JK30MNNaHeTbl:
CTpOeHne 1 3BoAIUMNA
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Pasmepbl n1aHeT
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B npmMHUMne, Nno AaHHbIM O Macce N paauyce MOXHO AenaTb HEKOTOPbIe BbiBOAbI
O COCTaBe 3K3onaaHeT. XoTA, Kak npaBuao, byaeT HECKONbKO BapMaHTOB.
Pa3smepbl ra3oBbiX NAaHET 3aBUCAT HE TOJ/IbKO OT COCTaBa, HO U OT:

- BO3pacTa

- 621M30CTU K 3BE3ae
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3aBucumocTtb Macca-Pagunyc

M [Mluplter]

[ToKa3aHbl pe3ynbratbl MOAENNPOBAHUA
N pe3ynbTatbl HabaaeHUN.

%ol!oT—Bb
~Jupiter

LiBeT KoanpyeT A0/10 NETKUX SNEMEHTOB
(Bogopoaa u renus).

Bo3pacT nnaHeT — 5 mnapA ner.



[lona Nerkmux asnemeHToB B NOJIHOM macce

Mass |Jovian masses]

0.01 0.1 Pe3synbTaThl
e MOJE/IMPOBaAHUSA.

CmeHa HaKO/10Ha

Ha M=100M¢, .,
CBA3aHa C USMEHEHNEM
napameTpoB aKKpeLuuu
ra3a Bo Bpems
dopMMnpPOBaHUA.

100 1000

Mass |Earth lnas.\'(,‘sl
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[TNOTHOCTb U Macca
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Bo3pacTt nnaHeT — 5 mapA ner.

\

A — TBepAable KaMeHHble.

B — TBepAable negaHble.

C — ncnapsatouimecs.

D — manomaccmBHblIe N/1aHEeThI
c bonblwMMM Aapamm, HO
c 3ameTHoe aonein H/He.

E — 3anpelieHHadA 3oHa (ucnap.)

F — nepexoa K rMraHTam.

G — NNaHeTbI-TUraHTHI.

FEcuilibrium temperature |1



astro-ph/0507009

3araio4HbIN ropsaYmMmn caTypH

HD 149026 — ropa4van, HO MasieHbKaA.
Ha 20% Taxenee CaTypHa,

HO Ha 22% MeHbLUe No pasmepy.

HD 149026 b
Saturn

malecdar hydrogen and helium
Diquid mvetalic bydrogen
== heavy element core

" HD 209458 b

B cnyyae ra3oBbix NiaHeT

Mbl HE 3HaeM, HaCKONbKO bonbLUMMM
Y HUX MOryT bbITb TBEpPAble A4pa

(n BOODOLE, Yy BCEX I OHU UMEIOTCA).

Aapa nomoratoT 06BACHUTL
TAXeEe/ible, HO KOMMaKTHbIE NJIaHETbI.
HaoboporT, aapa mewatoT 06bACHUTD
CU/IbHO pa3AayTble NAAHETHI.

HD 209458b —
C/IULLIKOM
pasayTas.

NNoTHOCTE

0,35 r/em® 7 ""HD 209458 b

2 © Knurep
LA T
CaTypH -~~nAnoTHocTe 1 rlem®

0,5
Macca {Mm}




1401.2885

Kepler-51. Pbixnble nnaHeTbl

3se3aa Tuna ConHua.
Tpu nnaHeTbl C Maccamu 2-8 3eMHbIX.
MNnotHocTn <0.05 r/cm3

OpbuTtanbHbie nepuoabl 45-130 gHewn.
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1911.07355

[MpoxnaaHbiK CaTypH HNU3KOU NAOTHOCTU

MNnotHocTb <0.1 r/cm3
npU HOPMaAJIbHOWU
(3emHOM) MHCoONALUN.

Planet radius [Rg]

Theoretical compositions (Brugger et al., 2017):

50% Mantle + 50% Water

100% Mantle

32.5% Core + 67.5% Mantle (Earth-like)
68% Core + 32% Mantle (Mercury-like)
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TpW OCHOBHbIX TUMA NJ1IAHET

[@30Bble r’MraHTbI JleaAaHble rMraHTLI TBepAable nnaHeTHI
H/He H/He+nep+anpo Si, Mg, Fe, O, C

Molecular L50x + solar |

2000 K
0.1 Mbar
Metallic H, + He

1.35 Mbar U A

20000 K Ices + Rocks

40 Mbar (distinct?) 3.29 Mbar

8000 K 5000 K iron core
8 Mbar 3.64 Mbar

Jupiter Neptune Earth

Ho 3Tum, KOHEeYHO, MHOroobpasne He ncyepnbiBaeTcs,
1a U BHYTPU 3TUX KNaACCoB ecTb bonee menkune geneHus...



[aNlaKTUYECKUM CNUPaneBopoT

HenpepbiBHO naeT npouecc

obpa3oBaHMA HOBbIX 3Be3/,

die oy , U NNIAHETHbIX CUCTEM,

- , - e a TaK»Ke BblbpoOcCa BellecTBa B
' TR MeXX3Be34HYI0 cpeay.

i,
LOUD

T

I'IepBble 3B€34bl HE MOI/N
UMEeTb KaMeHHbIle N1aHeTbl.

-of-life=comes-from-space.html

ACCRETIOJ blSK Co BpemeHeM NoABUTNCb
/ TAXe/ible 3/1EMEHTDI,
N CTa/Z10 BO3SMOXHbIM
/ CO34aBaTb TBepAble NMNAaHETDI.

s =
ﬂw&n SYSTEM

HaKoHel, noABUNACb }KU3Hb.

http://spaceref.com/onorbi



Exoplanets Methodology Exoplanets California
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Other Planets
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dparmeHTaUMA ANCKA

KpynHble naaHeTsl
MOryT 06pa3oBbIBaTbCA B pe3ynbraTe
HEeYyCTOMYNBOCTEN B ANCKE.

9TO NOATBEPXHKAAETCA HEKOTOPbIMMU
YUCNEHHbIMU MOAENAMMW.

ravdiscs.html

270 NPONCXoAUT Ha 3HAYNTE/IbHOM
PaCCTOAHUN OT 3Be3/bl.

http://faculty.ucr.edu/~krice/c



[MpoTonnaHeTHbIN Anck HL Tenbua

http://www.eso.org/public/images/eso1436a/

TemHble Kosbua - pe3yabTaT AeNCcTBUA
MaCCMBHOWM NJIaHETbI B AUCKE

Rings Gaps

HL Tauri



http://www.eso.org/public/images/eso1436b/

MecTo, roe poxaatoTca 38e34bl U NAaHeTbl

HabntogeHmna nposogmanch

0 | Ha ycTaHoBKe ALMA.

https://public.nrao.edu/AlmaExtras/
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[MpoTonnaHeTHbIM AncK HL Tau

HST R-band

(a)2.9 mm (B3) |

Declination (J2000)

" (b) 1.3 mm (B6)

@
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MopennposaHue gucka HL Tau
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Relative Right Ascension (arcsec)

Tpu nnaHeTbl C Maccamu

o1 0.2 tonutepmnaHckux ao 0.55.

Ha HUKHEM pUCYHKe cpaBHUBAKOTCH
Pe3ynbTaTbl HabAoaeHUn (cnesa)

C pe3ynbTaTaMn MOAEIMPOBAHUA.
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Relative Right Ascension (arcsec)

mJy beam™




arXiv: 1011.4994

[a30Bble U neadHble naHeTbl B6/M3UM CBOUX 3Be3/,

HD 40307 — RS .. 1405.3752

GJ 581

HD 69830

HD 115617
HD 10180
HD 181433
Solar System

HD 37124

oy
o))
o

GJ B76

10

58 Cne

Transit
RW/others
Imaging

HD 160691

HIP 14810

W
o

Ups And
HD 74156

HD 125612

0.1
Semi—-major axis [AU] - 0.1 10 10
Orbital distance [AU]

EcTb MHOIro maccmBHbIX (T.e. rasosbix!) niaHeT Tam, rae nm 6bi10 H6bl TPYAHO 06pa30BaThCA
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APXUTEKTYpPa 3K30MN/1aHETHbIX CUCTEM

=il  CucTembl C TpeMa 1 6oee naaHeTamu.
885 nnaHet B 361 cucrteme.

LiBeT Kpy*KKa oTpaxKaeT pasmep naaHeThbl
OTHOCUTENbHO APYrUX YNEHOB CUCTEMDI.

bonblue Bcero «HeNTyHOB» U CBepx3emenb

C opbuTanbHbIMK Nepuoaamm okoso 10 aHewn.
T.e., cMcTembl He NOXOXKM Ha Hally.

OAHaKo 04HO Ba*KHOe CBOMCTBO, BUAMMO, obulee:
OpPOUTbI N/TAHET eXKaT NPaKTUYECKN B O4HOM NJIOCKOCTMU.

Ewe BaXKHO, 4TO 60/1ee KpynHble NAaHETbl B CUCTEME
nexart CHapyXu, a bonee menkue — BHyTpMW.



Mwurpauyma nnaHer
[ThaHeTa MmoXeT MeHATb

CBOIO OpOUTY, 3a cYeT
B3aMMOAENCTBUA C
BeLLeCTBOM AMCKa.

B3amogeincrame ¢ BHELLHUMMU
4acTAMM NPUBOAUT K TOPMOMXKEHMUIO
NAAHETbI U ee ABUXKEHUIO BHYTPb.
C BHYTPEHHMMU — HaobopOoT.

Yawle nnaHeTbl B UTOrE
ABUratoTca baunxe K 3sesae.




CTPYKTYpbIl B AUCKEe
0.5 arcsec =70 AU

Spiral structure

2

Density wave shaped by planet

[MTnaHeTa poXKAaeT B ANCKE CTPYKTYPY
N B3aMMOAENCTBYET C HEWN.

HabntogeHmna Ha Cybapy B 2012 T.

NO3BOTINTN YBUAOETb TaKNE CINMNPaIN. Splral S'(I’UC'[UI’e
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MoagenmpoBaHmne murpaymm

Mmrpau,vm HACTOJ/IbKO BaXKHa,
YTO MOXeT NOJZIHOCTbIO
NMOMEHATL BN CUCTEMDbI.

[TOKa3aHO, KaK NaaHeTbl
MEHSAIT CBOIO Maccy u opoury.

AcCHO BblaenAaTCcA TPU TUNA
MUTpaLUnun.



LLlenn n mocTbl

AHanuTnyeckne moaenm u

YncneHHoe moageinmpoBaHue
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YncneHHoe mogennpoBaHue

[MnaHeTa ABuKeTcA

NPOTUB YAaCOBOW CTPENKMU,

HO BblbpaHa TakaA cmMcTtema
OTCYETa, B KOTOPOWN Mbl BUAUM
ee NOKoALLENCA.

BO3HMKAIOT cnupanbHble
BOJIHbI, N NOCTENEHHO
OTKPbIBAETCA LWeNb.

LLlenb cTaHOBUTCA Xxopouwo
3aMETHOlZ, KOorga ee lwnpmHa
AOCTUraetT To/IlLnHbI ANCKa.

www.tat.physik.uni-tuebingen.de/~kley/




www.tat.physik.uni-tuebingen.de/~kley/

YncneHHoe moaennpoBaHue

[lTo mepe xoQa BpemeHu
nsaHeTa yBennymeaer
CBOIO Maccy.

MmeHHO noaTomy

ee B/IMAHNE Ha AUCK
CTaHOBMUTCA BCe 3aMeTHee.



Armitage

YnucneHHoe moaennpoBaHune




ddPeKT JInaosa-Kosaun

Y opbUTbI MOTYT OAHOBPEMEHHO MEHATHLCA HAKIOHEHNE 3KCLEHTPUCUTET.

P PeKT cBA3aH C BO3AENCTBNEM TENa, em = Jl—(5/3) COS2 i{}

HaxoAsALWeroca Ha BHellHen opbuTe.

b deKT bbin
BnepBble ONUCaH
Muxannom Jinaosbim
ANA CNYTHUKOB

B 1961 r., a 3aTem

B 1962 r. 6bin

onncaH Ko3aun and
acTepomaos.




PacnpegeneHue naaHeT No opueHTaumm opobuThbl

ECTb NNaHeTbl C NOASPHLIMU U AarxKe 06paTHbIMK opbUTamu.

stellar spin axis ® Innermost planet

I/ ® Multi-transiting system
_.-Fetrograde orbit prograde orfiit-... g

e
—_

+ Solar systém

Solar system planets

KOI-94d
oy

| \ ‘,: :
HD209458b Kepler-25¢ Kepler-30c

1401.5876
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[MnaHeTbl 1 3Be34bl (@ TaK¥Ke niaHeTbl APYr C APYrom)
MOTYT aKTUBHO B3aMMOAEMNCTBOBATb 3a CYET NPU/INBOB.
310 byAeT NPpUBOAUTL K USMEHEHUIO OPOUTLI U
CKOPOCTU COBCTBEHHOrO BPALLLEHMS.

Mpn opbutansHOM nepuoae
KOPO4Y€e HECKONIbKUX AHEN
(opbuTta meHee 0.02 a.e.)
HEBO3MOKHO paBHOBECHUE,
n opbuta nnaHeThb
NOCTOSAHHO COKpaLUaeTcs,
NoOKa NnaHeTa He byaet
pa3pylueHa u/mnuv nornoueHa.
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0 ASP-18b (Heller efi al. 2009
0.00001 0.0001 0.01




CnnaHuna 3se3a u nnaHer

Pa3 B HECKONIbKO neT B [anaKTuke.

EUV / X—Ray Emission (Stellar Surface)

Optical Emission
(Outflow Recombination)

37 38
g L[mﬁ{lﬂ — 10 erg/s
meﬁ: liU erg/s

[y
o
o

E
=
=

]

Merger (t =0)

Envelope KH Cooling

— months—yr — wks—months + day(s) + ~1 Myr

L

1204.0796

Time with Respect to Merger




Ncnapenne HD209458 b

Camble «ropsayme» naaHeTbl MOTyT TEPATb CBOIO
ra3oByto 060/104Ky 13-3a2 NPSMOro Harpesa,
a TaK)Ke 13-3a pa3orpesa NpUaAMBaMMU.
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http://www.universetoday.com/64739/hubble-confirms-star-is-devouring-hot-exoplanet/

NornoweHne WASP-12b

Mpnbnnsmsimncb coecem 6AM3KO
K 3Be3/4e, N1aHeTa MOXKeT HaYvaTb
TepATb CBOE BELLECTBO.

[MnaHeta WASP-12b asnsetca
Takum npumepom (1005.3656).
Ynanocb yBnaeTb noraoujatollee
obnako, cocTtosllee, B TOM YNCNE,
N N3 TAXKENbIX 9N1E€MEHTOB.



https://www.e-education.psu.edu/astro801/content/I6_p2.html

[peBpalleHue 38e34bl B KPACHOMO rMraHTa

3Be34HaA 3BO/OUMA OTparKaeTcA
Ha NaaHeTax.

[Mpn npespaleHnn 38e34bl B
KPaCHOro rmraHTa 4acTb NaaHeT
OKa3blBaeTCcA NOrMoWeHHbIMM.

The Sun as a main-sequence star
(diameter =~ 0.01 AU)
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[ThaHeTbl BOKPYr 3B€34-TMraHTOB

Kennep-91
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N3BECTHO HECKO/IbKO AECATKOB TaKMX N/IaHET.
OHM 0COBEHHO NHTEPECHbI B CBA3U

C NOHMMaHUEM cyabObl NAAHETHbIX CUCTEM
Ha NO34HUX CTaAMAX 3BOAOLMM 3BE3 .

MnaneTta Kennep-91b,
BO-MEPBbIX, ABNAETCS

camou 6/1M3Kou K 3Be3ae
cpeau nNnaHeT y TMraHToB
(<1.5 paanyca 38e3apbl

Haz, NOBEPXHOCTbIO).

3Be3aa 3akpbiBaeT 10% Heba!

Bo-BTOpbIX, yepes3 <55 MmnH nert
NnsaHeTa ynageT Ha 3Be34y.



1406.0884

CTaTUCTUKA NAHET BOKPYT TMraHTOB

semi—major axis (AU)

Bce HageXHble nnaHeThl
BOKPYr rMraHToB

BPaLLalOTCA HE C/ZIMLLKOM
6/113K0 K camon 3Be3ae.

KoHueHTpauuna nnaHer
Ha opbutax 0.5-0.9 a.e.
MOKeT ObITb CBAAI3aHa C
NPUANBHBLIMU S PEKTAMM.

[lnaHeTbl MaCCUBHBI,

N aBTOPbI BblABUTAlOT
rmnoTesy, YTo macca
NIaHET MOr/1a PacTu

3a CYeT BellecTBa 38e3/4bl.

OpbuTbl bOoNnee Kpyrable —
3a CYeT B3aMMOAEeNCTBUA.



Bb|6poc N1aHeT 3Be34aMu YTOo npoucxoauT ¢ n1aHeTamm
Koraa 3se3fa TepseT maccy?

EVOLUTION OF STARS

Y 3Be3a Tmna ConHua
naaHeTbl Ha opbuTax, Kak B CC,
whie owart OCTAHYTCA B CUCTEME, HO
—° opbuTbI BYAYT WKpe.
[MosaTomy 1 HabAaoAaOT NAAHETDI
P y 6enbix KapaMKoB

Planetary Nebula

Supernova

red Supergan 7 ewonse [1aN€KME NNAHETbI MOFYT «yNEeTaTb»

Large Star

. |
Stellar Cloud

with
Protostars

(AU) 100

P
.
\ .
P “
N \

IMAGES NOT TO SCALE Black Hole

NHTepecHble NnoTepu NAaHeT MoryT
NMPOUCXOAUTb B ABOMHbIX cucTemax!

1107.1239, 1202.3139
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PaspylieHune nnaHeTbl 6enbiM KapJMKom

Solid-body transit Ypanocb npoHabatoaaTb TPAH3UTHI
rasonbl/ieBbiIXx 06/13aKOB.

Kpome Toro, BUAHbI aHOMaNnm

B cneKkTpe 6enoro Kapauka.

Relative Brightness

Dust cloud transit O Planetesimal Size

F———- 1 Earth Radius
-5 0 5

Time from mid-event (minutes)

Hanbonee BepoAaTHO, 4YTO ObIJIO pa3opBaHO
Teno nJiaHeTHOW Mmacchl.

X0oTA, MOXeT ObITb, U HECKO/IbKO Ten TMna
KPYMHbIX acCTEPOMNI0B.

Leading Talil

White Dwarf



N3 4 c "MLLHUM MUNANMAPA0B NeT UCTOPUN 3eMNNn
= TeXHWYecKas umBmnam3auma suaHa nmwb nocnegHue 100.

[na yyeHbix ¢ ganekux 3se3a (aanee 100 cB. ner)
Mbl BCe ellle AnKanA, HoO obutaemasn naaHera.

Time {pillion years ago)

© 2011 Pearson Education, Inc.
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HoBbln KaTanor KaHanaatos Kennepa

Mo gaHHbIM Bcex 4 net paboTbl 4o nosomKu (c 05.2009 no 05.2013)
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Stellar Temperature (K)

102 103
Insolation Flux (Sg)

Moyt 5000 KaHAMAATOB B 9K30MN1aHETHI



30Ha 0bMTaeMoCTU
BO3MOKHOCTb CYLLLECTBOBAaHUA *KUAKOW BOAbI
. . | . HabitableZone"

Mass of star redativeto Sun

-~ 05

0,1 ' 1 10
[ | [

®  cone S O o
- .
.
11|
[ |

a0

Radius of orbit rdativeto Earth's

ObcyxXaeHune 3Ton naeun Havyanocb B 1950-e rr.



[MnaHeTta Kepler-22b

Kepler-22 System

7~
»
-

Solar System 7

Kepler-22b

-9 0 >
Time from mid—transit (hours)

TpaH3nTHaa nnaHeTa y 6am3Kkon 3Be3abl Tmna ConHua (knacc G5)

Paaunyc 2.25-2.5 3emHbix. lna maccbl MOKa €CTb TO/IbKO BEPXHUIM npeaen.
OpbuTtanbHbin nepuog 290 aHewn.

[lhaHeTa HaxoAUTCA B T.H. 30He obuTaHua.
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[ToxoXaqa Ha 3emato?

Kepler-78b

Paanyc namepeH no gaHHoim Kepler,
macca — no aaHHbim HARPS

Kl Bnepsble ogHOBpPEeMEHHO

C AOCTAaTOYHO BbICOKOM TOYHOCTbIO
M3MepeHbl U Mmacca, U paguyc:
M~1.86M, .

R~1.16R, .

MnoTHoCcTb™5.57 r/cm3

[lpaBaa, nn1aHeTa umeet
C/INLLKOM KOPOTKNM
opbutanbHbIK Nnepunoa: 8.5 yacos.
Tam *apkKo ....
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Cuctema Kennep-186
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Klémpl;. 186's [ATb N1aHEeT BOKPYT KPAaCHOro Kap/auKa.
planets
Bce 310 HeboNbLIME NTAHETHI.
Lt
: Kennep-186f HaxoamTca B 30He 0bUTaemocTu
N UMeeT pa3mepbl NOPsAKa 3€MHOTO.

Potentially
I-I]:-I |:|.l|:- =
planets O
Planetary system Too hot for life @)
comparison

Solar Sys tl-'r||

-------------------------- A O P, .. ........
Kepler-62

._..
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GJ 581
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Incident flux (normalized to Earth)




[MTnaHeTbl y 38e3abl KantenHa

3Be3aa KantenHa

[TOCKONbKY 3TO 3B€34a rano, SPHL
TO OHa OYEeHb CTapas. =
T.0., n NNaHeTbl Y Hee cTapble.

OaHa U3 HUX HAXOAUTCA B
30HEe 0bUTaemocCTu.

Planet Size Legend: © Earth

3Be3/71a C 04eHb boNbLLUMM . | . :
COOCTBEHHbIM ABUKEHUEM

(BTOpOE mecTo nocne bapHapaa).
JTO 3Be34a raszio, No3Tomy y Hee .

S S S S e G W — S —

60/1bLUaA CKOPOCTb. ot

Stars Magnified x10, Planets Magnified x100 Credit: PHL @ UPR Arecibo
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[lhaHeTbl TMNA 3eman y 38e34 Thna ConHua

7-15% 3Be3a Tmna ConHua
UMEIOT NMJIaHETbI TUNAa 3eMnu
B 30HAX, rae noToK U3/1ly4eHus
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200-400 aHewn.



ManeHbKkune nnaHeTbl B 30HaX 0bUTaemocTu

Hot
St§ rs

Gliese 667Cc

Gliese 581d

Cool
Stars H

] 0.01 : 0.10 ' ‘ + 1.00
Image Credit: Chester Harman Distance from Star (AU)

Cenyac n3BeCcTHO HEeCKO/IbKO HEOObLLMX N/IAaHET B 30HAaX 0OUTaeMoCTH



High density and
intense radiation in here

Too few heavy elements out here

[anakTMyecKad 30Ha 0bUTaemocTu

Sun’s orbit

[MpnmepHO oT 4 ao 10 KNK OT LeHTpa.
Ho onpepgeneHne ovyeHb HeYeTKoOe,
0CObEeHHO ANA BHELWHEN rpaHunLbl.

3aaumn:
a) co3paTtb ycnoBusA
(TAXKenble anemeHTbl)
6) He pa3pyLINUTb
(npnnuBbl, cBEpPXHOBbLIE U T.NM.)



ManeHbKkune nanaHeTbl
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ManeHbKaAa nnaHeTa y 38e3abl G2

B ocHOBHOM 3eMHONOA06HbIE NAaHETbl OOHAPYKMBAIOT Y 1507.06723
cnabbix 3Be34, (Hanpumep, y KPacHbIX Kap/IMKOB). | ‘ :

Kepler’s Small Habitable Zone Planets

nlarqged 25x compared to stars

€ ¢

Kepler-452b (Earth)

G Stars

Recent Venus
= = = Runaway Greenhouse
++++ Max Greenhouse

|
1 == Early Mars
| F -
i@ e e e e €€
x Kepler-442b 155¢ 235e 62f 62e 283c 440b
@
] ,
2 ' ( ¢ ¢ ( [lhaHeTa nmeet paguyc 1.6 3emHoro.
= Kepler-438b 186f 296e  296f Bo3pacT 38e34bl OKON0 6 mipA. Nner.

https://en.wikipedia.org/wiki/List_of potentially_habitable_exoplanets



ttps://en.wikipedia.org/wiki/List_of_potentially_habitable_exoplanets
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(REDIT: PIL @ UPR Arecibo (phlupeeda) June 25, 2014



CnekKTp
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AHann3 cnekTpa No3BOAAET YCTaHOBUTL
XUMUYECKUM COCTaB aTMOChEP SK30MN/1aHeT.




ATmocdepbl 3K30NNaHET

/

ECTb HEeCKO/1IbKO BO3MOMKHOCTEU
AN NOYYEHUA CMEKTPOB
aTmocdep 3K30MNaHerT.




CneKTp naaHeThbl

Star + Planet Star Planet
e e
Combined Spectrum Eclipse Spectrum Planet Spectrum

Isolating a Planet’s Spectrum



CneKTpbl «HanNnpocBeT» U NPAMbIe
[Mpn TpaH3UTAX MOXHO NOYYaTb
KpuBble 6/1eCcKa Ha pa3HbIX AIMHAX BOJIH.
ITO TaKKe NO3BO/ISET NO/IYYUTb CNEKTP,
T.K. aTMmOCPepa MMeeT PasHyto
NPO3PaYHOCTb Ha Pa3HbIX BOJIHAX.

planet spectrum

MHoraa nonyyaroT cnekTp
AHEBHOM CTOPOHbI N/1IaHETHI,

a UHOraa n3y4datoT atmocdepy
«HaNpoOCBEeT», Koraa naaHeTa
NPOXOAUT MeXAay 3Be340M U HaMM.

CH,




N3yuyeHne nnaHeT BO BpemA TPaH3UTOB

Albedo _

Transmission spectrum Emission spectrum

Rpl(’\)

\ Transit /
flux AI{VI(/\)\U/Y

* NHTerpanbHble cBOMCTBA NOBEPXHOCTM (anbbeno)
* CneKTp «Ha NpocBeT»

* CnekTp cobcTBEHHOrO N3yvyeHua NAAHESEY 07357. cM. 06300 B 1810.04175

time



HYyBCTBUTE/IBHOCTb N\eTo,u,a

Transits - - . R M|l 3ameTHO npoue
HDS ’ 'HRB"‘QQe -
m Hajneoe| | S 3aperncTpmMpoBaTb
1 (RA KT ik i e CUrHan OT NaHeT

HDS
=t [Tr BOKPYr KPaCHbIX

Kap/IMKOB, T.K.
B 3TOM C/ly4ae MeHblue
paaunyc 3ses3abl.
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- o~ Super Earths
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Semi-Major Axis [Astronomical Units (AU)]

1804.07357



1302.1141
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HabntoaeHus TpaH3MTa Ha pPa3HbIX AJMHAX BOJH
NO3BONAET ONpeaennTb CBOUCTBA aTMmocPepbl,
T.K. KAKMe-To BOMIHbl aTMocdepa nponycKkaer
XOPOLUO — Tam pa3mep NAaHeTbl MEHbLLE,
KaKne-To NJ1I0X0 — Tam pasmep bonblue.

HD209458b

1.4 L6
‘Wavelength (microns)

staright
fitkars through

tha limb of

1407.4150



Ob6naka B aTmocdepax 3K30MnnaHeT
Cloud Free
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2102.04772

Wavelength




Relative Flux
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Eclipse

Orbital Phase

1711.076906

ApKne obnaka
OTparKkatoT CBeT

nobanbHble BETpPa
co3aatoT
HECUMMETPUYHOE
pacnpeaeneHune
TemnepaTtypbl

NO NOBEPXHOCTU
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C nomouwbto Kocmuyeckoro
Tesieckona um. Xabbna
NONIy4eH XOPOLLIUN CNEKTP.

B Hem He BUAHO AeTanemn.

9TO MOYXHO 06BACHUTDL
BbICOKMMU 0BnaKkamm.



HabnogeHuna Ha

Keck Il

Boaa n CO B cneKTpe naaHeThbl

22
Wavelength (um)

Correlation

-0.5
—1500

[leTanbHaa obpaboTKa NoKasana

Hann4yme CneKTPaabHbIX AEeTa/IEHN,
CBA3aHHbIX C NPUCYTCTBUEM

BOAbl U MOHOOKCMAA yI/iepoaa

B aTmocdepe nnaHeTbl HR 8799c.

HR8799 ¢

—1000

—-500 0
velocity (km/sec)

i)
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o

HR 8799

500

1000

1500




J1MHaMWnKa BHELWHUX C10eB Ha
ropAYnx ronmuTepax

meridional
wirds

stellar

radiation
S

convective
core

zonal
winds

1405.3752

day night

[MnaHeTa nporpeBaeTcsl U N3HYTPU, U CHAPYXW.
310 NpMBOAMUT K OYpPHBLIM OBMKEHUSIM B BEPXHEWN YacTy 0O0MOYKM NIaHeThI.



COBUr camoun ropsven TOYKU oT
NONOXKEHUA TOYKM MONOHA

Full Phase Curve

Primary Transit Superrotating winds predicted on | Secondary EClipSG‘
tidally locked hot Jupiters, affecting

starlight , :
heat redistribution from the dayside.

®—

4 A )
¢ ?

v _ 1

cooler side warmer side

warmer cooler
terminator terminator Integrated dayside spectrum

Terminator-integrated spectrum | post hot Jupiters show evidence for sitected by shifted hotspot.
affected by asymmetry. an Eastward shifted hotspot.

2003.14311



KoHaeHcaT »kene3a Ha HOYHOW CTOPOHE

Residual amplitude (ppm)
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(3 Residual amplitude (ppm)
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bnoma PREpPbI CneKTp 3emnun ¢ yKasaHHbIMU BMOMapKepamu:
-Knucnopoga,
-O30H,
-YIIEKNC/bIN a3,
-MeTaH,
-B0OAa

o
-

1

Relative Transmission
0O 02 04 0.6 0.8

10
Wavelength (pm)

0
-

Kaltenegger, Traub (2009)



Kucnopopa Ha 3emne




ConHue n nnaHeTbl

SRS AR BoiaeneHue cnekTpa naaHeTbl
Ha poHe n3nyvyeHuns 3se3abl
ABNAETCA TPYAHOWU 3aaa4eN.

CneKkTpbl 3Be3/, pasinyatoTcs.

2V

\ _Sun
] K2V Non-active star
' Tef=3100K
1 g GJ 643
% ey AD Leo

_"

\ .

L

IlIIIIII

10 1000 2000
A (um) Wavelength (nm)

0906.2263




[lponcxoxaeHne meTtaHa Ha 3emne




CneKkTp 3emnu
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[Mpo3pavyHOCTb U APKOCTb aTMmochepbl 3emMn

100%-
L
¥ 1
28 50%
<]
10er r m 10m Tkm

Ha anvHax sonH 6onee 5 MUKPOH

Wavelength

aTmocdepa 3eman mellaeT HabnoaaThb.

[TlosTomy BOAy, MeTaH, 030H N YINEKUC/bIN ra3
NpMAeTCcA UCKaTb N3 KOCMOCA.

A BoT Kucnopog O, MoXxHO HabnoaaTb U ¢ 3emnu,
ec/in ecTb bonbLIMe TenecKonsl.

Light blocked by the upper almosphere
(bast obsanved from space)

Transmission

12 14 16 18 20
Wavelength (microns)




Byayuwine HabntoaeHna Ha E-ELT

D=39 m; 30 tronsits; I= 1 M5V
. 1 D=100 m; 30 tronsits; 1=10.0 M5V
P.,J..,?,r,f_,T-v-rr_T i ——
) ¥ 3 1 I
i : B

Plonet Orbital

HeckonbKo net HabatoaeHun Ha E-ELT no3sonAaT
0OHapPYKNTb KUC/IOPOA, HA NJ1IaHeTe TUNna 3eM/u,
BPALLLAOLLENCA BOKPYT KPAaCHOro Kap/iMKa.

A MOHO CTPOUTb CneunasbHble TeJIEeCKOMbI
ONA TAaKUX nccnegoBaHUN.



TESS

[TOUCK TPAH3UTHbIX 3K30MNNaHET
y 61n3Kmnx (ApKnx) 3sesa.

OKunpaaetcs, 4To byayT OTKPbLITHI
KaMeHHbIe NaaHeTbl

B 30Hax obutaemocTy,

KOTOpble NOTOM MOXHO byaeT
n3ydatb Ha JWST.

[lpMmepHO NONAMUN/INOHA
3Be3a TunoB G- u K-

3a aBa roaa paboTbl OyaeT OTKPbITO
HECKO/IbKO TbICAY N1aHeT.

Transiting Exoplanet Survey Satellite

NASA, 2018



CHaracterising ExOPlanets Satellite

CHEOPS

Hebonblion cnyTHUK

AnA onpeaeneHnsa paanycos
3K3onnaHeT y 6M3Knx 38e34,
ANA KOTOPbIX C MOMOLLbIO
Ha3eMHbIX Te/IeCKOMoB

y»Ke NoJsiy4eHbl OLEHKN MaCChl.




Planetary Transits and Oscillations of stars

PLATO

..

.

C nomoulbto :

34 He6ONbLINX TeNECKOMOB | .
6yaeT NposeeH NOUCK NAaHeT
TMNa 3eMau y MUAAUOHA 3Be3,.

3 T Pl v | *
ey MR T L S Y E SR ID B



Giant Magellan Telescope

o

b PeKTUBHbIN pasmep — 22-24.5 meTpos.
TenecKkon CoCcTonUT U3 cemmn cermeHTOB no 8.4 meTpa.
O6cepBaTtopusa Las Campanas, Yuan.

bBonbliuaa mexxayHapoaHaa Konnabopaums

B OCHOBHOM — aMepPUKaHCKUE YHUBEPCUTETDI.
[lhaHUpyeTCcA 3aBepLUnNTb CTPOUTENbCTBO B 2025 T.



Thirty Meter Telescope

~ o

<P ¢ b -
T St T TN
o L A =

MayHa Kea. FaBaiin.
MexayHapoaHaa Konnabopauyms.
[MnaHnpyeTcs HayaTb HabaogeHma B 2027 .

CTtonmocTb — bonee mmunnmapaa 40a/1apos.



E-ELT

3TOT MHCTPYMEHT CMOXKET
BHECTN BONbLIOW BK1aA, B
N3y4yeHune 3K30M/1aHeT.

Y)Ke 3an1aHUpPoOBaHO, YTO

Ha Hem byaeT cToATb
HEeCKO/IbKO CreunasibHbIX
NHCTPYMEHTOB.

MorKHO byaeT HenocpeaCcTBEHHO
PErncTPUpPOBaThb NNAAHETDI
3eMHOro pasmepa.

[Ina 6onee KPynHbIX NAaHET
byaeTt BO3MOXKHO NoaAy4aTb
XOpOoLLUMe CNeKkTpbl aTmocdep.

European Extremely Large Telescope

)
.

7/

!

—

Ste T,
SaVAVAVA v

3dPeKTUBHbIN pa3mep - noytn 40 meTpos
EBponencKas toxkHas obcepsaTopua (ESO).
[lycTbiHA ATakama, HYunaun.

[lhaHnpyemble CPOKU nepsoro ceeta — 2025 .



James Webb Space Telescope (JWST)

Kocmunyecknim Teneckon
C/leyoLLLEero NoKoNeHus.

Oxupaembin 3anyck: 2022.
NHPpaKpacHbIN AMana3oH.

PacknagpbiBatoLleeca 3epkano
6.5 meTpa



Darwin

[lanekoe byayulee

Kocmunyeckme KopoHorpadbi U
KOCMUYECKME MHTEPDEPOMETPDI
ANA AeTanbHOro nccaegoBaHuA
aTmocdep nnaHeT TMna 3emnu

B 30HaxX 06MTaemocCcTn Ha opbuTax
BOKpYr naaHeT Tuna ConHua

B HALUMX OKPECTHOCTAX.

Terrestrial Planet Finder



1306.1530

JK30/1YHbl MOryT ObITb 0bUTaembl

Ecav nyHa AOCTAaTOYHO BENUKa,
4yTobbl yaepXKaTb aTmocdepy,
N HaxoauTcA B 30He 0bMTaemMocCTu.

§ Takol CNyTHUK UCKanu

§ v nnaHeTbl Kepnep-22b.
§ Cama nnaHeTa C/IMILIKOM BeJnKa.
9 3aT0, TOraa y Hee moKeT bbiTb
d TAMKENbIV CMYTHUK.

CNyTHUK He Halwn.

L0000 CnyTHUK Mo KpanHen mepe

09908 BABOE nerye 3emnun.

0.9996

54 965.5 54966.0 54 966.5 54967.0 54967.5 552555 55256.0 55258.5 55257.0 852575

1.0002

0.,9994

0.9992

0.99390

565455 555460 555465  55547.0 555475 S 5036.0 556905  S5837.0 554375



JK30nYyHbI. Kak obpa3oBaTtb?

PerynspHbie COYTHUKHK NpperynapHble COYTHUKU
O6pasytoTca BMecTe € NaaHeTamu 3axBaT UM yaap

U3 BeWweCTBa OKONOMN/1IaHETHOIo ANCKaA
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Y KaKuUX MaaHeT MOTryT ObITb «XOpOoLLUME» SK30/YHbI?

YT06bI CNYTHUK ObIN HOoNbLWINM
OTHOCUTENbHO NNAHETDI

(KaK JZlyHa oTHOCUTEeNbHO 3emnn),
OH A0N*KeH ObITb UPPErYAAPHbIM.

CnepyeTt BblOMpaThb
CUCTEMbI, e MHOIO
NAaHeT.

bonbline nyHol
NOTIXKHbI ObITb Y
bonblNX NAaHET.

[opAYMe toNUTEPbI A0MKHbI
pacTepATb CBOU CNYTHUKMU
NMoKa MUTPUPYIOT K 3Be3e




MoaenmposaHue o06pa3oBaHUA OONbLLUMX CIYTHUKOB

MogaennpoBaHue ob6pa3oBaHUA KPYMNHbIX CNYTHUKOB Yy NAaHeTbl ¢ maccon 10 M,
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3axBaT CNYTHUKA

[ToKa3aHbl pe3ynbTaTbl PACYETOB ANA 3aXBaTa MAaCCUBHOIO CMYTHMKA, UMEBLLErO
KOMMNaHboHa. KomMnNaHbOH BbIOPACbIBAETCA U3 CUCTEMBI.

Takomn cueHapumn npoule peann3oBaTtb B6/M3M MAaCCMBHOM NJIaHETHI.

Mpuyem, B 30He 06MTAaEMOCTU BEPOATHOCTb MNOJIOXKUTENIbHOTO MCXOAa BO3PaCTaeT.
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KaK OTKPbITb 3K30/1YHY?

B npuHuMne, moryt paboTaTb BCe METOAbl, NPUroAHbIE AN OTKPbITUA SK30MNAaHET.
OAHaKO Ha CeroAHAWHUN AeHb NYYLIMM IBAAETCA NOUCK NIYH Y TPAH3UTHbIX N1aHeT.

1. TAMMMHT TPAH3UTOB
[ThaHeTa co cNyTHUKOM ByaeT MMeTb
«CABWUHYTbIN rPadUK» NPOXOXKAEHUN.

2. nnTenbHOCTb TPaH3UTa

Hanunymne cnyTHMKa NpnuBOAUT K BapaLumun
CKOPOCTU ABUKEHUA NNAHETHI.

N3-33 3TOro meHaeTcA ANUTENbHOCTb TPAH3UTA.

Planet
orbit A

Planet

orbit B 3. CaBur N10CKOCTU OpbuUThbI
N3-3a BANAHMA CNYTHUKA NJ1aHEeTa CMeLlaeTca
nepneHAnKY/ISPHO OCHOBHOMW MAOCKOCTM OPOUTLI.
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CoBMecCTHble 3aTMeHUA

[ToxoXe, KaK 6y,£I,TO N1aHEeTa HaeéxXa/la Ha TeMHOe NATHO Ha ANUCKe 3Be3bl.
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CoBpemeHHble npeaensl

[loka3aHO, YTO Obl Mbl
Noay4Ynunmn, ecam bbi NyHbl
Moon Co/IHEYHOU CUCTEMDI
BPALLLA/INCb BOKPYT
nnaHeTbl Ha 100-gHeBHOM
opbure.

[lpegnonaraeTca, YTo

Y Hac ecTb AaHHble

Kennep 3a 4.35 ner,

| a NMOUCK BegeTcAa no

=2 =J0 =8 | | - BpEMEHMU TPaH3UTa
logo(Mmoon/Mpianet) - AINTENbHOCTU TPAH3UTA
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HackonbKo man adpPeKT
[MnaHeTa TMna KOnuTepa, yHa — TMNa 3emnu.

KOI [89.01

Detrended Kepler data
= NnNo moon

Earth-sized moon, Ganymede-wide orbit

Detrended Kepder duta
== O moon

ela
Earth-sized moon, Ganymede-wide orbit
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Hunt for Exomoons with Kepler ®

CooTHOWeHUe Mmacc, KaKk y 3emnun-JlyHbl, ;
naBano bbl pernctpaumto B 14% cny4vaes.
A KaK y lNnyToHa-XapoHa — B 32%. 4

The Hunt for Exomoons

with Kepler
NcKanun BoKpyr 17 nnaHer,

HO HUYEro He Haluun.

—h
o

Ecan napbl TNa 3emna-JlyHa
n MNnytoH-XapoH
He ABNAIOTCA UCKIOYEHUAMMU,
s . To Kennepy Hago

D'.E 0.4 Gh | D'_E’ 1.0 n3y4ynTb okono 100 nnaHer,
Fraction of Cases Sensitivity is Achieved .
4TObObI HANTU TaKMeE.
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1301.1853

[Tpmepbl NOUCKA
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Cepad Kpueaa —
€C/IN JIYHbl HeT.
KpacHasa —
eC/1n ecTb.




Bo3morKHOCTb 06Hapy*XuTb aHanor ConHeYHOM CUCTEMDI

Pacyetbl gna cnytHuKa PLATO (2026 r.)

1.00006
Ganymede

Europa

1.00004 .
¢ Kallisto (egress)

1.00002

1.00000

Jupiter lo Kallisto Ganymede

0.959398

Relative flux

0.99996

0.99994
Jupiter

transit

0.99992
-3.0 -2. -2.0 -1.5 -1.0

Time before mid-transit (days)

1503.03251




1806.10032

[pyrue cnocobol
3aMETUTb 3K30NYHY

Event 2
companion transiting
in front of the planet

Event 1
companion's shadow on the planet

Event 5
companion's shadow on the planet
during transit

Event 3.
companion eclipsed by the planet

Event 4.
companion occulted by the planet
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[TnaHeTa ¢ nyHOWN, HO ... 6e3 3Be3ablI?

MWKpPOSIMH3MPOBAHMUE.
BO3MOXHbI ABa peLleHuns:
1. 0.12M_,,+18Mc_ .,

2. 4M;,,+0.5Mey

e
##° planetary
deviation

gnification

ma

MOA—-2011-BLG—-262Lb Properties
T IIII"I| I IIII'II| I II'IIII| T l 0 -
S
0 E=—rdpitd
5B . |
1.12 1.14 1.16 1.18 1.2
HJD — 2455738

residual

HeonpeneneHHoCTL g
CBSi3aHa C
HEWU3BECTHbIM 1y

PacCTOsIHVEM R

projected lens
separallon distance

1 L=
4 6 8
D, (kpc)
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Jlyywinm KaHamaat?
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relative flux

20
moon separation, asp [Rp]

18 12 -6 0 +6 -+12 +18 +24 +30 +36

time from inferior conjunction [hours]

Kepler-1625BI

bonbllaa noayocs:
20 paanycos nsiaHeThbl

WELGECERUDE
KOnuTtepa.

bonbllaa nonyoch
NAaHeTHOM opbuTbl:
0.8 a.e.



HoBble AaHHble NOATBEPXKAAOT?

Light Curve Detrending and Fitting
Transit 2 Transit 2 Transit 4 Transit 5
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Transit 4

MCMC Fitted Model
Detrended SAP Flux
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2006.12997
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TTV 1 3K301YyHbI

Earth-Moon system

Maoon Stability Limit

our MUEE..-H"

Moon detectable by TTW
but nat by transit
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KOI-3220

TTYV (minutes)

RaHanAaaTbl B 3K301yHbI no TTV

TTV
#Data ! . Likely Cause
KOl Points (min) of TTVs

268.01 11 2.37 planet or moon
303.01 21 1.56 planet or moon
1503.01 10 1.56 planet

1888.01 12 1.84 planct or moon
1925.01 11 1.57 planet or moon Transit Number
1980.01 15 1.69 planet

2728.01 20 1.71 planet or moon
3220.01 14 1.67 planet or moon

TDV (fractional)

Moon distance from planet (km)

2006.12997

i
(]
]
i

1072 107"
Moon/planet mass ratio
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... B CO/THeYHOM cucteme ...

Europa Ganymede

3138 km ' 5268 km

Enceladus Titan

Pras

504 km - = 5152 km

[loTeHuManbHO obnTaembiMmu
CumnTatoTca yeTblipe obbeKTa:
cnyTHUKKU KOnutepa n CaTypHa.




*un3Hb B CoTHEeYHOU cucteme

dopmanbHO, B 30HY 06MTaemoCcTH
B Co/lHEeYHOM cucTeme nonaaaeT ToNbKo 3emns.
B HeKoTOpbIX Moaenax

Ha CaMOM Kpato OKa3biBaeTca n Mapc.

- Ho *KM3Hb MOXKET «NPobUTbCA»
' U B JOBO/IbHO 3KCTPEMA/IbHbIX yCHOBMFIX
- BaKHO, 4TObbI BbIN1a XKMAKAA BOAA
(MI‘II/I 4YTO-TO aHanorquoe) MHOTO BO/




JHuenag — cnytTHUK CaTypHa

° o Enceladus "Cold Geyser" Model CI'IyTH MK KaccuHu

OTKpPbI/1 BbIOPOCHI,
B KOTOPbIX OKa3a/10Cb
MHOFO BOAbI.

H,O vapor plus ice particles

H,Olce T=~77K
Vent to surface

Pressurized Liquid H O Pocket T =273 K

24 4 A

Hydrothermal Circulation
& Convecting Ice

Tidal Heating Hot Rock Tidal Heating



EBpona — cnyTHUK KOnutepa

[lepBbln XOPOLWNIN KaHANAAT B 0bnTaemble 0ObeKTbl

EcTb Hape)aa, 4To NoAa BEPXHEU neaaHON KOPKOU
HaxoAMTCA AOCTAaTOYHO bonbllon 06bem Boabl (OKeaH).

Europe

Noyau métallique Couverture de glace

Océan liquide

Intérieur rocheux

Couche d'eau liquide



TnTaH — cnyTHUK CaTypHa

Y TuTaHa ecTb AOCTAaTOYHO NJIOTHAA aTmocdepa.
[lpaBaa, OHa COCTOMT U3 a30Ta U MeTaHa.

Tam ecTb KAMMaT, eCTb MEeTAaHOBbIE A0XKAU U ...
o3epa.
B 2005 roay Ha TuTaH

COBepLn NOCaaKy
annapart «ltonreHc».




