Historic stage ANNA
KARENINA

COFFEE

KREMLIN

MUSICAL
FESTIVAL
GRAND FINAL
“BIG STAGE”

GRAND WALTZ

RELAX IN
THE BIG CITY

SPARTAK,
ARAM
KHACHATURIAN

LIUCHIYA DI
LAMMERMUR,
GAETANO
DONIZETTI

ZOLUSHKA,
S. PROKOFIEV

19.00
Consert,
Svetlanov Hall

HOLLYWOOD
MASTERPIECES

CANTATA,

19.00
One-act ballets,
New stage

19.00
Chamber Stage
(Nikolskaya, 17/1)

19.00

19.00
(0] Musical

pera,
Historic Stage

19.00
Chamber Stage
(Nikolskaya, 17/1)

https://bolshoi.ru
https://mosoperetta.ru/
https://www.helikon.ru/
https://www.mmdm.ru/
https://novayaopera.ru/
https://kremlinpalace.org/
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J.S. BACH

LOENGRIN,
R. WAGNER

BOLSHOI THEATRE

OPERETTA THEATRE

HELIKON OPERA

MOSCOW INTERNATIONAL PERFORMING ARTS CENTER
NOVAYA OPERA

STATE KREMLIN PALACE



IUNCH POINTS NEAREST TO IKI

. UHCTUTYT KOCMUYECKUX UCC/IEAOBAHUI PAH,
ctonosas, 1 aTax, cekumna A3
SPACE RESEARCH INSTITUTE,
Food center, Ground Floor, Section A3

. TL, “KANYKCKUIA”,
yn. NpodcotosHasn, 61A, 30Ha pecTopaHoB, 2 3Tax
“KALUZHSKIY” Market Center,
Profsoyuznaya Street, 61A, 2 Floor

. KA®OE"AHOEPCOH”,
yn. O6pyuesa, 30/1
CAFE “ANDERSON”,
Obrucheva street, 30/1

. UHCTUTYT NPUKNAOHON MATEMATUKU PAH,
cTtonosas, 1 atax
INSTITUTE OF APPLIED MATHEMATICS,
Food center, Ground Floor
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