JK30MNAaHeTbl:
CTpOEeHUe n 3BontouUnA
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B npuHUKMNe, N0 AaHHbIM O MAcCe N Paanyce MOXKHO AeNaTb HEKOTOPbIe BbiBOAbI
O COCTaBe 3K3onnaHeT. XOoTA, Kak npaBuao, byaet HECKONbKO BapMaHTOB.
Pa3smepbl ra3oBbIX NMJaHET 3aBUCAT HE TOJIbKO OT COCTaBa, HO U OT:

- BO3pacTa

- 61M30CTU K 3Be3ae
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3asucmmocTtb Macca-Paaunyc

M [ MJuplter]

o1 [TOKa3aHbl pe3yabTaTbl MOAE/IMPOBAHMUA
N pe3ynbTaTbl HAbAOAEHUN.

LiBeT KognpyeTt 40Nt0 NerKUX 31eMEHTOB
(Bogopoaa v renms).

Bo3pacT nnaHeT — 5 mapAa ner.



[lons nerkmx anemeHToB B NOJIHOW Macce

Mass [Jovian masses|

— - Pe3ynbTaThl
——————————————————— MOoA4e/INPOBaHMUA.

CmeHa HaKo/10Ha

Ha M=100M¢, .
CBA3aHa C UBMEHEHUEM
napameTpoB akKKpeummn
ra3sa BO BpemsA
dopMMNpPOBaHUA.

100

Mass |Earth 111;15.\'(\5]

1604.07558
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[ThMOTHOCTb U Macca

10”
Mass [Earth m

y

Pe3yn bTdTbl MOAENTNPOBAHUA.
1400

1300
1200
1100 °
1000
900
300
700
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500
400
300

Bo3spacT nnaHeT — 5 mapAa ner.

\

A — TBepAble KaMeHHbIe.

B — TBepAable negaHble.

C — ncnapatouimeca.

D — manomaccuBHble N/1aHETbI
c bonblWMMM aAPaMKN, HO
c 3ameTHoe aonei H/He.

E — 3anpelieHHada 30Ha (ucnap.)

F — nepexoa K ruraHTam.

G — NNaHeTbI-TUraHThbI.
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astro-ph/0507009

3araloMHbIN ropsavYnmM caTypH

HD 149026 — ropa4aa, HO manieHbKas.
Ha 20% TaxXenee CaTypHa,

HO Ha 22% MeHblUe No pa3mepy.

HD 149026 b
Saturn

maolecudar hydrogen and heliums
Iquid mvetalbc bydrogen
= heavy element core

" HD 209458 b

B cnyyae rasosbix naaHeT

Mbl HE 3HaeM, HAaCKOJIbKO BonbLLIMMMU
Y HUX MOTyT BbITb TBEPAbLIE A4PA

(n BOOOLLE, Yy BCEX /I OHU NMEIDTCA).

Aapa nomoratoT 06BACHUTL
TAXeNble, HO KOMMNAaKTHbIE MJAHETHI.
HaobopoT, sapa mewatoT 06BbACHUTD
CUNbHO pa3ayTble NNaHEThI.

NNOTHOCTL _ 4
0,35 rlem® 7 HD 209458 b

- i‘DI‘IHTF
- <
Capr T nnmuoﬂb 1 rlem?

i
:
ok

HD 209458b —
C/INLLIKOM L
pasayTas. Macca (M)
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Tpl/l OCHOBHDbIX TUTA MJ1IaHET

[@30Bble rMraHThbl JlensaHble rTMraHTbl TBepAble nnaHeTbl
H/He H/He+nepn+anpo Si, Mg, Fe, O, C

Molecular 50x + solar |

2000 K
0.1 Mbar

Metallic H, + He

20000 K Ices + Rocks

(distinct?)
40 Mbar 8000 K iron core

8 Mbar 3.64 Mbar
Jupiter Neptune Earth

Ho 3Tnm, KoHeYHo, MHOoroobpasune He ncyepnbiBaeTcs,
13 U BHYTPU 3TUX KNACCOB ecTb bonee menkue aeneHus...




[AaNaKTUYECKUM CNnUpaneBopoT

HenpepbiBHO naeT npouecc
0bpa3oBaHMA HOBbIX 3BE3/,

N NNAHETHbIX CUCTEM,

a TaKXKe BblOpOCa BellecTBa B
MeK3Be3gHYIo cpeay.

S Or
~ DENSE CLOUD

3

[lepBble 3B€34bl HE MO
UMETb KaMEHHbIE MNM/1aHETbI.

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

AccngnoJ b.sx Co BpemeHeMmM MoAaBUINCH
/ TAXEeNble 3/1eMEHTHI,
N CTaN0 BO3MOKHbIM
: . / co34aBaTb TBepAble NAAHEThHI.

HaKoHeL, noaBuiacb *KM3Hb.

ﬂw&n SYSTEM

http://spaceref.com/onorbi
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dparmeHTaumA ANCKA

KpynHble nnaHeTb!
MOryT 06pa30BbIBATbCA B pe3y/ibTaTe
HEeYyCTOMYNBOCTEN B AMNCKE.

I3TO NOATBEPKAAETCA HEKOTOPbIMM
YMUCNEHHbIMN MOAENAMM.

ravdiscs.html

270 NPONCXOAUT Ha 3HAYUNTESIbHOM
PaCCTOAHNN OT 3BE3/4bl.
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[MpoTonnaHeTHbIN AncK HL Tenbua

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

TemMHble Konbla - pe3ynbtat AeNCcTBUA
MaCCMBHOW NaHeTbl B AUCKE

Rings Gaps

HL Tauri



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

MecTo, roe poxaatoTca 38e34bl U NaaHeTbl

Habntoaenma nposoannmnch

0 | Ha ycTaHOBKe ALMA.

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

HST R-band

(a) 2.9 mm (B3) ' (b) 1.3 mm (B6)

» @ @

Declination (J2000)

(<) 0.87 mm (B7) _(d) B6 PSF

-

LkHa358 -

+18:13:30.0g

1.0" = 140 AU
39.0 38.0 37.0 4:31:36.0 £ 1
Right Ascension (J2000) I =

RN
REEEEN REERR R
-(e) 1.0 mm (B6+B7)
LR - nterms=2

! (f) B6+B7 Spectral Index

Distance (AU)

Declination (J2000)

+18:13:56.5
2 1

38.48 38.44 38.40 4:31:38.36
Right Ascension (J2000)



MoaenuposaHue gucka HL Tau

Tpn nnaHeTbl C Maccamu
o1 0.2 tonutepmaHckux go 0.55.
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Ha HUXHeM pucyHKe cpaBHMBaIOTCA
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arXiv: 1011.4994

[a30Bble U ieaHble NaaHeTbl BOAU3KU CBOUX 3BE3/

HD 40307 ‘_, D.p B .. 1405.3752

GJ 581

HD 69830

HD 115817
HD 10180
HD 181433
Solar System

HD 37124

©
o)}
o

GJ 876

10°

55 Cne

Transit
RW/others
Imaging

HD 1606891

HIF 14810

W
o

Ups And
HD 74156

HD 125612

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

EcTb MHOro maccmBHbix (T.e. rasosbix!) nnaHeT Tam, rae nm 6b1s10 6b1 TPYAHO 06pa3oBaTbhbCA
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APXUTEKTYPA 3K30MN/IaHETHbIX CUCTEM

= =sll  Cucrembl Cc TpeMma 1 6onee naaHeTamm.
885 nnaHert B 361 cucreme.

LIBeT Kpy*KKa OoTpasKaeT pasmep naaHeTbI
OTHOCUTENbHO APYrMX YNEHOB CUCTEMDI.

bonblue Bcero «kHenTyHOB» U CBepx3emesb

C opbuTanbHbIMK Nepuoaammn okono 10 aHen.
T.e., cMcTemMbl HEe MOXOXXWM Ha Hally.

OAHaKo 04HO Ba*KHOe CBOMCTBO, BUAMMO, obLee:
OPOUTBLI NNTAHET NeXaT NPaKTUYECKU B OAHOW NNOCKOCTH.

Euwe Ba)KHO, 4To Honee KpynHble NAaHeTbl B CUCTEME
NexaT CHapyXu, a bonee menkue — BHYTpMU.



Mwurpauma nnaHet
[ThaHeTa MOXeT MeHATb

cBOW opbuTy, 3a cyer
B3aMMOAENCTBUA C
BELLLECTBOM ANCKa.

B3anmoaencrasme ¢ BHELLHUMMU
4acTAMU NPUBOAUT K TOPMOXKEHUIO
NNAHETbl U ee ABUKEHUIO BHYTPb.
C BHYTPEHHMMU — HA0OOPOT.

Yauwle nnaHeTbl B UTore
Asuratotca banke K 3se3ge.




CTpyKTYypbl B AUCKE
0.5 arcsec =70 AU

Spiral structure

/

Density wave shaped by planet

[MhaHeTa poXAaaeT B ANUCKE CTPYKTYPY
N B3aMMOJEMNCTBYET C HEN.

Habntoaenna Ha Cybapy B 2012 .

No3BONNIN YBNAOETb TAKUE CMNMNPASIN. Spll’al Structure
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MoaenupoBaHue murpaumnu

Murpauma HaCTONIbKO Ba*KHa,
YTO MOXeT NOJIHOCTbIO
NOMEHATb BNA CUCTEMbI.

[TOKa3aHO, KaK naaHeThbl
MEHAT CBOKO Maccy n opbury.

AcCHoO BblgenarTCca TpU TUNA
MUTpayUnn.



LLlenn n mocTbl

AHannTn4yecKkme moaenun u

YyncieHHoe mogennmpoBaHue

T, YTO NaaHeTa byaet

NMOKa3biBako
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YnucneHHoe mogennpoBaHue

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

[MnaHeTa aBuXKeTcA

NPOTUB YaCOBOW CTPEJKMY,

HO BblOpaHa TakaA cmMcTema
OTCY€Ta, B KOTOPOM Mbl BUANM
ee nokosALeuncs.

BOo3HMKalOT cnnpasibHble
BO/IHbI, M MOCTENeHHO
OTKpPbIBAETCA LeNb.

LLlenb CTaHOBUTCA XOPOLUO
3aMEeTHOM, Koraa ee WUpUHa
AOCTUraeT TO/LWMHbI ANCKa.



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

YnucneHHoe mogenvpoBaHue

[lo mepe xoaa BpemeHu
NaaHeTa ysennymeaet
CBOIO Maccy.

NMmeHHO noaTomy

ee BAUAHUE Ha OUCK
CTAaHOBUTCA BCe 3aMeTHee.



YnucneHHoe moagennpoBaHue
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dddeKT JInposa-Ko3saun

Yy Op6MTbI MOryT ogHoBpeMeHHO MeHATbCA HaK/IOHEeHUE 3KCUEeHTPUCUTET.

9ddeKT cBA3aH C BO3AENCTBUEM TENA, emax —~ Jl_(5/3) COSz iﬂ

HaxoZsLlerocs Ha BHellHen opbuTe.

3P PeKT bbIn
BMnepBble onucaH
Mwuxannom Jinaosbim
ANA CNYTHUKOB

B 1961 r., a 3aTtem

B 1962 r. 6bbIn

onuncaH Kosaun ans
acTepounaos.




PacnpegeneHne naaHeT No opueHTaumMm opouTsl

EcTb nnaHeTbl C NOASAPHbIMU N AaXKe 0bpaTHbIMM opbuTamm.

stellar spin axis ® [nnermost planet

|/ ® Multi-transiting system
_.Fetfograde orbit prograde orfiit-... g

e
_I,l-"

+ Solar systém

Solar system planets

KOI-94d

L 'I" II|I :
[ ]

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

1401.5876
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[lonnnsbl

MnaHeTbl 1 3Be3apl (a TaKXKe NNaHEeTbl APYr C APYrom)
MOTYT aKTUBHO B3aMMOAENCTBOBATb 3a CYET NPUIMNBOB.
310 byaeT NnpuBOANTbL K MU3SMEHEHUIO OPOUTBI U
CKOPOCTM COHBCTBEHHOrO BpaLLEHUA.

Mpu opbutanbHOM Nepunoae
KOpO4Ye HECKONbKUX AHEWN
(opbuta meHee 0.02 a.e.)
HEBO3MOXHO paBHOBECUE,

n opbuta NnaHeTsbI

NOCTOAHHO COKpallaeTcs,

MNOKa naaHeTa He byaeT
pa3pylieHa u/Mauv norioLleHa.
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0 ASP-18b (Heller efj al. 2009
0.00001 0.0001 0.01




CnvnAaHuna 3se3a u nnaHer

Pa3 B HECKO/ZIbKO neT B [anakTuke.

Optical Emission

EUV / X—Ray Emission (Stellar Surface)
| : (Outflow Recombination)

L 103 ! 158 /
36 peak “Es
mer liO erg/s

2
o
o

E
=
=

—

Merger (t =0)

Envelope KH Cooling

— months—yr — wks—months + day(s)

1204.0796

Time with Respect to Merger




Ncnapenne HD209458 b

Camble «ropaYne» naaHeTbl MOTYT TEPATb CBOIO
rasoByto 060/104KY 13-3a NPAMOro Harpesa,
a TaK¥Xe 13-3a pasorpesa NpuUaNBamMu.
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http://www.universetoday.com/64739/hubble-confirms-star-is-devouring-hot-exoplanet/

NornoweHne WASP-12b

Mpnbansmswmncb coBcem 6M3KO
K 3B€3/e, NJlaHeTa MOXEeT HayaTb
TepATb CBOE BELUECTBO.

[Mnaneta WASP-12b asnaetca
Takum npumepom (1005.3656).
Ypanocb yBuaeTb NOrAoOLLatoLLee
obnako, cocTosilee, B TOM YUCAE,
N U3 TAXKENbIX 3/IEMEHTOB.



https://www.e-education.psu.edu/astro801/content/16_p2.html

[lpeBpalleHne 3Be34bl B KPACHOMo rmraHTa

3Be34HaA 3BONOLUA OTPaXKaeTca
Ha NNaHeTax.

Mpu npesBpallLeHnmn 38e3bl B
KPaCHOro r'MraHTa 4acTb naaHeT
OKa3blBaeTCA MNOIMOLWEHHbIMN.

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 HECKONbKO AECATKOB TaKUX NAAHET.
OHM 0COBEHHO NUHTEPECHbI B CBA3MU

C NOHUMaHUEM cyabbbl NN1AHETHbIX CUCTEM
Ha NO34HUX CTaAMAX BONOLIUN 3BE3A,

Mnaneta Kennep-91b,
BO-NMepBbIX, ABNAETCA

camomn 6/1M3KoM K 3Be3ae
cpeau NAaHeT y TMraHTos
(<1.5 pagmnyca 3Be3abl

Ha/J, NOBEPXHOCTbIO).

3Be3aa 3aKpbiBaeT 10% Heba!

Bo-BTOpbIX, Yepe3 <55 maH nert
NaaHeTa ynageT Ha 3Be3ay.



1406.0884

CTaTUCTUKA NJIAHET BOKPYr TMraHToB

semi—major axis (AU)

Bce HageKHble NaaHeThbl
BOKPYT rMraHToB

BpaLLaloTCA He CAULLKOM
62113K0o K camoli 3Be3fge.

KoHUeHTpaumAa nnaHer
Ha opbutax 0.5-0.9 a.e.
MOKET ObITb CBfi3aHa C
NPUNAUBHBbIMU 3DPEKTaAMM.

[MhaHeTbl MAaCCUBHHbI,

U aBTOPbI BblABUTAIOT
rmnoTesy, 41To Macca
NAaHEeT MOorl/la pPacCTu

3d CHeT BewecTtBa 3BE3/4bl.

Opbutbl bonee Kpyrabie —
3a CYeT B3aMMOAENCTBUA.



Bb|6poc NnAaHeT 3Be34amMu YTO NnponcxoauT ¢ nnaHeTamu
Koraa 3se3fa TepsAeT maccy?

EVOLUTION OF STARS

Y 3B8e34 Tmna ConHua
nAaHeTbl Ha opbuTtax, Kak B CC,

Planetary Nebula

Small Star Rt & £ White Dwarf OCTa HYTCH B CMCTeMe’ =[0)
— @ — 4 SR
/. 6 opbuTbl bByayT wupe.
o NoaTomy 1 HabAAAIOT NAAHETD!
p y 6es1bIX Kap/IMKOB
. . Supernova
. - Large Star g P / Neutron Star ,ﬂlaHEKme ﬂﬂa HETbI N\OFYT «yﬂeTaTb»
—> N N e (AL) 100
Stellar- Cloud . X ’ ” v/ .
oo - N
IMAGES NOT TO SCALE Black Hole

MHTepecHble NoTepU NaHET MOTYT
NPoOuUCcxXoanTb B ABONHbIX cMcTemax!

1107.1239, 1202.3139
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PaspylieHne nnaHeTbl 6enbiM KapanKom

Solid-body transit Ypanocb npoHabaoaaTb TPaH3UTbI
rasonblaesbix 061aKOB.

Kpome Toro, BUAHbI aHOMaInm

B cCneKTpe 6enoro Kapamka.

Relative Brightness

Dust cloud transit O Planetesimal Size

F———- 1 Earth Radius
-5 0 5

Time from mid-event (minutes)

Hanbonee BepoATHO, 4YTO HbINO Pa3opBaHO
TEN0 N/IaHEeTHOM MacChbl.

X0TA, MOXKeT ObITb, U HECKO/IbKO Te/N TUNa
KPYMNHbIX aCTEPONa0B.

Leading Talil

White Dwarf



N3 4 c AMWUIHUM MUANMapA0oB NeT UCTOPUN 3eMan
o TeXHMN4yecKasa umsmnnmnsauma smaHa nmwb nocnegHue 100.

[ns yyeHbix ¢ ganekux 3sesa (ganee 100 cB. neT)
Mbl BCe elle ANKaA, HO 0buTaemasn naaHera.

me (billion years ago)

© 2011 Pearson Education, Inc.
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/68 HoBbIX NaaHeT B 306 cnuctemax

[10CTOAHHO pacTeT YMCno
N3BECTHbIX 9K30MN1aHeT.

Ha TOT MOMEeHT aBTOpbI
NOYTM YTO YABOUIU
KONIMYeCTBO N3BECTHbIX
Ha MOMEHT nybanKaunm
NNaHer.
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HoBblW KaTanor KaHanaatos Kennepa

Mo paHHbIM Bcex 4 net pabotbl 4o nonomku (c 05.2009 no 05.2013)

Stellar Temperature (K)
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102 103 104
Insolation Flux (Sg)

Moyt 5000 KaHAMOATOB B 3K30MJ/IaHETbI



30Ha 0bUTaemocTu

BO3MOXHOCTb CYLLECTBOBAHUA }KUAKOMN BOAbI

: . . HabitahleZane "

=
i
=
w
=
i

Mass of star rdativeto Sun

-~ 05

0,1 ' 1 10
[ | [

®  core GO o
» .
.
i
||

a0

Radius of orbit rdativeto Earth's

ObcykaeHne aTon naen Hadanocb B 1950-e rr.



[MnaHeTta Kepler-22b

Kepler-22 System

~
-
-~

Solar System 7

Kepler-22b

-9 0 S
Time from mid—transit (hours)

TpaH3uTHaA nnaHeTa y 6am3kom 3se3apl Tuna ConHua (knacc G5)

Paaunyc 2.25-2.5 3emHbIx. 115 macCbl NOKa eCTb TONIbKO BEPXHUIN npeaen.
OpbutanbHbi nepuoa 290 aHen.

[lhaHeTa Haxo4UTCA B T.H. 30He obuTaHmA.
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[ToxoXafa Ha 3emnto?

Kepler-78b

Paanyc namepeH no aaHHbiMm Kepler,
macca — no gaHHbim HARPS

B BnepBble 0o4HOBPEMEHHO

C AOCTaTOYHO BbICOKOW TOYHOCTbIO
M3MepeHbl U Macca, U paanyc:
M~1.86Me, .

R~1.16R, .

MnoTHOCTL™5.57 r/cm3

[lpaBaa, nnaHeTa umeer
C/IULLKOM KOPOTKUM
opbutanbHbIN Nepuoa: 8.5 yacos.
Tam XapkKo ....
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Cuctema Kennep-186

f-'- r--‘[r'c-n omic =a| nits I'F'- Ll'

I. ] L I-. L

KF; *"ﬁt' 186's [1ATb N/1aHEeT BOKPYr KPACHOro Kap/nKa.
planets
Bce 3TO HebonbLMe naaHeThl.

L|1r|; ||;|L h:_]ht

Kennep-186f HaxoauTcs B 30He 06UTaeMoCTH
N UMEET pa3Mepbl NOpPAAKa 3eMHOrO.

Potentially
I'I.-|:-| |:|.L|:- =
planets O
Planetary system Too hot for life ()
comparison

Solar Sys tn-'r||

.................................. T ) L R
Kepler-62

Kepler-186
00 ©

GJ 581

100 10 5 2 1 0.5 0.25
Incident flux (normalized to Earth)




[MTnaHeTbl y 3Be3abl KanTenHa

3Be3aa KantenHa

[T0CKONbKY 3TO 3Be34a rano,
TO OHa O4YeHb CTapasn.
T.0., U NNaHeTbl Yy Hee CTapble.

OAaHa U3 HUX HAXOAMNTCA B
30He obuTaemocTw.

Inner Solar System and Kapteyn’s Star

3Be34a C 04eHb bonbLLIMM . | . |
COOCTBEHHbIM ABUMKEHNEM
(BTOpOE mecTo nocne bapHapaa).
JTO 3Be3Aa razio, N0O3TomMy y Hee N

6onblUaA CKOPOCTb. W W ey, 2 ®

Stars Magnified x10, Planets Magnified x100 Credit: PHL @ UPR Arecibo
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[lhaHeTbl TMNA 3emnan y 38e3a Tna ConHua

7-15% 3Be3a Tmna ConHua
MMET NJ1IaHeTbl TMNa 3emnu
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ManeHbKue naaHeTbl B 30HaX 0buTaemocTu

Hot
Stars
: - Gliese 667Cc
Gliese' 581d
Cool
Stars H
) 0.01 : 0.10 ‘ . + 1.00
Image Credit: Chester Harman Distance from Star (AU) y

Cenyac N3BECTHO HECKONbKO HEDOOIbLLUMX MAAHET B 30HAX obMTaemocTun



[anakTnyecKaa 30Ha obuTaemocTu

High density and
intense radiation in here

Too few heavy elements out here

Sun’s orbit

[MpnmepHO oT 4 Ao 10 KNK OT LeHTpa.
Ho onpeaeneHne oyeHb HEYETKOE,
0COOEHHO A1A BHELIHEN rpaHuLLbI.

3a4a4m:
a) co3paTb ycaoBuA
(TAXKenblie anemeHTbl)
6) He pa3pyLwnTb
(npnnuBbl, cBEPXHOBbLIE U T.N.)
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ManeHbKaAa nnaHeTa y 38e34bl G2

B ocCHOBHOM 3eMHONOA06HbIE NaHEeTbl 0OHapPYXKMBAIOT Y 1507.06723
cnabbix 3B8e34 (Hanpumep, Yy KpacHbIX KApPAUKOB). - ‘ r

Kepler’s Small Habitable Zone Planets

arged 25x compared to stars

€ =

Kepler-452b (Earth)

G Stars

Recent Venus
= = = Runaway Greenhouse
.+ Max Greenhouse

|
W == Early Mars
B
- ¢ ¢ ¢ ¢ ¢ ¢ ¢
x Kepler-442b 155c¢ 235e 62f 62e 283c 440b
%
1] ;
2 ' ( 0 ( ( [lhaHeTa nmeet pagmyc 1.6 3emHoro.
= Kepler-438b 186f 296e  296f Bo3pacT 3Be34bl OKON0 6 mapa,. NerT.

https://en.wikipedia.org/wiki/List_of potentially habitable_exoplanets
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AHann3 cnekTpa NO03BOAAET YCTAHOBUTb
XMMMNYECKMIN COCTaB aTMOCPEpP IK30MN1aHET.




ATmocdepbl 3K3onNaHeT

/

EcTb HECKO/Z1IbKO BO3MOXHOCTEN
AN NONYYEHUA CMEKTPOB
aTMmocdep 3K30mMn1aHerT.




CneKTp naaHeTsbl

Star + Planet Star Planet
- - et
Combined Spectrum Eclipse Spectrum Planet Spectrum

Isolating a Planet’s Spectrum



CneKTpbl «HAaNpocBeT» U NpPpAMbIe

planet spectrum

MHOrga nony4yaroT cnekTp
AHEBHOW CTOPOHbI NJIaHEThI,
a UHOrAa n3yyatot atmocdepy
«HanpocBeT», Koraa njiaHeTa |
NPOXOANT MeXK Ay 38e3401 U HaMW. | )

time




1302.1141

=
oy
o
Ej
=

HabniogeHua TpaH3UTa Ha PasHbIX AJIMHAX BOJH
NO3BO/IAET ONPEeAeUTb CBOMCTBA aTMOCPEpSI,
T.K. KAKMe-TO BOJIHbl aTMocdepa NponycKaeT
XOPOLIO — TaM pa3mep NaaHeTbl MeHblLLe,
KaKune-To Nioxo — Tam pasmep bonblie.

HD209458b

1.4 16
Wavelength (microns)

z
:
:
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1407.4150



1401.0022

Ceepx3emnsa GJ 1214b
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Wavelength (um)

C nomouwbto Kocmunyeckoro
Tesnieckona um. Xabbna
NOJIY4EH XOPOLLUNIN CNEKTP.

B Hem He BMAHO AeTanen.

9TO MOMHO 06 BACHUTDH
BbICOKMMM 0bnaKamm.



HabnopeHua Ha

Keck Il

Boaa n CO B cneKkTpe naaHeThbl
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[eTtanbHaa o6paboTKa noKasana
Ha/In4ymMe cneKkTpanbHbIX AeTaNewn,
CBA3AHHbIX C NPUCYTCTBUEM

BOAbl U MOHOOKCMAA YI/1Iepoaa
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bnoma PKEPBbI CnekTp 3emnu € yKazaHHbIMN BUOMapKepamu:
-Kucnopoa,
-O30H,
-YIIEKUCAbIN ras,
-MeTaH,
-BOAa

0o
-

1

Relative Transmission
0 02 04 0.6 0.8

10
Wavelength (pm)

0
(-

Kaltenegger, Traub (2009)



Kucnopopa Ha 3emne
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BbiaeneHue cnekTpa naaHeTbI
Ha GOHe U3Nny4yeHus 3se3abl
ABNAETCA TPYAHOM 3a4a4eN.

CneKTpbl 3B€3/, pa3nyatoTcs.

w
o

i

‘.' 2V

N
o,

v Sun

nm1)
N
o

9 K2V Non-active star

-
-

-

 { GJ 643
% TRy AD Leo

-

Flux (Wm"
o

\ .

| g

1000 2000
Wavelength (nm)




[lponcxoXXgeHne metaHa Ha 3emnie
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[Mpo3pa4yHOCTb U APKOCTb aTMocdepbl 3emnu

Ha ganHax BosH 6onee 5 MUKPOH IS O 0 R I e o a0

Wavelength

aTMmocdepa 3emnm melaeT HabatoaaTb.

[ToaTOMy BOAY, MeTaH, 030H U YINEeKUCNbIN a3
NPUAETCA UCKATb U3 KOCMOCA.

A BOT Kncnopog O, MOXKHO HabnoaaTb 1 € 3emnu,
ecnu ectb bonblume Teneckonsl.

Gamma Rays, X-Rays and Ultraviolet
Light blocked by the upper almosphere
(bast obsanved from space)

Transmission

12 14 16 18 20
Wavelength (microns)




Ey,u,ym,me Ha6mo,u,eHMﬂ Ha E-ELT

3‘) m; J‘ tr_."JT_a; I=

20

Planet Restfrome Velocit

30 transits; 1=10.0 M5V

HeckonbKo net HabnogeHu Ha E-ELT no3sonar
0OHapyXUTb KNCAOPOA, HA N/IaHEeTe TUNa 3emMnu,
BPALLAOLLENCA BOKPYTF KPAaCHOro Kap/InKa.

A MOXHO CTPOUTb CNeunanbHble TEIECKOMbI
AN TAaKNX UCcnegoBaHUN.



TESS Transiting Exoplanet Survey Satellite

[TONCK TPAH3UTHbIX 3K30MN/1IaHET
y 61nM3Kux (ApKnx) 3sesa.

OXunpaetca, 4To byayT OTKPbLITHI
KaMeHHble NaaHeTbl

B 30Hax obutaemocTuy, |
KOTOpble NOTOM MOXKHO byaeT !_
n3yyatb Ha JWST.

[lpmepHO NOAMUNINNOHA
3Be3a Tunos G- n K-

3a ABa roaa pabotbl byaeT oTKPbLITO
HEeCKO/IbKO TbICAY MJIaHET.

NASA, 2017



CHEOPS

Hebonbwown cnyTHMK

ANA onpeaeneHna pagnycos
3K3onnaHeT y 6n3Kknx 3se3q,
ANA KOTOPbIX C MOMOLLLbHO
Ha3eMHbIX TEIECKOMNOB

e noayvyeHbol oueHKn Maccebl.

CHaracterising ExOPlanets Satellite

'



Planetary Transits and Oscillations of stars

J
.
é ,

PLATO

.

.,

»

C nomoulbto

34 HebONbLUMX TENECKOMNOB .

byaeT nposBefeH NOUCK NAAHET | | ; 3

TMNa 3eMan Y MUAIVOHA 3Be3a,. N A A s ' .
y - A e | .. ESA, 2024




Giant Magellan Telescope

o

IddeKTUBHbIN pa3mep — 22-24.5 meTpoB.
Teneckon cocTonT U3 cemu cermeHToB no 8.4 meTpa.
ObcepBaTtopusa Las Campanas, Ynan.

Bonbluaa mexayHapoaHasa Konnabopauyusa

B OCHOBHOM — aMepPUKAHCKUE YHNBEPCUTETDI.
[lnaHnpyeTca 3asepwnTb cTpontensctso B 2020 .



Thirty Meter Telescope

MayHa Kea. l[aBanu.
MexayHapoaHasa Konnabopauus.
CtoumocTtb — bonee mnnnnapaa A0NNaAPOB.



E-ELT

ITOT MHCTPYMEHT CMOXeET
BHECTU BoNbLIOM BKNaA B
N3y4yeHne 3K30MnNaHeT.

Ye 3anN1aHUpPOBaHO, YTO

Ha Hem byaeT cToATb
HEeCKO/IbKO creunanbHbIX
MHCTPYMEHTOB.

Mo»XHo byaeT HenocpeacTBEHHO
PErncTpuUpoBaThb NAAHETHI
3€MHOro pasmepa.

Nns 6onee KPYnHbIX NJIAHET
byaeT BO3MOKHO No/iy4yaTb
XopoLume cneKkTpbl aTmocdep.

European Extremely Large Telescope

3dPeKTUBHbIN padmep - no4vtn 40 meTpos
EBponencKas toxkHasa obcepsaTopma (ESO).
[lycTbiHA ATaKama, HYunau.

[lhaHupyemble CPOKU nepBoro ceeta — 2022 r.



James Webb Space Telescope (JWST)

Kocmunuyeckum Teneckon
C/leayoLLLEero NOKONEeHUA.

Oxunpgaembin 3anyck: 2018.
NHbpaKpaCHbIM Anana3oH.

PacKknagpiBatoleeca 3epKano
6.5 meTpa



Darwin

[laneKkoe byayliee

Kocmunueckune kopoHorpadbl u
KOCMWYECKMNE MHTEPDEPOMETPDI
AN AeTanbHOro nccaeaoBaHuUS
aTmocdep naaHeT TMna 3emam

B 30HaxX obutaemocTtn Ha opbuTax
BOKpPYr naaHeT Tuna ConHua

B HALUMX OKPECTHOCTAX.

Terrestrial Planet Finder



1306.1530

JK301YHbl MOTYT ObITb ObMTaembl

Ecan nyHa AOCTAaTOYHO BEMKA,
4yTObbI yaepXKaTb aTMochepy,
N HaXoAUTCA B 30HEe 0OUTaeMoCTH.

4 TakoW CNYTHUK UCKaN

§ v nnaHeTbl Kepnep-22b.
§ Cama nnaHeTa C/IMLWKOM BeNKa.
9 3aT0, TOrAa y Hee MOXKeT ObITb
d TAMKENbIV CMYTHUK.

CnNyTHUK He Halwaw.

10000 CnyTHUK NO KpanHen mepe
05998 BABOE nierye 3emnu.
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9K30nyHbl. Kak 0bpa3oBaTb?

PerynapHbie CAyTHNKK NpperynsapHblie CNYTHUKM
Ob6pasyoTca BMecTe € NaaHeTamu 3axsaT uav yaap

U3 BeWweCTtBa OKO/I0MN/1IaHETHOIO ANCKA




[MraHTCKaA cucTtema Konel
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Y KaKMX NAaHeT MOryT ObiTb «XOpOoLUMEY» IK30NYHbI?

Y106bI CNYTHUK BbIN BONbLINM
OTHOCUTE/IbHO NNAHETHI

(Kak JlyHa oTHOCUTENbHO 3eman),
OH JO/I*KEH ObITb MPPEryAsPHbIM.

Cneayert BbibnpaTb
CUCTEeMbI, FA4e MHOrIo
NNaHeT.

bonblune nyHobl
NO/IKHbI ObITb Y
H6onbLUMX NNAHET.

[opAYMne tonuTepbl AONKHbI
PacTepATb CBOU CMYTHUKMU
NOKa MUTPUPYIOT K 3BE31€




MoaennposaHue ob6pa3oBaHMA 60AbLLINX CNYTHUKOB

MogennposaHue ob6pa3oBaHMA KPYMNHbIX CNYTHUKOB Yy NaaHeTbl ¢ maccoun 10 M,
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3axBaT CNYTHUKA

[ToKa3aHbl pe3yabTaThbl pacvyeToB ANA 3aXxBaTa MAaCCMBHOIO CMYTHUKA, MMEBLLErO
KOMMNaHboHa. KOMNaHbOH BbIOPACbIBAETCA N3 CUCTEMBI.

Takoun cueHapumn npoule peaan3oBaTb B6AM3N MACCUMBHOM NAHETbI.

[Mpnyem, B 30He 06MTAaEeMOCTM BEPOATHOCTb MONOKUTENBHOTO UCXOAQ BO3PACTAET.
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KaK OTKPbITb 3K30/1yHY?

B npuHuune, moryt paboTtaTb BCe MeTOAbl, NPUTOAHbIE ANA OTKPbLITUA SK30M/1aHeT.
OAHaKO Ha CeroaHALWHUN AEeHb NYYLIMM ABNAETCA NOUCK NIYH Y TPAH3UTHbIX NNAHET.

1. TAMMWHTI TPAH3UTOB
[ThaHeTa co CNyTHMKOM BydeT UMETb
«CABWHYTbIN rpadUK» NPOXOXKAEHUN.

2. nnTenbHOCTb TPaH3UTa

Hannyme cnyTHMKA NpMBOAUT K Bapaummn
CKOPOCTU ABUXKEHNA NNAHETHI.

N3-3a 3TOro meHaeTca AJINTeNIbHOCTb TPAH3UTA.

Planet
orbit A

Planet

orbit B 3. CaBur Nn10CKOCTU OpObUTHI
N3-3a BAMAHNA CNYTHUKA NJ1IaHETa CMeLlaeTcA
nepneHaAnKYISpPHO OCHOBHOWM MJIOCKOCTU OPOUTBI.

1405.1455




CoBMecCTHble 3aTMeHUA

[MoxoxKe, Kak byAaTo nNs1aHeTa Haexana Ha TeMHOEe NATHO Ha AUCKe 3Be3/bl.
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1408.6164

CoBpemeHHble npeaensl

[ToKa3aHo, 4TOo Obl Mbl
NONYYNAN, €CAN Obl NTyHbI
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HackonbKo man adpPeKT

[lnaHeTa TMna KOnuTtepa, AyHa — TMnNa 3emnu.

KOI [89.01

Detrended Kepler data
= Nno moon
Earth-sized moon, Ganymede-wide orbit

Detrended Kepler duta
= O moon

Earth-sized moon, Ganymede-wide orbit
* O0min binning
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Hunt for Exomoons with Kepler ®

CooTHOWeHWe Macc, KaKk y 3emnun-JlyHbl, ;
nasano bbl peructpauyumto 8 14% cny4yaes.
A KaK y lnyToHa-XapoHa — B 32%. 4

The Hunt for Exomoons

with Kepler
Nckanu BoKpyr 17 nnaHer,
HO HMYEro He Halw.

s
o

Ecan napbl THNa 3emna-JlyHa
n [NayToH-XapoH

He ABNAKTCA UCKNOYEHUAMM,
o . TOo Kennepy Haao

D'.E 0.4 Gh | D'_B 1.0 n3y4ynTb oKono 100 nnaHerT,
Fraction of Cases Sensitivity is Achieved .
4TOObI HANTM TaKMeE.
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Bo3moKHOCTb 0OHapyXnTb aHasnor Co/IHeYHOM CUCTEMD

PacueTtbl ana cnytHuKa PLATO (2024 r.)

1.00006
Kallisto Ganymede

Europa

1.00004 .
¢ Kallisto (egress)

1.00002

1.00000

Jupiter lo Kallisto  Ganymede 0.95998

Relative flux

0.99996

0.99994
Jupiter

transit

0.99992
-2.0 -1.5 -1.0

Time before mid-transit (days)

1503.03251




1408.6164

... n B ConHe4yHOU cucteme ...

Europa Ganymede

3138 km 5268 km

Enceladus Titan

5152 km

[loTeHuManbHO obnTaeMbiMmu
CymnTatoTca yeTbipe 0H6BbEKTA:
cnyTHMKK KOnnTtepa n CatypHa.

HKaem JUICE (2022-...



*un3Hb B ConHeyYyHOU cucteme

dopmanbHO, B 30HY 06UTaEMOCTH
B ConHeYHOM cucteme nonaaaeT ToNbKO 3emAs.
B HeKoTOpbIXx moaenax

Ha CaMOM Kpato OKa3biBaeTca u Mapc.

- Ho *KM3Hb MOXKeT «Npobutbca»
' U B JOBOJ/IbHO 3KCTPEMAsbHbIX ycnosmnx
- BakHo, uTObbI bblNa XKMAKaA BOOA
(M!‘IM 4YTO-TO aHanorquoe) MHOFO BO




JHuenaa — cnytHuK CatypHa

o o Enceladus "Cold Geyser" Model CnyTHUK KaccuHum

OTKpPbI/ BbIOPOCHI,
B KOTOPbIX OKa3a/10Cb
MHOFO BO/Abl.

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 XOpOLWMIM KaHAMAAT B 0bnutaemble 06 BHEKTDI

EcTb HagexKkga, 4To noA BEPXHEN /IeASAHON KOPKOU
HaxoAUTCS A0CTaToYHO bonblion ob6bem Boabl (OKeaH).

Europe

Noyau métallique Couverture de glace

Océan liquide

Intérieur rocheux

Couche d'eau liquide



TntaH — cnyTHMK CaTypHa

Y TuTaHa ecTb AOCTAaTOYHO NAOTHAA aTMocdepa.
[lpaBaa, OHA COCTOMT U3 a30Ta U MeTaHa.

Tam ecTb KIMMaT, eCTb METAaHOBbIE AOXKAU U ...
o3epa.

B 2005 roay Ha TuTaH
coBepLmna Nocaaky
annapat «[tonureHc».




