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JInccunmanmus MJIAHETHBIX aTMoc(ep: codepicanue

OoOpa3zoBanue u 3BoJa0IKUA aTMOchep B CoJTHEUHOH H
BHECOJIHEYHBIX IJIAHETHBIX CHCTEMAaX:

- IIpoTomiaHeTHbIEe JUCKHU U 00pa30BaHMeE IJIAHET;

- ATMoc(epbl:

- BO3MOKHbIE CHEHAPUU 00PAa30BaAHUS MEPBUYHBIX U BTOPUYHBIX
arMocdep

- TeIJIOBbIE U HEeTEIJIOBbIE NMPOLIECChl, 0OTBETCTBEHHbIE 3a
oOpa3zoBaHue U JUccunanuio (morepro) armochepsbl

-  MaTeMaTH4YeCKOe ONMUCAHME

- paHHHe aTMocdepsl IVIAHET 3¢eMHON IPyNIbI

- 3ak/II0YeHue



JBojIonusa nporomaadeTnoro aucka (m3 Williams
and Cieza, 2011)
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IBoION M NpoToriaHeTHoro aucka (u3 Willilams
and Cieza, 2011)
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a). BozaeiicrBue CUIBLHOIO R i i ' e
3BE€3IHOT0 H3JIyYeHHs B . *
PEHTreHe U KpalHeM
yiabTpadguoiere, a TaKKe
3BE3HOT0 BETpa, Ha B EL R ok e it O 3.0 10 &0 '
ra3onbliIeBOM JUCK HA
PAHHEH CTAUU IBOJIIOIMH;

b). IlIaHeTe3MMAJIH ¥ IIAHETHbIE YMOPHOHDBI 0GPA3YIOTCS 32 CYET CTOIKHOBEHHI,
JTUCK 0CeAAeT K HEHTPAJIbHON MJIOCKOCTH, U MPOJ0JIKACTCH €ro ucrnapeHue.

C). IlIpomosxaercst (poroncnapeHue JMCKa, MJIAHETHbIE IMOPUOHBI U
MPOTOILUIAHETHI HA OPOUTAX OKOJIO POAUTEILCKOM 3B€3/1bl CTAHOBATCH
OTACJICHHBIMM OT UCHIAPHIOLIETIOCH I'a3a TYMAHHOCTH;

d). Uepe3 HecK0JbKO MUJIJIMOHOB JIET, HO He T03:Ke mpuMepHo 10 MuH. JeT,

octaeTcs auck ooaomkoB (debris disc), m miaaneTsl mpoaoKaIOT GOPMHPOBATHCS
(Williams and Cieza, 2011).

C photoevaporating disk d debris disk



IIporoarmocdepsl: oopazosanue u ouccunauus

cynep3emns

Monesin o0pa3zoBanusi nporoarMocgep — nepBUYHbIC U BTOPUYHBbIC aTMOChepbI:
B padorax J. Casting, D. Catling, K. Zahnle , L. Schaefer, B. Fegley, H. Lammer,
C. Hayashi, K. Hamano, M. Ikoma, E. Chassefiere, L. ElKins-Tanton, ... n
MHOI'UX /IPYI'HX aBTOPOB.

Massol et al., Formation and Evolution of Protoatmospheres. Space Sci. Reviews,
2016 (in press)



Bo3MoxxHBIC TYTH 00pa30BAHUA IJIAHET

Namocrpanus 3BOJIOIUH
NPOTOILIAHETHI B
pa3idYHbIe KOHEYHbIEC
COCTOSIHUS, KOTOPbIMH
MOI'YT OBbITh:

(a) momoOHbBIEe Benepe uin
Mapcy cyxue wiu ¢
oouiabHbIM CO, JbA0M
IUIAHETHI C OAHUM
KOHTHUHEHTOM;

(0) reopusnvecku
AKTHBHBbIE, 00OraThle
BOJ0M MOA00HBIE 3emuie
IUIAHEThI ¢ KOHTUHEHTaAM
u a30THOM atmMocgepoit (CO, cBs3aH B KapOoHaTax);

(B) MUHH-HENTYHbI WJIU ''BOJAHBIC MUPBI'', OKPYKEHHBbIC BOJOPOAHOM KOPOHOU, B
c/iyuyae ecJid TaKue IUVIAHEThI YCIeJH HAKONUTh CJMIIKOM MHOI0 ra3a u3
TYMAaHHOCTH WJIM CJAMIIKOM MHOTIO JIETY4YHMX BeIlleCTB, KOTOPbIE HEe ObLIU
MOTEPHAHBI U3 NEPBUYHON aTMOC(EPHI 32 CYET TENJIOBOH JUCCUIIALIUN, BI3BAHHOU
MOIVIOIIEHUEeM JHePIrUM M3JIyYEeHHU U IJIA3Mbl OT POAUTEIbCKOM 3Be3/Ibl.




ATMochepsl: Juccunauus ammocgepuol

IK30IJIaHEeTA- Ta30BbIi TUTAHT HA HU3KOM opoOuTe - ropsiuuii ronutep HD208458b



ATMochepsl. duccunauyus ammocgepol
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ATMochepsl. duccunauyus ammocgepol

An ultraviolet image of Earth's dark hemisphere with
the Sun behind it, taken from NASA’s Dynamic Explorer I
spacecraft at 19,700 km altitude above 13° N latitude, on
February 16, 1982. The extended red glow around
the planet comes from hydrogen atoms in the exosphere.
A northern auroral oval and equatorial glow are due to
emission from atomic oxygen and molecular nitrogen.
| Isolated points are stars that are bright in the

| ultraviolet. (Courtesy of NASA).



ATMocdepbl: ouccunauus ammocgepol
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Atmospheres are found where gravity is high and solar heating low. We show

this here by plotting heating from the parent star versus escape velocity for solar
system bodies and extrasolar planets. The presence or absence of an atmosphere is
Indicated by filled or open symbols, respectively. The graph demonstrates
decreasing atmospheric stability from lower right to upper left. To the lower right
of the plot are bodies with substantial atmospheres. Those lying close to a diagonal
between upper left and lower right, such as Triton, have thin atmospheres.



ATMochepbl: cmpykmypa eepxHei ammocgepul
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ATMochepsl: mamemamuueckoe Onucanue

¥ Satellite

Hydrodynamic Expansion

Collisionless Exosphere

- BOLTZMANN EQUATION =
<«—— Collisionless models ———» § Fluid Models
Kn —e Kn=1 Kn—0

Kn

Figure 1. Regimes of validity for hydrodynamics and kinetic theory versus the Knudsen number, Kn = I/H.
The hydrodynamic expansion of the atmosphere with radial velocity u(r) is shown on the right. The
collisionless exosphere [Chamberlain, 1963], characterized by different particle classes, is depicted on the left.
Collisionless kinetic theory models are valid in the limit Kn — o, whereas hydrodynamic models are valid
when the mean free path is very small and Kn — 0. The Boltzmann equation of kinetic theory is valid for the
whole range of Knudsen number.

U3 0630pa (Shizgal & Arkos, 1996)



Ilorepu armochepst Mapca

JApaiiBepsbl
orpeaesoIue Norepu
aTMoc(epsbl:

-CosiHeuHoe KY®D
U3JIyuYeHue;
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Hot or suprathermal atoms

Suprathermal atoms are formally defined as atoms with Kinetic
energies E > 5 -10 kT — mean thermal enerav of surroundina o0as

F(v>0), cm’eV")
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Nonthermal processes — induced by the
stellar / solar energy deposition and

suprathermals are important for: (a) atmospheric

chemistry; (b) - UV emissions; (c) - atmospheric

loss.




Kinetic Boltzmann equation:

Distribution of suprathermal atoms in the atmospheric rarefied gas
IS evaluated through the solution of Boltzmann-type Kinetic
equations with the source terms

h=230km |
T=200 K

F(v,>0), cm’eV")

Here @/ are the source functions of the fresh suprathermals and
3, — Integral terms for collisions with the ambient atmospheric

gas in the region G( r) with a boundary surface I'(G).

This system of kinetic equations for suprathermal heavy atoms
IS solved using the stochastic modeling (Marov et al., SSRs, 1996)
with Direct Simulation Monte Carlo (DSMC) method.



Kinetic Boltzmann equation:

J,(F; F;) — integral terms for collisions of suprathermals with the
ambient atmospheric gas in the region G( r) with a boundary
surface I'(G).

Transition region
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ATMochepsl: mamemamuueckoe Onucanue

¥ Satellite

Hydrodynamic Expansion

Collisionless Exosphere
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<«—— Collisionless models ———» § Fluid Models
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Figure 1. Regimes of validity for hydrodynamics and kinetic theory versus the Knudsen number, Kn = I/H.
The hydrodynamic expansion of the atmosphere with radial velocity u(r) is shown on the right. The
collisionless exosphere [Chamberlain, 1963], characterized by different particle classes, is depicted on the left.
Collisionless kinetic theory models are valid in the limit Kn — o, whereas hydrodynamic models are valid
when the mean free path is very small and Kn — 0. The Boltzmann equation of kinetic theory is valid for the
whole range of Knudsen number.

U3 0630pa (Shizgal & Arkos, 1996)



ATMochepsl: Juccunauus ammocgepuol
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The escape in no way affects
D= A/”’mer‘Xp( A)1+2) the characteristics of the
A =GMm/kTR atmosphere, in particular it
does not alter the
temperature of the
atmosphere

TenioBoe ncnapenue armocgeps! mo JdIxuHcy



ATMochepsl: Juccunauus ammocgepuol

Corrections to Jeans Escape

If there is an escape flux, the
‘a . atmosphere is not static or
v Maxweell Boltzmann .
Velocity VA Flux isothermal.

Distributiony, AN DI"\TI’II)UTIOH ]

; Z“\ kh oment]
— = _ Using standard kinetic
\k\ Escaping ] theory we can calculate the
Molecules ] changes in the distribution

function due to these
effects.

Distribution

We can then calculate the
flux of escaping molecules

! o A ? i
oy duuy o, e and compare to Jeans.

SET W Tp dr

Cui et al. (2009) The temperature gradient
Tucker et al. (2011) has a dominant effect.

Bo3MokHbIe yTOUHEHHA TEII0BOTO Mcnapenusi armocdepsl (Shematovich &
Bisikalo, 1989)



ATMocdepbl: ouccunauus ammocgepol

Escape mechanisms

 Thermal escape

- Jeans escape
- Jeans parameter
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ATMocdepbl: ouccunauus ammocgepol

‘ Motivation: Validation of continuum models of thermal escape

r » Thermal escape is the escape of molecules
A with thermal energies above the gravitational
Nearly binding energy in the collision-free part of the
free- atmosphere
Exosphere molecular » Following to Parker (1964), thermal escape
flow, I/ H>>1 has been described by continuum models
< » Continuum models based on the Fourier law
for thermal conduction can fail in the rarefied
1/H=1 B nart nf the atmnanhere
SRk BT Transitional
Exobase flow Fig. 1.1
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ATMochepsl. duccunauyus ammocgepol

‘ Summary: Hydrodynamic vs. Jeans regime at Kn, << 1

Hydrodynamic regime
A, <2-3

Sonic point is in the dense part of
the flow

Bulk gas velocity corresponds to the
most probable velocity of molecules

Minor contribution of thermal
conductivity to the energy transfer

Escape rate is independent of Jeans
parameter

Energy escape rate is on the order
of energy carried by molecules
outgoing from the source surface

Jeans regime
A, >3-4

Sonic point, if exists, is far above
the exobase

Bulk gas velocity appears due to
non-equilibrium velocity distribution

Determinant role of thermal
conductivity in the energy transfer

At A, > ~6, the escape rate is
within a factor of 2 from the Jeans
escape at the exobase

Energy escape rate is small, but
has non-negligible effect on the
flow structure




ATMocdepbl: ouccunauus ammocgepol
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Atmospheres are found where gravity is high and solar heating low. We show

this here by plotting heating from the parent star versus escape velocity for solar
system bodies and extrasolar planets. The presence or absence of an atmosphere is
Indicated by filled or open symbols, respectively. The graph demonstrates
decreasing atmospheric stability from lower right to upper left. To the lower right
of the plot are bodies with substantial atmospheres. Those lying close to a diagonal
between upper left and lower right, such as Triton, have thin atmospheres.



ATMOC(l)epr: OCHOGHbBlE MEXAHU3IMDI Ouccunauuu ammocqbepbt

PLANET KEY GASES LOST DOMINANT MECHANISMS
Earth Hydrogen Charge exchange, Jeans, polar wind
Helium Polar wind, charge exchange
FEarly Earth Hydrogen and moderately light Hydrodynamic escape and drag
gases, including neon
Venus Hydrogen, helium Charge exchange, sputtering

Early Venus

Hydrogen and moderately light
gases, including oxygen

Hydrodynamic escape and drag

Mars

Hydrogen

Jeans

Carbon, oxygen, nitrogen, argon

Sputtering, photochemical

Early Mars

All gases

Impact erosion

Hydrogen and many heavier
gases, including carbon dioxide

Hydrodynamic escape and drag

Ganymede,
and Europa

Early Callisto,

All gases

Impact erosion, hydrodynamic escape
and drag

Titan

Hydrogen

Jeans, photochemical

Methane, Nitrogen

Photochemical, (hydrodynamic flow?),
sputtering

Early Titan

Hydrogen, methane, nitrogen

Hydrodynamic escape and drag

Pluto Hydrogen, methane, nitrogen Hydrodynamic escape?

HD 209458b Hydrogen and light gases, Hydrodynamic escape and drag
and similar including carbon and oxygen

‘Hot Jupiters’ | atoms

ITogpooHo B 0030pe (Johnson et al., Space Science Reviews, 2008)




ATMocdepsl: Juccunauua nepeudHoi ammocgepul

IK30IJIaHEeTA- Ta30BbIi TUTAHT HA HU3KOM opoOuTe - ropsiuuii ronutep HD208458b



BHecoJHeYHBIC ITIJIAHETDHI
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ATMmocdepsl: mos1000e Connuye

ultraviolet infrared microwaves

during planet
formation:
100-1000
times higher
than today

Solar flux

I I
0.1lmm 1Tnm  10nm 100nm  Tpum 10wm 100um Tmm  1cm
(10 Angstroms)

Wavelength

Young Sun data from Ribas et al. (2005)



ATMocdepbl: ouccunauus ammocgepol
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IlpoTsizkeHHAs1 BOAOPOAHASA KOPOHA

miaaHeTwsl-Tpan3uTa HD 458209b
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IIpoTsiskeHHAA BOAOPOAHAS KOPOHA IJIAHETHI
HD 458209b — oTkpbiTa B HataogeHnsax Ha KTX

(STIS G140M)

Vidal-Madjar et al.,

Nature, 2003

“An extended upper
atmosphere

around the
extrasolar planet
HD209458b”

Wavelength (A)



Input of suprathermal photoelectrons
Into the atmospheric heating
by the stellar soft X-ray and EUV radiation

Photolytic procesées In the H,/He/H atmosphere:

H(1s)+ H(1s, 2s, 2p)
Hy +hv,(e) — - HZ +e+(e;)

H(1s)+H' +e+ (ep)

-

H,He+hv,(e,) > H" ,He" + e+ (e,)



XUV heating by the stellar radiation:
photoelectron energy deposition

Kinetics of photoelectrons in the H,/He/H atmosphere results in the
momentum transfer, excitation and ionization collisions:

C e(E)+X

e(E) + X —> < e(EN+X

e(EN+ X" +e(Eg)

Kinetics of photoelectrons in the H,/He/H atmosphere is described
by the Boltzmann equation (Shematovich et al., JGRE, 2008):
= 5 5
Va_ 1:e + SE fe — Qe,photo(v) + Qe,secondary(v) + Z J ( 1:e’ fM )’

r M=H, ,H,He

- Qe photo tEFmM describes the formation rate of primary electrons due
to photoionization;
- Qe secondary t€rM describes the rate of formation of the secondary

electrons.



Monte Carlo model of the photoelectron
Kinetics: numerics

We had studied the absorption of solar XUV radiation and high-
energy charged particles penetration into the upper atmospheres of
the terrestrial planets. The following Monte Carlo codes were
developed:(a) electrons (Shematovich et al., JGR, 2008, 2010); (b)
protons and hydrogen atoms (Shematovich et al., JGR, 2011); (c)
He** ions (Shematovich et al., JGR, 2013).

- To simulate the kinetics of photoelectrons in the H,/He/H
atmosphere the earlier developed the Monte Carlo model
(Shematovich et al., JGRE, 2008) was adapted.

-- In the numerical simulations the evolution of the system of
modeling particles due to collisional processes and particle
transport is calculated from the initial to the steady state. Region
under study was fixed to [R,, 2.2R,]. The relative importance of the
collisional processes is governed by their cross sections.



H atom distribution
by Kinetic energy after
H, dissociation by
electrons (Ajello et al.
JGR, 1995) and after

H2 dissociative ionization
by electrons

(Van Zyl&Stephen,

Phys. Rev. A, 1994)

Molecular hydrogen: dissociation by stellar UV
radiation and by electron impact

H,+hv(e,) > H(H")+H(2s,2p,...+(e,)

RELATWE INTENSITY (arb. u
o o

+ AE ;i




Suprathermal hydrogen: kinetics modeling

To calculate the distribution of the suprathermal hydrogen atoms in the
transition region of the HD209458b the following codes were used:

a) MC code to calculate the production rates and energy spectra of the fresh
suprathermal H atoms formed in the H, dissociation processes (Shematovich et

al., JGR, 2008) Q' (r,c)=q" (E)f.(r,c)

b) DSMC code to calculate the Kkinetics of the suprathermal H atoms in the
| transition region (Shematovich Sol. Sys. Res., 2004)

R, L= Q) +ZJ (F,,F.)

or m ac :
I (Fy. Fo) = [ 9ydo,de;[F, (€)F, () — Fy (6)Fa(c))]

r




«Solar EUV flux for
F,,-=100 scaled to
r=0.045 au

* neutrals from models
Yelle (2004) or Munoz
(2007)

*No magnetospheric
electron precipitation

*H,—H transition
region covers altitude
range 1.05 - 1.15 Rp.

Suprathermal hydrogen: source rates due to photo-
and photoelectron impact dissociation

)

o

Distance, (r/R

Q, (cm’s!-1eV’)

120 Yelle (2004) i
1.15 - -
1.10 — -
- —— photons =
1.05 - —— photoelectrons —
10] 10 103 10* 10°
Production rate, (cm”s™)
) st ‘
____ photons TR =
184 - ghotoelectrons 07073 RR, _
0.1 1.0 10.0

Energy, (eV)



Suprathermal hydrogen: energy distribution functions
EDFs

T
*Near the peak

-1 o ‘ ‘ ‘ ‘ ‘ ‘ _
10 E | 5
~ — & 1.09713 R/R Calculated fl ]
( 1.07R_p) qf hot H 102, 0 Py
production in the "t 100L Ecdp&bnergy
dissociation processes S 10 -~ Escape fractions
A = 0.000127099 5
H EDFs (E> 2eV) are = 495 2.225390-005 |
strongly non- 10°° 1

L ‘0

equilibrium. neray, (V)

" —~ 10-1 = 1 15086 ‘R/R‘ -
*Blue lines - local T 1020 - P Escape fractions _
- o0 = 0.0134231 E
Maxwellian EDFs T 4g3r 0.000901054
(E> 2eV) at 5 10°- =
A = =
temperatures from Z 400 L \ N
6F .

Yelle (2004). 10 LI

10
Energy, (eV)



Suprathermal hydrogen due to H, dissociation:
escape rate and energy spectrum (Shematovich, SSR, 2010)

-Escape rate of hot H I —

atoms due to the H, 30 35 40 45
. . . 7\ FTITTTITT ‘ FTTTT \‘\ I ‘ TTHTTTI T ‘ I \‘\ FTITT ‘ FTTIHTTTIT \7
dissociation processes: 1071

~(2 - 4)x10% cm2 st
which results in the loss
rate of ~(2 —6)x10°g s

Yelle (2004) i
Loss rate=5.8x10"g s _

Hot H atom velocities
between 30 —60 km/s

Fesc, (cm?eV's™)

-t
o
—
N
\

« Rates estimated from
HST observations
~1010 _1011 g S-l

Other dissociation 5 6 7 8 9 10
processes? Energy, (eV)



XUV nheating by the stellar radiation of the
H,/He/H atmosphere: XUV deposition rates

For H, - 17,

for H - 19, and
He - 23 excitation
and ionization
levels were taken
Into account

R/R,

Wi (2) = 2, Wh/'(2)

W (z) = an(z)jdeklw(k)exp(—T(l z))o P (M Ey ),

1.2

1.18 |

1.16 |

1.14

112

11

1.08 |

1.06 |

10° 10° 10* 10° 10°

Energy deposition (eVem3s™)




XUV nheating by the stellar radiation of the
H,/He/H atmosphere: heating efficiencies

The heating efficiency n,, with (red curve) and n,, without
(blue curve) taking into account the electron impact

processes (4) in the H,—H transition region.
1.2

1.18 |
b L owe | nee
_ T pe\=/ "~
114 k nhv (ez) - Whv(z) Whv(z)
< qq2f
('
11
1.08 |
1.06 |
104 0 ol.z 0I.4 OI.6 ol.s 1

From Shematovich et al., A&A (2014) n



AtMmochepsl: apphexkmuenocmov Hazpesa

-
-
-

-

|’|. Ll 1 L1l 102 B ’—"

0.1 g 10 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Wy, 107 sprev ¢ n

(a) IIpodguanr uHTeHCMBHOCTH HarpeBa arMmochepbl HD209458b u3nyyennem
3Be3/1bl, PACCYUTAHHBIN IJI COJIHEYHOI'0 CIIEKTPA U OTACJIbHO I
PEHTIeHOBCKOI0 U KpanHero Y® nuana3ona. [IlyHKTUpHOU JTMHMEH MOKAa3aHA
UHTCHCUBHOCTH HATPEBA PEHTICHOBCKUM M3JIy4YCHHEM.

(0) Oomas 3¢pdpexkTHBHOCTL HArpeBa AJ1s 0a30Bou Moaeau XUV (cmiomHas
JIMHUSA) U ee cocTaBiasiomue — Moaeab EUV (lurpuxoBast IMHMA) U MOAeIb X

(MArKU# PEHTTeHOBCKUM TUANA30H, NYHKTUPHAA JIUHUA).
M3 pador Shematovich et al., A&A, 2014; UonoB & IllemaToBuy, AB, 2015.



JK30aTMochepbl: moderv ammocgepovt (Honoe+ 2017)

CkopocTH
Monyib doropeakunii . Monyb
MonTte-Kapno XUMUUECKO
KMHCTHUKH KMHECTHUKHA
I[IEPCHOCA
SJICKTPOHOB
A KoHueHTpaunu
KoHIeHTpalnu KOMITOHEHTOB
KOMIIOHEHTOB
Monaynb
CKopocTh A30IMHAMHWKH =
Harpena
>

CKOPOCTH,
KOHLIEHTpaLlU1

HauanbHbie mpodguinn
TeMIeparyphl,

HMroroBeie npodguiin
TeMIepaTyphl,

» CKOpPOCTH,
KOHIIEHTpalluu

Puc. 1. byiok-cxema uenoJib3yeMoil MoJIesH.

Honos, lllemaTroBuy, IlaBarouenxoB, AXK, 2017



IK30aTMOC(hEPDI. modenb ammocgepvt (Honos+ 2017)

Radial profiles of gas temperature

for model atmosphere of hot I

jupiter HD209458b with (M+) and 20 |

without (M-) photoelectron kinetics I

and transport. Comparison with

recent hydrodynamical models of >

Yelle (2004), Koskinen et al. (2013) 2

and Shaikhislamov et al. (2014) -

IS also shown. oy
- 5 B '.'

Temn norepu armocgepsi: I

Estimate from HST ;

observations ~1010 g/s;

Koskinen et al. (2013) - 4x1010 g/s;
Shaikislamov et al. (2014) — 7x10%° g/s;
Model M- - 4x10%0 g/s;
Model M+ - 8x10° gfs;

25

- - .

M+
M- ]

Yelle04 ———-
Shaikhislamov14 - - - -

Koskinen13 -------- 1




Nurepnperanuu Ha00aeHud Ha KTX nporsiskeHHol
BogopoaHoi armochepsr HD209458b (a=0.045 a.e.)

\ -

T> = 6000 K S

lO]SE\IH\I\II\I\I\I\I\IIII\I\I\IIIHI\I\I\IIII\I\I\IIIHHI\I\I\IIII\I\
N 3

! %00 5000 6000 1000 8000 9000 10000 11000
T.K

B 3aBHCHUMOCTH OT MOJIOKEHUSI TOYKH JI000BOI0 CTOJIKHOBEHHUS BCE Ira30BbIe
000J10YKHM BOKPYT TOPAYHUX IOIUTEPOB MOXKHO Pa3leIuTh HA IBAa KJacca
(bucukano u ap., 2013):

(a) ecsu TOYKA JIOOOBOTO CTOJIKHOBECHHMS JICKUT BHYTPH MM0JI0CTH Polia rmiianersl,
TO 000JI0YKH UMEKT NMOYTH chepuueckyro popmy kiaaccudeckoim armocdepsl,

(v (V)
9 THEADYT 'XT/6 T T MY TCAOTNT*"NDIITITYTYIAD TOHODANANDTTETATENAT IDITIAORA DOIDAODONDDTEY ¥ T THDYDAOITEIRAENDTTETANDIYTEIENT IDITIAORA M T 'edaAMOAANA



Nurepnperanuu HadaoaeHu Ha KTX nporsikeHHOR
BoaopoaHoii atmocdepsr HD209458b

Tr=8000 K

lQﬂ]OU 5000 6000 1000 §000 9000 10000 11000
T.K

(0) ecaiv TouKa J1000BOI0 CTOJIKHOBECHUS HAXOAUTCH 32 npeaeaamMmu moaoctu Pouua,
TO HAYUHACTCH UCTEYCHHE Yepe3 OKpecTHOCTH TouekK Jlarpan:xka L1 u L2,
000J109Ka CTAHOBUTCH JIU00 3AMKHYTOM, JIU0O HE3AMKHYTOM, U CYIIECTBEHHO
HECMMMETPUYHOIA.



Origin: 100 Myr

Atmocepsl: Ilpoueccol ouccunauuu

Ical escape of excited so-cajled ho;_atoms and productzon of hot atom coronae

Plasma instabilities




Atmocepsl: Ilpoueccol ouccunauuu

CxemaTuyeckoe npeacTaBjeHue Pa3JIHYHbIX TEIUIOBbIX U HETEILUIOBbIX MPOLECCOB
norepu arMocgepsl U UX 3GPPEKTUBHOCTH I IJIAHET 3¢eMHOr0 Tumna. Bospacr
3Be3/bI U IUVIAHEThI, 2 TAKKEe AKTUBHOCTD 3Be3/IbI IOKA3aHbI B TEYEHUE BPEeMEeHM
CTPeJIKOM cjieBa Hanpaso. [locsie 00pa3oBaHud IUIAHETHI, IPOUCXOAUT
rUAPOAUHAMHUYECKHI OTTOK aTMOC(epbl, NPUBOAMMbIN B IeiiCTBHE BCJIEICTBHE
MOIVIOIEHUS U HarpeBa arMocdepsbl kKpainHum Y@ usiaydenueM 3Be3asbl. [1o mepe
YMEHbIICHHUS IOTOKA KpailHero Y® u3JIiy4YeHUs pe:KuM norepu armochepsl
MEHHETCH OT TMAPOTAUHAMUYECKOI0 PACIHUPEHUS TepMochepbl K HCIIAPEHUIO B
rUAPOCTATHYECKOM pe:kumMe. Bo Bpems 3Toro nepexoaa, pasjid4yHbie HeTeNJI0BbIE
Npouecchbl MoTepu arMocdepbl HAUMHAKT PadoTaTh U BHOCUTH CBOMl BKJIA/ B
o0mue armocgepHoe norepu. Ilocse Toro, kKak NOTOK KpaiiHero Y® u3iyyeHus

| M0.10/10ii M AKTHBHOI 3Be3/IbI YMEHbIIIAETCS 10 YMEPEHHOTro YPOBHS (<5 current
solar EUV) u razer CO2 uiu N2 cTaHOBSATCS OCHOBHOI KOMIIOHEHTOM
TepMoc(hepsl BCe MPOLECChHI JUCCHIANUN aTMOChepbl OyaeT crnoco0CTBOBATH
aTMOC(epPHBIM MOTEPSIM, HO € TOPa310 00Jiee HUZKUMU WJIH 1aXKe
HE3HAYUTEIbHBIMHU MOCIACACTBUAMU IJI aTMOC(EPhI 110 CPABHCHUIO C PAHHEH
AKTUBHOM B 1uanazoHe Y@ ¢a3oii M0J1010i 3Be3/bl.



Atrmocepsl: Ilpoueccol ouccunayuu

NiurocTpanus, MOKa3bIBAKIIAS MOTEPI0 ATOMOB BOAOPOAA M3 aTMOC(hephl
IUIAHETHI 3¢MHOI'0 THIIA B PesKUMe TMAPOANHAMMYECKOr0 OTTOKA - (2) mMepBUYHAA
armocdepa ¢ nromuauposanuem H u He; (0) Bropuunas armocdepa us napos H20,
CO2, N2. baarogapsi BbICOKOMY IOTOKY KpaiHero Y® u3Jjy4yeHusi MOJIOA0I0
Couanua/zse3abl Mosiekyabl H2 1 H20 guccouunpyror u Bepxuss atmocdepa
OyzeT 3amoJIHATHCH aTOMaMu Boopoaa. boJiee T0ro, noToKk aTroMapHoOro BoA0poaa
MOJKET 3aXBAThIBATh U IMEPEHOCUTH B IJIAHETHOM BeTpe THkKeJIble ATOMbI, TAKHE
kak He ujau arombl KMCJI0poaa.



ATMochepsl: 28oa0ouus - 3emis

Young Sun/stars: extreme X-rays, EUV , placma

X-rays, EUV

Fast atmosphedic growth ~ Non-hydrostatic hydrogen rich
and bulld up of danse H,O 4 N upper atmosphere
and C0, atmosphores ” :
A .qgs; \ <
: ‘_u 2. ALREISNE] delivery
Maoon I; o {lla'ilrtl’\,:]li'uc\_ﬁ
the late heavy

bombanonts

—-

Dwutgassing from
Magma ocean P
-~
solid fication H,0

'

~A0 MYT//
F

/

: erN:
p—>

CxoaHbIN cueHaAapUil U3MEHEHUs aTMOC(ephl 1/ paHHel 3eMJId mocJae
o0pa3oBaHus JIOTHOM MAaPOBOH aTMOC(ephl B TCUEHUE NMPOLIECCa 3aTBEePAeBAHMSA
okeana marmbl (Lammer, 2013).




ATMochepsl: 260a10UUA - 3emiA

Young Sun/stars: extreme X-rays, EUV , placma

AHaJoru4Ho pannei Benepe, —
nocJie yIapHoii

(kaTacTpouvecKoii) - PR
Jiera3ainuy ropsiuasi mapopasi T ozt
(H20/CO2) atmocdepa &.m.,&,‘;;@

MOABePKeHA BO3AeiiCTBHIO g

CHJILHOT'O MOTOKA KPaiiHero 5'2}

YO® usiydeHuss MOJIOA0T0 sy v g

CoJsiHna, 4TO NPUBOAMUT K
00pa30BaHUIO NIPOTHKEHHOMN
BOJAOPOIHOM IK30chephl 32 cue |
pucconnanun Mojexya H20. e . o S oo

B otuinuue ot Benepnl, opouTa kortopou 0mke CosiHIIA, COTHEYHASI CBETUMOCTh
Ha 3emule ObLIA ci1adee, TAaK 4YTO aTMOcdepa oxXJIaKaaeTcs ObICTpee 10 TOro
COCTOSIHUS, KOIJIA OCTABIIMICH BOJASHOU MAP MOkKET KOHACHCUPOBATHCH U
MPUBOAUTH K 00Pa30BAHUIO 3¢MHOI0 BOAHOT0 oKeaHa. MoJiekyablt CO2
0CAKIAAKTCH U3 aTMOC(epPbl HA PAHHUE KOHTUHEHTHI U CBA3BIBAIOTCH B
Jurocdepe B BHAE U3BECTHAKOB, 4 230T CTAHOBUTCH OCHOBHBIM I'a30M B
armocdepe. Kpome razosbigesieHIs U3 BYJKAHOB, JIETy4YHe BeIIECTBA TAKKE MOTYT

MOCTABJATHCA B aTMOC(epy B NePHOA MO3AHEN THKeJI0N 00MOapAMPOBKH.




Atmochepsl: nepeuunaa H ammocghepa

X-rays, EUV Non-hydrostatic hydrogen-rich H, H® escape
upper atmosphere .

=
5

¥ —
y T - @l v H, H*, O, escape
% o
’ Magma ocean
[y

2y Young Sun/stars:
A ey e extreme X-rays, EUV, plasma

Outgassing from
magma ocean
salidification
Fast atmospheric growth
and build up of dense H,0
and CO, atmospheres

Oo0Opa3oBaHue, NOTEPH U IBOJIOLUA MEPBUYHON BOAOPOIHON IPOTOATMOC(hEPHI.




Atmochepsl: nepsuunaa H ammocghepa

Non-hydrostatic hydrogen-rich

OO0pa3oBaHue, moTeps u |

e
Hyt+hv < H +H

per atmosphere

IBOJIOLMA IPOTOATMOC(hEPHI €
npeodaiaHueM aTOMAPHOIO
BOAOPO/A, JIM0O 32aXBAYEHHOI'0
13 TYMAHHOCTH M/WJIM OKeaHa L —

MarmMbl, JM00 CBSI3aHHOIO C SN
IJIOTHOW MAapoBOM aTMoc(hepo
cynep-3emuu. Iliianersl MoryT
3aXBATbIBATH U HAKAILINBATD S <5 A
orpoMHoe Koamdectso H, "o O smspares
JIM00 U3 UCXOAHOU TYMAHHOCT
WIM 32 CUeT JUCCOUALUN MO
BOJXOPOJAHbIE 000JIOYKH HE 455 Gyr bp.

MOT'YT OBITH MOJIHOCTBHIO MOTEPSIHbI U3 aTMOC(hep MAaCCUBHBIX cynep-3emMelib,
0CO0EHHO KOI/1a OPOMTHI TAKMX IVIAHET HAXOAATCH B Mpe/iesiax 30Hbl
MOTEHUUAJIHLHOU 00uTaeMoCTH MOA00HBIX CourHny 3Be3] KiaaccoB G uiau F. Ecianu
HA PAHHMX CTAAUAX IUIAHETHI ObLJIA OKPYKEeHbI INIOTHBIMHU MAPOBBIMH
arMocdepaMu, TO TOIIA OTPOMHOE KOJIMYECTBO A0MOTHUYECKOI0 KUCJIOPOaA,
KOTOPbIN 0CTAETCH MOCJIe JUCCOIUANUN MOJIEKYJI BOAbI, MOKET TAKKE 3al0JHATH
nx Bepxuue armocdepnl (Lammer, 2013).

H, H*, O, escape

Nebula based hydroge

e




BI/IOMapKepI)I: Oyoyuwiue naoarooenus ammocghep IK3oniarnem
| 5 ~ WFIRST

Exoplanet =\

Missions

New .
Worlds
Telescope

Habitable Exoplanet Imager
LUVOIR

Large Binocular
Telescope Interferometer

W. M. Keck Observatory

T NASA/ESA Partnership
2 NASA/ESA/CSA Partnership Ground Telescopes with NASA participation
3 CNES/ESA

CIIEKTP-Y® - 2021 - ocHoBHasi nporpamMa IIpoekTa BKJI0O9aeT Ha0I01eHHS

NN-EXPLORE

armMocdep miaanetr B CoJTHEYHON M BHECOJTHEYHBIX IJIAHETHBIX CUCTeMax!



3aKJII0YCeHHE:

HaOuroneHus M TeopeTuyecKre MoaeJu arMocdep IK30IIaHET,
MOABEPKEHHBIX BO3ACHUCTBHIO IKCTPEMAJIBbHBIX ITOTOKOB KECTKOI0
U3JIyYCHHUS POAMTEIbCKOM 3BE3/bl, IPEIOCTABIAIOT 3aMeYaTe/IbHYIO
BO3MOKHOCTD /IJISI IPOBEPKHU HAIEI0 TEOPETUYCCKOI0 MOHUMAHUSA
ITUX KJIHYEBBIX MPOLECCOB - TEIJIOBOU M HETCILJIOBOM TUCCUNIAIINH,
BJAUAOIIUX KAK HA 3BOJIOIMIO IVIAHETHI, TAK U e¢ arTMoc(epbl, B
0CO0EHHOCTH, HA PAHHUX CTAAUAX.

JleTa v TakUX UCCJIAEN0OBAHUNA MOKHO HAWUTH B 0030pax:

| - H. Lammer. Origin and Evolution of Planetary Atmospheres.
Implications for Habitability. Springer Briefs in Astronomy, 2013
-H. Massol, ..., V. Shematovich, H. Lammer, Formation and
Evolution of Protoatmospheres. Space Sci. Reviews, 2016

CIIACHUBO 3A BHUMAHUE!!!



