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YTO TaKoe «3K3onaaHeTa»?

The IAU Working Definition of an Exoplanet

OBLEKT C Maccon HWXe npeaeribHoro 3HadeHusi, HeobxoaumMoro Ans 3anycka TepMosiAepPHOro ropeHus
noentepusa (coBpemMeHHoe pacdeTHoe 3HadeHue 13 macc HOonutepa ¢ xummyveckum coctaBom CornHua),
KOTOPbIN 0bpallaeTcss BOKPYr 3Be34bl, Oyporo kapnuka nnm 3se3gHoro octatka n UMeeT OTHOLLEHNE Macec
C UeHTparnbHbIM OOBLEKTOM YOOBNETBOPSIET Mopory crtabunbHocTn ana Todek JlarpaHka L4 un L5,

(M, /m > (25 + \/621)/2 ~ 25) — aBnsieTcs nnaHeTon, HesaBUCMMO OT criocoba ee obpasoBaHuS.

TpeboBaHMe Ha MUHMMArbHYIO Maccy ObbekTa,
paccMaTtpuBaeMoro Kak nraHera, ABndeTcs TeM Xe,
4yTOo N ans CoriHe4yHom cucTeMbl — Macca, gocTaTtodHasa
ana Toro, 4ToObl nog AOeuctBMeM CODCTBEHHOM
rpaBuTauunm ODBLEKT NPUHAN cepuyeckyto gopmy U
«OYUCTUN» OKPYXKatoLLee ero npocTpaHCTBO.

[111yTOH He YOOBIETBOPSAET KPUTEPUID «E€ANHCTBEHHOCTUY
Ha cBoeun opbute — CyLWeCcTBYIOT ApYyrve Tena Ha brnmnskmnx
opbuTtax. [nyToH — manaa nnaHeta (dwarf planet).
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[lepBan sak3onsaHeTa

B 1988 rogy nosiBunacb pabota Komnbenna wu Ap., B
KOTOPOW roBOPUIOCh O MfiaHETHOM KaHauaaTe, HO HaOdeXXHo
noaTBepAnTb ero yganochk Tonbko B 2003 roay.

HakoHel, B 1989 rogy Jlatam u gp. OTKPbLISIN CNYTHUK O4HOW
M3 3Be3d, Yy KOoToporo A0 OkTabps 2019 macca 6bina
OLeHEHA HeJoCTaToO4YHO TOYHO, YTODbI cka3aTtb, NylaHeTa aTo
nnn Oypbin Kaprnuk. Tenepb Mbl 3HAeM, 4TO 3TO OypbIN
kapnuk (1910.07835).

B 1992 rogoy HagexHoe oOHapy)XeHue nraHeTbl Oblfo
coenaHo BonbuwaHom n ®pensriom, HO Bpallanacb OHa
BOKpPYr... paguo-nynncapa!

[lepBas HaOexHO nNOATBEPXAEHHAs MfaHeTa, Bpalato-
LLadca BOKpYr «HopmanbHow» 3Be3abl (51 [leraca), 6bina
oTKkpbITa B 1995 rogy M. Manopom n [l. Keno.
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MeTtoabl 06HapyXeHusA 3K3onNaHeT

(~2600

[numbers from MNASA Exoplanet Archive]

1 January 2018
3572 exoplanets

Exoplanet Detection

If

systems, ~590 multiple)

Methods

Indirect/
miscellaneous

decreasing
planet mass

Microlensing

| Dynamical b

Astrometry

Imaging

| Timing i

Radial velocity

protoplanatary disks

debris disks/colliding
planetesimals

star accretion/pollution
white dwarf pollution
radic emission

X-ray emission

- gravitational waves

PN ST

| Transits h
reflected/

. .- optical
whire ecfipsing
dwarfs binaries . - ‘
10M pulsars | astrt:metrlc | phctnmetrlc | ~2500 | space |gr0urld palarised light
. B x . {Kepler=2315,K2=155,1 —
Slony - CoRoT=30)
2| . space space || ground S B K Ry <>
MJ — - — -~ ground A4 A -
9 = = ] (adaptive 482
| LR : : o : | oprics .
milisec space | |ground | ﬂou ting b{u W - — i 1187 'm ng_l
10Me space - exo- }_ (2-6Rg) | residuals —
2 25 {coronagraphy/ moons? 766 [(see TTVs) w;gzp??aa
interferometry) (1.25-2R ) : e
e — - & HAT/HATS=88)
Me} - — I :
Y = 373
32 planets 662 planets 1 planet 53 planets 44 planets {<1.25Rg) 2789 planets
Discoveries: (20 sysferns, (504 systerms, {1 sysfern, (57 systerts, (40} systerrs, {2053 systerrs,
5 multiple) 102 muiltipie} iF multiple} 2 multipie) 2 multiple) 474 multinle)
= cyisting capability === projected n = planets known ) cliscoveries ——> follow-up detections 6




OCHOBHble meToAbl 06HapyXeHuUsa 3K3onaaHeT

1. NameHeHne ny4yeBon CKOPOCTM 3Be3bl (BpaLleHNE BOKPYr OOLLErO
LeHTpa Macc cuctembl 3Be3aa-nnaderta). ~1100 nnaHer.

2. [poxoxgeHne nnaHeTbl No Ancky 3eesabl: ~3800 nnaHer.

3. ActpomeTpua: ~20 nnaHer.

4. MNpsamble nzobpaxeHuns: ~200 nriaHer.

5. MukponuHanposaHume: ~260 nnaHer.

6. No Bapunaumm nepunoaa (nynbcapbl, 6enbie Kapnuki, ABONHbIE U MaHETHbIE cucTeMbl). ~50 nnaHer.



MapameTpbl opbuUTLI

Descending node ~_ planet / \(

[ — HaKNOHEeHMe opOUTbl — yros
MeXOy  NSIOCKOCTbD  OpOuThI
9K30M1aHEeThbl U TaHreHunasribHOW
(KacaTtenibHOW) MJIOCKOCTLH K
HebecHON cdepe B MecTe
NofioXXeHnst o0bLEKTA.

periastron

N

i = 90°- opbuta
HabntogaeTcs ¢ pebpa.

i = 0°— opbuta
HaOnaaeTca «nnawms».

Center of mass ' .
P O
~ Longitude of
.~ ascending node

Asc;ending node

i = Orbital inclination

to observer
8



Metopa, paananbHou ckopoctu (Jonnep adpdeKr)

MpogonbHbIN 3ddekT Jonnepa:

1
/11/13M = /11/1cn 1 ig ~ AI/Icn(l 4 ,B)
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MeToa paanaibHOU CKOPOCTU

Casual walk )

! 41t a3 21Ta . &
P — V*= DY I NN NN e N S
G (M -I— m) P 1940 1950 1960 1970 1980 1990 2000 2010 2020

B cucteme ABYX Ten Kaxaoe U3 HUX ABUXKETCS Mo N §
QNNnNcy BOKPYr oOLLero LeHTpa macc. - f | :
LE 100 = ".""--'.-.“gh speed train _E

Tpetun 3akoH Kennepa e S Lo

E ; ._A\j'.l.alragejogger ;

1rop\3 fmsini\ (M3 e e
V*[M/C] = 28.4 - -
P m]up M>I< '1? —%
Ona Onutepa (P = 11.86 net) nony4vaem: Vo =~ 12 M/c. o ol R~ . ""'1'5 10

semi-major axis (AU)



PEGASE, LE PETIT. CHENAL LE DAUPHIN.
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51 Pegb

A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauverny, Switzerland

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of periodic variations in the star’s radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.

100 —

MAT |
W IADCCC
KA

1 Orbital parameters of 51 Peg
4.2293+0.0011 d

P

T 2,449 797.773+0.036

e 0 (fixed)

K. 0.059+0.003 km s

ay sin i (34+2) 10°m

fi(m) (0.91+0.15) 10" M,
35 measurements

(0—C) 13ms?!
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MeToa paanaibHOU CKOPOCTU

» [ 5 B Planetary[ PS
N\ N B Ty Accuracy (Sib

Planet
Searcher

Teneckon 3.6 meTpa
FO>XHOW eBponenckomn
obcepartopuun, Hunw.

YyBCTBUTESILHOCTH
N3MEPEHNA Ny4eBOU
ckopocTtu ~1 m/c.




arX1v:1108.3447
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MeToA pap,uanbl-lou CKOpPOCTH

HD192310 harpscies
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d = 1.3 nk — 6nnxauwasn 3se3aa Kk ConHuyy!
M* = 0.12 conHeYHbIX. m,. = 1.3 3eMHbIX.

p
a =0.05a.e. P =11 aHen.

Temnepatypa NnoBepXHOCTU NO3BONAET
CylLiecTBOBaTb Xuakom soae!

81— ! I ! I ! I ! | L I
. Proxima Cen A UVES

© HARPS PRD

O HARPS pre-2016 7

Phase [days]

1609.03449
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MeToa paanaibHOU CKOPOCTU

AdbdekT Rossiter-McLaughlin, npeackasaHHbIN
J.R.Holt B 1893 rogy Ansa 3aTtMeHHO-OBOWHbLIX
3Be3n.

[Tlo3BoONseT U3MepPUTb Yrosl Mexay nNOCKOCTLH
opbuTbl U OCbK BpalleHus 3Be3abl. Okasanoch,
YTO OKono 25% ropaymx KNUTEPOB UMEKT
peTporpagHoe BpalleHue. (arXiv:1008.2353)
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TpaH3UTHbIU MeToA,

TpaH3ut BeHepbl no agncky ConHua

Seen from Canberra

Observed transit paths

Seen from Svalbard

Ha6ntopanca 8 2004 v 2012 ropax.
Cnepyouwime TpaH3uTbl B 2117 w
2125 ropgax. Ana Mepkypusa: 2032,
2039, 2049... 15




TpaH3UTHbIU MeToA,

Nepsoe HabnwageHne TPAH3IUTHDLIM

OAHaKo BO3MOXXHO HabnoaaTtb TPaH3UTDI
3K30Mn/1aHeT No AUCKY cBoux 3Be3a!

delta L / L

—0.005F
0.000 §
0.005 F
0.010F
0.015F
0.020E

11

12 13 14 15
time (hrs + JD 2451751.0)

16

17
@ hogless

relative flux

mMmeToaom O6bin0 BbINOJIHEHO ANA
sk3onsaHetbl HD209458b, oTKkpbiTOM
paHee no RV.

1.01}

0.99 |

0.98f

—0. 1 0.0 0.1
JD — T_(days)
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BepoATHOCTb TPAH3UTA

6 [na cnydyanHoO OpUeHTUPOBAHHbLIX OPOUT:

d() B 2sinidi i dcosi

At AT B2
To Observer +(R*+Rp) /a
""""" g R, + Rp 1 R, + Rp
Prob | cosi < = — f dcosi =
a 2 a

Andrew Cameron (in Bozzaet al. 2016)

Prob (cos i < —) ~ 0.0047 —
a R a

[ns nnaHeTbl ¢ napameTpamu 3emnu, BEPOATHOCTb HabntoaeHna coctaBnsaeTt 0.47%.
17




[nybuHa u popma TpaH3uTa

HauBHas oueHka rnybuHbl — OTHOLLEHWE Nowaaen:

2
of (Rp> (Rp
— ~(=2) =0.0105
f \R Ryup

)

R.\*
R

OTa oLeHKa 3aBbllLaeT OTHOLLIEHME NoLLAAen, MOCKOMNbKY He YYUTbIBAET
noTemMHeHne numba — N3MeHeHne BUOMMON APKOCTU 3Be3dbl K Kpato ee

aucka:
16) N
— =1+ Z a, (1 — cos 9)%
lo k=1

I = 10(1 —u(1 —u)); U= cos@

(NMHenHoEe NpubnuxeHune)

Torpa:
8f 3(1-u+uvl-b?) (R’
f 3—u R.

Fractional Flux
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[MpopoNKUTeNnbHOCTb TPAH3UTA

B npeanonoxeHnu Kpyroson opbuTtsl 1 i = 90°:

a

(1) T 1 _ (R*) R,
— = —darcsin =

B uytb Oonee obuwem criydyae wHTepBar

t= — t1 (NONHOE BpeMs TpaH3uTa) paBeH:

2R 2
' T R R
P naw( R*>

[lpn ycnosun R, < a , u3 (1) u lll 3akoHa Kennepa nony4aem:

¢ p\1/3 Po s ey t_3 P — B cyTKax
=2\2 D, *~ FOgp 1 -Buacax

Brightness (millimag)




TpaH3UTHbIX MeToA,: Ha3eMHble 0630pbi
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BbluMcautTenbHbIU Npumep

Onpegennte yckopeHne cBoboaHOro nageHmns Ha NnoBEPXHOCTU 3K30MSaHETbI, ECIIN OHa
HabrogaeTca MeToaoM paguanbHOM CKOPOCTU € amrnutygon K, a n3 TPaH3UTHOro
MeToda U3MepeHa NPoaoSKUTENTBHOCTb T U rnybuHa TpaHanTa 6f /f.

dv, — . = 2K — T.€. BEKTOP CKOPOCTM ONUCbIBAET OKPY>XHOCTb pagunyca K 3a nepuopg P
dt "R P
. GM, GM, R; R;
C gpyrowv CTOPOHBI: vV, = — . =9p—
a? R; a* a?

[1pupaBHMBas, nonyyaem:

R.

27K a? ZnK.<R*>2<a>2_ZnK.(Sf.(P)z_ZKP. f

9I»=7p 'Rf,: P \R, P f \mt nt?: O8f

21



NMhaHeTHble cucTtembl
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UCTeMbl

Sun Mercury Venus Mars

‘ ‘ . S
TRAPPIST-1 Earth

Jupiter

lo Europa Callisto

Gany.mede

| 1 | | T o ) | | I  §T T 7 O I | | U O P = D

1 10 100 1,000
Orbital period (days)
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NMhaHeTHble cucTtembl

MeTtoa pagnanbHbIX CKOPOCTEN TaKKe NO3BONISIET OOHAPYKMBATb CUCTEMbI HECKOITbKUX MITAHET.

Velocity residuals (ms™!)
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[lhaHeTbl Y KPaTHbIX 3Be3A,

YcTtonymBble KOHUrypaumm B cuctemax
MHOIMX Ten WUMEeKT Uepapxmyeckyto
CTPYKTYPY. B 4OBonHOM  cucteme
BblOenAT ABEe YCTONYMBLIE MMAaHETHbIe /
KoHJourypaumm — S u P tunbl. /

I-type

-

[MogpobHbIM aHanmM3 obnacTewn
YCTOMYMBOCTU MMNAHETHLIX OpOUT
B TPOMHOW 3BEe3QHOW CUCTeME
npoBeaeH B pabote 1811.0822.

\\\pt:et_/

P-type

Y>xe obHapy>XeHO HECKOJIbKO 3K30MSIaHeT B CUCTEMAaX KpaTHbIX 3Be34;. p | . __fis’
Kepler-16, Kepler-34, Kepler-35... lo HekoTOpbIM OLlEHKaM, OKOSo

10% KpaTHbIX CUCTEM MOrYT UMETL 3K3onsaHeTbl (1204.4833). 25



RELAX on

PIR |

Ob

[lhaHeTbl Y KPpaTHbIX 3Be3A,

Maccbl 3Be3g ~0.2Mp 1 ~0.7 M ¢ opbutanbHbIM nepuo-
oom 41 cyTtok n bonbluon nonyockto 0.22 a.e.

[lepnon nnaHetbl (Macca n pasmep ~CatypH) 229 cyTok,

bonbwasa nonyock 0.7 a.e. (TI/II'I P).

x U.-Sbf— _f
2 E_Ittt t rt IH | ]
E 0 100 200 300 500
E T T 1.005 1.005F o ¥ " 5 1 .
& Star B E':"FIE-E‘E =1ar A y FPlanat b trans 1Er A | 0002 F Fla ":': traraits Star .
1.00 pesses ssssss| 1000 1.0D0 pesss L0000} "y *%e e T
r 0.ooaaf
asf 1 . i e 1 % 1 ocooe} L
. d sl 1 ooso} 1 oooosf
'u!‘ o.sss | | 'Hﬂ" ‘ u:yguu: .
- . . . - . . - . 0980k . : . : . . - . . ;
170.8 1710 1711 1712 2731 2732 2733 2734 27AE 4250 4251 4252 4353 4254 —186 —1B5 —18.4 —183 —18.2
Time [BJD - 2,455,000]
3Be3na B 3Be3ga A TpaH3ut b TpaH3ut b
3aTmeBaeT A 3aTmeBaeTt B no sgesge A no 3gesge B
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WHERE YOUR SHADOW ALWAYS HAS COMPANY
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Cucrtema u3 yetbipex 3Be34 B KOHdwUry-
pauumn 2+2. IBOoMHaa cuctema A ABNN-
€TCA TeCHOU 3aTMEeHHO-NepeMeHHOMN.

OOHapyxeHHass nnaHeta BpaLlaeTcs
BOKpPYr cuctembl A no BHewHen (Tun P)
opoure.

Normalized Flux

x
-
(e
©
v
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=
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2

400
Time (BJD-2455000)

343 344 345 479 480 481 612 613 614 748 749 750

Time (BJD-2455000)

885 886 887
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TpaH3UTHbIU MmeToa: opbuTanbHblie 0630pbl

2
HasemHble 0630pbl orpaHNYeHbl N0 TOYHOCTU (POTOMETPUN AOIIOKTYaLNSIMU Rg 10-5
atmocdepsbl (~0.1%) 1 No NpoAOMKUTENBHOCTN TPpaH3nToB (5-6 Yacos). R@ ~ 10

13.5x13.5 MKM, paspeLueHue 2.32 yr. cek./nuKcen.

e © . CoRoT (Convection, Rotation and planetary Transits)

. v . .. paboran Ha nonspHon opbute ebicoton 900 kM. CosaaH

~ ®paHLy3CKMM KOCMWYECKMM areHTCTBOM COBMECTHO C

F B EBpONEeNCKMM KOCMUYECKUM areHTCTBOM.

' B - 3anyweH Ha pakete-HocuTene Coto3 2.16 «Pperat» 27
& .. pekabps 2006 r. Pabotan go Hosa6ps 2012 roga. Tene-

- ckon D=27 cm; CCD kamepa 4 x 2048x2048, nukcen

[lepBas 3k3onnaHetra CoRoT-1b obOHapyxeHa B Mae
s 2007 T.

Bcero obHapyxeHO 32 HaaeXXHO YCTaHOBMEHHbIX 3K30MNflaHeTbl +
MHOXECTBO pe3yribTaTtoB No pusnke 3Be3[. 28



TpaH3UTHbIU MmeToA: opbuTtanbHblie 0630pbl

Projection of

Kepler - Op6MTaanb”7| TeJ'IeCKOFI Cﬂeﬂ,yPOLIJ,eFO Autumnal Kepler's / photometer
NOKOSMEHMS, LEMUKOM TOCBSLLEHHbIA  MOUCKY Equinox ™" ’ e
ak3onnaHet. Auametp 0.95 M, ¢ BonblUMM nonem —_
3peHna (115 kB. rpapg.). 3anyuwleH Ha OKono-
cosiHeyHyto opbuty (Earth - trailing) B 2009 roay,
cnenyert 3a 3eMrien, NoCTeENEHHO OTAANSAsChb. - .ﬁf
Winter Summer
Solstice Solstice
Orbital
ge ' direction
'-.'fip:ﬁﬂosﬁif:yc::ia:e"- T - Earth on
: € k. i.sagitt-a"us Ar.m March 5th
N T Sun
‘ . ‘Orit.m Spur . i Spring
N | —
“ Perseus Arm v
£ | Vernal
Equinox ——Earth's orbit
Kepler Kepler Launch — Kepler's orbit
4 years 4 year Kepler's position
later ® on March 5t

later of each year 29




TpaH3UTHbIN meToA,: opbuTanbHble 0630pbi

[Mpegnonaranock, 4YTo Teneckon Kepler 6yget noCTOSAHHO
HarnpaefieH Ha OAMH W TOT-Xe y4acTok Heba (Jlebeaob —
Jlnpa — [JpakoH) BONM3nM NnockocTn anakTuku.

B 2012 rogy, nocrne 4etblpex ner paboTtbl (OBa
rapaHTUMHLIX CpoOKa) Yy Tefieckona oOTkasan oauH Wu3
yeTblipex ctabununaaropoB. B 2013 roay oTkasarn BTOPON —
rnoTeps yCTONYNBOWN OPUEHTALUM.
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TpaH3UTHbIU MmeToZ: opbutanbHblie 0630pbl

Photons of sunlight exert pressure

on the spacecraft. If properly B 2 O 14 rO,El,y H aL‘I aﬂ a Cb H O Baﬂ

positioned, the spacecraft
can be balanced against the

bl e o nporpamma HabnogeHnn K2 (“The

pencil can be balanced to prevent sunlight from

. ”
on your finger. CAMPA| GN . entering telescope SeCO n d | Ig ht ) .
2

START

Solar Panels

Reaction

il ]
=4 Solar Panels / - //
o e Day 83
) r ’ n e

E/‘
s ) ,@Q%f B kadvecTBe crabunusatopa
w2 [ | - -
s 3 %Dgé OTHOCUTENbLHO OAHOW U3 OCen
g MCMNONb30BasrioCb... AaBlieHNe
TOP-DOWN VIEWS OF SPACECRAFT = Con Hel_lHorO CBeTa'
UNSTABLE STABLE \ £ .
\ (/ L9 7 B pesynbTarte Teneckon mMor Habnoaatb
=) - swene  OOQHY OONacTb HeGa B TeyeHe ~83
ﬁ pacecraff illuminated

K CYTOK, a 3aTeM MepeopueHTMpoBarcs
: Ha apyryto obnacTb.

When the spacecraft is balanced, the telescope is
stable enough to monitor distant stars in search

of transiting planets. A specific portion of the sky is o @@ B 2018 y TeneCKona 3aKOHL“/|nOCb TOI—U—IMBO I/I

studied for approximately 83 days, until it is necessary

:ﬁ r?t?te the spr:\r?ecraft to prevent stu?li%hé frpmlenterin.gd NASA O¢)|/| Ll, |/|a.|-| bHO 06-b9| BI/IJ'I O 06 OKOan H |/| |/|
e lelescope. ere are approximately 4.5 viewing perioas
nporpamMmeol. 31

or campaigns per orbit or year.
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UTHbIN MeToA: opbuTanbHble 0630pbl
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Transiting Exoplanet Survey Satellite (TESS) —
sdanyweH NASA 18 anpena 2018 roga. 'Nonck ak3onnaHer
TPaH3UTHBLIM METOAOM C MOKPbITUEM BCEro Heba!

,,,,,,,
....

<« 24" —> 27 days
o o | ecliptic 54 days
[lone 3peHna — 24°x96 > pole ¢
81 dai
OAHaKo.oo 108day5
o o 189 days
Kamepa: 100 mm! L
9 / 351 dais
Pa3pewieHue: Y
21" /nukcent e O
v 33




TpaH3UTHbIU MmeToA: opbuTtanbHblie 0630pbl

curHanos. (Muccua npogneHa oo 2025 roga!)

cocTtasngder nuwb ~15%.

K Hos10pto 2022 roga TESS obHapyxun cBbille
6000 kaHgmpaTtoB. HageXXHO YCTaHOBMNEHO
273 ak3onnaHeTbl. BbigBneHo 1720 NOXHbIX

13-3a HU3KOro YrroBOro paspelleHud, Oong
peanbHbIX 3K3OMfaHeT cpean KaHaugaTtoB

TpebyeTcsi OrpoOMHbIN 00BLEeM AONOSTHUTESIbHbLIX HAaONAEHUN ONA NoATBEPXKOEHUS

N kKnaccudmkaumm obHapy>KeHHbIX KaHAWAAaToB. ..

g
TESS/K2 Follow up Program
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Buanmoe nonoxexune Ha Hebe

AcTpomeTpus

B cucteme OByx Ten KaXagoe U3 HUX ABUMXKETCS Mo 3nnuncy
BOKPYr obuiero ueHTpa macc. bonblune nonyocu 3nnuMncoB
OTHOCSITCSH Kak:

Mia, = Mya;
[1ns cucrtemMbl 3Be3aa-nraHeTa:

M,

pM <<a

a,

Ona cnctembl ConHue-tOnuTep:

ag = ajup 32 = 5+ 10 %a.e.= 0.75 - 10°m

TO eCcTb MaclwiTaba paanyca ConHua. 35



BbluMcautTenbHbIU Npumep

OueHnTe, Ha KakOM MakCcuMMasribHOM paccTosiHuM [0 3Be3dbl Tuna ConHua, BO3MOXHO
ONpeaennTb Hamuyne y Hee 3k3onnaHeTbl ¢ Maccou M, = 8M,,, BpallatoLlencsa no KpyroBou

opbute ¢ nepnogom P = 2 roga no pesyrsrartamM aCTPOMETPUYECKUX n3MepeHnn cnyTHmka GAIA.

1) Tpetunn 3akoH Kennepa:

1/3
2 3 M,
P2 = in"a [> a(a.e.) =~ P%(ron) ~ 2 a.e.
GM,. + M,) M
M,
2) BonbLuas nonyock opbuThl 38e3abI: a,=a-— ~16 x 1073 a.e.

3) Bunanmoe cmelleHmne nonoXXeHns 3es3abl, CB3aHHOE C ee BpalleHUeM rno opouTe:

_ 2a.(a.e.) 2a,(ae)  32x107°

Amax = = =100
" d(uk) E> max 3ay..  3-100x 107 e -

1




Offset in Declination (mas)

0O-C (mas)

AcTpomeTpua

lNepBble pe3ynbTaTbl MO NMOUCKY 3K3onnaHeT cnyTHUKoM GAIA

Parallax and proper motion

| ras = —151.24 + 0.05 mas/yr

w=+29.01 £0.03 mas

Udec = +35.75 £ 0.04 mas/yr

/

200 100 0 —-100 —200
Offset in Right Ascension (mas)

Astrometry residuals

0.2 1

0.1

0.0

—0.1 A

__#* 1 ++* ) . #._

_02 -

2015.0 2015.5 2016.0 2016.5 2017.0
Time (Julian Year)

GAIA data release 3 (DR3), 2022.

Buanmoe gsmxkeHune 3Be3abl HD 81040,
Bbl3BaHHOE COOCTBEHHLIM OBWXEHUEM
(oTHocuTenbHo CorHua) 1 naparfakcom
(oBmkeHnem 3emnun Bokpyr ConHua).

[locrne Bbl4eTa COOCTBEHHOro ABUXXEHUSA
N napannakca => pa3bpoc TOYeK BCE
elle CYLLECTBEHHO MpeBbIaeT TOYHOCTb
N3MEPEHNN => HEYYTEHHbIN apdeKT!?

37



AcTpomeTpus

[MepBble pe3ynbTaTbl MO NOUCKY 3K3oMnmaHeT cnyTHUKkomMm GAIA

Y 3Be3abl HD 81040 paHee yxe Obln obHapyXeH
CNYTHUK MJIaHETHOW wmaccbl Metoaom RV cC

Maccon msini = 7 My,,,.

Wb

©

o
I

7 i«:; X

_ 494 % .,?/

- Ty

b 49 3 _ \ ?/'./-"'/

q“:j 492 - q\ f_/’/; )

2 49.1 U3y .

3 arXiv:astro-ph/0511679
49.0 | . . SN N B

0.0 0.2 0.4 0.6 0.8 1.0
Orbital Phase

Parameter Value

P (days) 1001.7 £ 7.0

T (BJD) 2452504.0 £ 12.0
e 0.526 £ 0.042

Offset in Declination (mas)

[TapameTpbl,

GAIA, cornacytotca ¢ pesynsratamu RV!

0.4

0.2 -

0.0 -

—0.2 4

_0.4 o

Astrometric orbit of HD81040

P=2850.84+112.53d
e=0.37+0.15

Tp=145.68 £ 68.64 d
\ a=0.40%393 mas
)(‘\ w=63.22+1221 deq

0=12.46"213 deg

i=107.40122} deg

N

/

¥

0.4 0.2 0.0 —-0.2 -0.4 —0.€
Offset in Right Ascension (mas)

U3MepeHHble 1Mo [OdaHHbIM
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[paBUTaLMOHHbIE INH3DI

[paBMTAUMOHHOE FNH3NPOBaHUE
LLUIMPOKO MPUMEHSETCA B KOCMOMOTNU
anga HabnwaeHus camblX yaaneHHbIX

- OOBbEKTOB — MNEepBbIX ranaktuk W
kBazapoB. [lpy atom moryT Habno-
[aTbCsl MHOXECTBEHHble 1306paXxe-
HUS OOHOro 14 TOro e naneKoro

obbekTta.

QUASAR = =

[Mpy MUKPOSTMH3NPOBAHUM
n3obpaxeHna oObekTa He
paspellaroTcs, B pesynbraTe :
NPOMCXOOANUT NLLb YBENUYEHNE b \<\\»« -

A FEARE Yis .a,.
KTa. o EGROUND GA : e e . &
fpKoCTV obbekTa. - | FOREGROC uASA e L




MukponnHsnposaHue

The Earth, a close star, and a brighter, more distant star,
happen to come into alignment for a few weeks or months

Light bent by gravity from

closer star\

closer star

Einstein ring

The Einstein ring has a
radius of about 2 AU and
is the width of the
angular width of the
distant star

distant star

Gravity from the closer star acts as a lens

o YBenuieHne BManMoun ApKoCcTu
magnifies the distant star over the course of the transit. 3Be3,E|,b| MOXXeT COCTaBNAaTb

IO

HEeCKOsbKO 3Be30HbIX BENMUYUH!

Brightness

oo

After

Before f

The change in brightness can be plotted on a graph

During

[lpouecc Takoro TpaH3uTa MOXET
NpoAOoMKaTbCA HECKOSTbKO Heaenb!

If there is a planet orbiting the closer star, and it happens

to align with the Einstein ring, its mass will enhance the

lens effect and increase the magnification for a short time

distant star

Brightness

//x
/ N
R— [MpoooMKUTENBbHOCTL CuUrHana ot
Time g nfiaHeTbl — HECKONbKO YacoB.
\ -8 . * @
: Magnification Deviation
The planet causes a small blip on the graph 3 by stellar bieio
lens planet
ra //_\\4— Blip caused 'c%
/’ by planet E
J | %, 5 2
Time ”

: Z
LCOJ < pe—r.




O G L

OGLE-TR-56 P=121180 idays]

sssssssssss
L8 IS S A Ay

OGLE-TR-56 b
P=12d

f 4 S

-8

B OGLE=TR-56b. MMepBas 3Kk3onnaHeTa;” OGHapyKeHHas
B TPAH3NTHbIM MeToaoMm S uions; 2002 ropa. B 2003 roay

idesetll nonyveHo noATBepXAEHME METOOOM NyYeBOW CKOPOCTM.
~ e g =

02 04 06 08 1.0 1.2 L >33 y ’
Phase . ; e, 2 = £ A 41 .
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Radial Velocity (m/s)
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Optical Gravitational Lensing
i Foreground star & planet... *
Ex p e rl m e nt (not seen by telescopes) e LT

» distant star
(seen by telescopes)

OAaHo U TO Xe cobbITUe MUKpPO-
FINH3NPOBAHNUA C TEeNecKornoB,
pa3HeceHHbIX Ha ~l1a.e.

= - Spitzer sees Ground-based telescope
&> .’ planet microlensing ~ sees planet microlensing
e(® o event first % event later

\/
\ \&
AN
Brightness of
Distant Star

Spitzer is about 40%
farther from the Earth than

% *iﬂ’*’
the Earth is from the sun E%ﬁgg

Planet causes dip in
magnified star brightness

43



Optical Gravitational Lensing Experiment
Milky Way Galaxy

KEPLER
Most Known
Exoplanets /OGLE-2014-BLG-01 24L
% H "
Microlensing
Exoplanets

Our Solar System

24
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Mpamoe HabnoaeHue: HR 8799

[Mpssmoe HabntogeHmne monogoun nnaHeTHon cuctembl HR 8799 teneckornom KECK I

d I‘(],V > astro-ph > arXiv:1011.4918

November 1, 2009 L'-band

PacctosiHne ~41 nk
Bo3spacTt 3se3abl ~100 Myr
Bos3pacTt nnaHeTtHou cuctemsl ~30 Myr

separation (AU)
10 20 30 40

tn
1S

(]
M

112 |Jupiter|Saturn Uranus Neptune
114

stellar flux density (normalized to SS value at 50 AU)
H 6. 2.8 1.6 1

112 5] 8 C b
114 3

M

20 40 60 80 0 46

separation (AU)



Mpamoe HabnopeHune

20 au
2009-07-31

: HR 8799

47



Mpamoe HabaoaeHne

[TnaHeTbl B cucteme beta XKmusonucua (B Pic)

Bo3pacT 3Be3abl Bcero okosio 10 M ner,
TO €eCTb MNfaHeTbl TruUraHTbl MOryT dust disk
0bpa3oBbIBaTLCA O4EHb OLICTPO.

<0 7o

S “/_.__ to Earth

oF f Pictoris /v
<
“ W -

pp Pictoris

dust disk

+ High contrast imaging

ATV (hce) 1006.3314

2003-11-09

5 au

dust disk

48




Planet mass {Myyp)

CpaBHeHue meToao0B

107 ; . .
" *% oo Ue® ¥ ’% ] ® ) e Radial velocity, Astrometry
]
Brown d\‘aﬁs: - -:'- ' :"f'- - » Microlensing
L] .
101 . s . -.:“- .-.:‘ % -:' e " Trans.lt
3 - M e Imaging
; 4 - @ Solar System
ok @
100 f ‘T \
fes b BOMbLUMHCTBO  OTKPLITLIX  9K30-
1 MIaHET COBCEM He MOXOXW Ha Te,
1071 ¥ 4To Mbl umeeM B ConHeYHoMm
4 il
cucTeme.
=2
10 bonbLune nepuoabl
OTO He O3Ha4aeT YHUKaIbHOCTb
AR oo ConHe4YHON CUCTEMBI, CKOpee 3TO
N OCEY planeiss
L3 - = | adbdpekT BbIBOPKM — MaCCHBHbIE
Manble Maccu/pasmgepbl e NMIaHEeTbl Ha KOPOTKUX nepuogax
|
s ° L b HabnogaTe npotue!
LB e | L R L LT LI L S S R | LERNRE S BN B | L B L L L S e | LR
i )i 10-1 10 101 104 103 {113

Semi-major axis (au)
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Citizen Science: Metoa pap,uaanou CKOpOCTH

Bcero 20 net cnyctq, konebaHwsi paguarnbHOU
CKOPOCTW 3Be3[d, Bbl3BaHHbIE Mfi@aHETaMKU, CTano
BO3MOXHbIM N3MEPUTL yxe naxe C
«roduTensckum» obopyagosaHnem!

y

Y,

http://www.astrosurf.com/buil/
Christian Buil

Radial velocity (km/s)

Radial velocity (km/s)

"‘: { HD189733 {j

33333333
I

0.1

0.05

o
T

Radial velocity (kmn/s)

Radial velocity (km/s)
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04t

0.4

HD195019

0.8

06F

0.4k

02F

0F
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0B+

1 1 1 1 1 1
0 0z 0.4 06 (IR 1
Phase

The 11-inch telescope from Castanet-Tolosan
(close to Toulouse city) with eShel spectrograph. 50
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TpaH3uUTHbIN meToa: muccua TESS

K HoAabpto 2022 roga cnyTHUK TESS obHapyxun
cebiwe 6000 KaHamnpaTos. HageHO yCTaHOB/IEHO
273 3K3onnaHetbl. BbiaBneHo 1720 NOXKHbIX
curHanos. (Muccma npoaneHa ao 2025 roaa!)

N3-3a HU3KOro yrnosoro paspeweHua (21"/px),
NONS pPeanbHbIX 3K30MNaHET cpein KaHaMaaToB
cocTasnfaeT amuwb ~15%.

TpebyeTcA OrpomHbiIM 06bem JA0ONONAHUTENbHbLIX HabnwaeHUW ONA NoATBEP)KAEHUA U
KnaccuouKkaumm obHapyKeHHbIX KAHAMAATOB...

- =
TESS/K2 Follow Up Program

52




TpaH3UTHbIUX meToa: mmnccua TESS

TIC 220479565 - Sector 3

282 1.020

w B

%]

1.015
280

1.010

1.005

1.000

0.995

Flux x10% (e~)

(=]

Pixel Row Number

274

0.9904

0.985

272

. 0.980 | ' | ' T T ' |
436 438 440 442 444 446 —0.010 —0.005 0.000 0.005 0.010

Pixel Column Number Phases
Kaap TESS Ha3semHbiX Teneckon UamepeHue TESS

3-3a HWM3KOro yrrosoro paspelwleHns kamep TESS (217/px), naeHTUduKaunusa MCTOYHMKA U
ornpeaernexHue ero Tuna MoxeT bbiTb HEOQHO3HAYHOMN.

CurHanbl TESS paccmaTpuBatoTCA TONbKO Kak BO3MOXHblE KaHAWAATbI, U 41 OKOHYaTEeNbHOro
noaTBeEPXXOAEeHNS HEOOXOANMBI AOMONHUTENbHbIE UBMEPEHUS, c3




TESS/K2 Follow Up Program (TFOP)

1) CurHan co3gaH cucTeMoOM 3aTMEHHO-NMEPEMEHHOW [OBOMHOW 3Be3abl,
mybuHa KOTOPOro CUNbHO YMeHblleHa ©Onuskon (no yrny) ¢OHOBOM

i 3Be300M.

Blended stellar
binaries

Brown dwarf or

B low-mass star

2) BTopasi 3Be3ga B ABOMHOW CUCTEME — DYpbIN KapriuK. | g

3) CurHan cosgaH cuUCTeMon 3aTMEHHO-NepeMeHHON OBOWHOM 3Be3[pbl,
rmyobuHa KOToporo Mmana n3-3a KkacaTtenbHoOro 3aTMeHus.

Grazing stellar
binaries

4) N Tak panee...
54



TESS/K2 Follow Up Program (TFOP)
Kepler

KSCI-19093-003
The Kepler False Positive Working Group
June 13, 2017

NASA Ames Research Center
Moffett Field, CA 94035

The Kepler Certified False Positive Table

Prepared by: / )/\,f Date: June 13, 2017

Stephen T. Bryson, Kepler ?gi'é’ﬁce Office

Approved by /W K. il Date: _ June 13, 2017

Michael R. Haas, Kepler Science Office Director

Approved by: Wlém Date: June 13, 2017

Natalie Batalhp, Kepler rOJect Scientist
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TESS/K2 Follow Up Program (TFOP)

secondary observed

secondary implies
self4uminous

odd/even

transit depth implies
stellar size

dilution implies

stellar size

phase variations
imply stellar mass
single-line RVg| at
transit ephemeris

light curve inconsistent

with Elanet

double-line RVs at
transit ephemeris

other

) o

Haubonee yacraa npuumHa —
3aTMEeHHO-NepeMeHHble 3Be34bl.

stellar parameters

OK

Evidence for EB
compelling

- transit source
¢ due to EB

Figure 1: The logical analysis leading to the certification of an EB false positive 56



TESS/K2 Follow Up Program (TFOP)

Mwuccua TESS obHapyxut ~10000 kaHOMOATOB B 3K30M1aHeTbl. TpebyeTcsi OrpOMHbIM OOBbLEM
OOMONHUTENbHbLIX HaOMAOeHUN ONs NOATBEPXKAEHMA W Knaccumdukaumm oOHapyKEHHbIX
KaHOnOaToB... Y npodeccruoHarnbHbIX aCTPOHOMOB HE XBaTaeT MOLWLHOCTEN ANs OnepaTuBHOro
npoBeaeHNs1 Takoro oobema HabngeHUN.

B 2020 ropy ctaptoBana nporpamma TFOP, _ . Spacecraft N, Transit-like Signdals:
\ * : ' ~3000 E t
paccuynTaHHasa, B TOM 4ucrie, U Ha y4vacTue \ oo B’ VPt

.. * Deliver to MAST in 46 months "

HenpodgecCUoHanbHbIX |-|a6m?.aneneﬁ (B % KeplerCam, Euler, .
OCHOBHOM y4e0OHbIX 3aBeeHUn). LCOGT, MEarth | 500 <
Bepudukaumna cocTouT U3 HECKOMbKUX 3TanoB G;:;:;gopes TRES, LCOGT,
(punbTpoB). Ha kakgom 3tane npoucxoauT : Euler, OHP : . S
oTbpakoBka IOXHbIX cUrHanoB. CrOXHOCTb TS ' & ‘ ~6% of Small Planet
-, : Candidates Selected by

aHanmaa Ha Ka)goMm 3Tare NnoBbILLIAaETC. . HARPS-North TESSTeafor ke

<+ ~94% of Small Planet Candidates " R<4R® ., Measured ~ “NASA
[lporpamma koopauHupyetcs MIT: Available for Community PRV Followup "~ 130 ' Masses - Level

https://tess.mit.edu/followup/ 57



PC spoc-s58-b0A Sectors:[18, 58]
found in faint-star QLP search; KeplerCam obser

TESS/K2 Follow Up Program (TFOP)

Ha 6a3e obcepsatopum J/inyea 130 mbi Bctynuam 8 nporpammy TFOP B 2022 roay.

[P=2.6405742]

a full (e-390/i+350; +/-~1.50) on 2021-09-18 in ip an T
ruled out a 10 ppt event in the T1/T2 pair. L oal
1.01F
TpaH3uT He
3aperucTpupoBaH 5|
Té

[MepecmoTp BO3MOXHOro nepuoaa
obpalleHnst 9K3onaHeTbI

Update from AlJ-s58. [P=2.64169]

TIC370123525.01 (TOI 3661 Oll] UT2021 0918 KeplerCam I-band

rel flux T1 (RM5=0,00335] (normalized)

."o

» rel flux T1 (AIRMASS detrended] (RMS=0.00215) (normalized) (bin size = 3)
o rel flux C172 (BIRMASS detrended) (RMS=0,00268) (normalized) (bin size = 3)

- X(FITS) T1 (arbitrarily scaled and shifted)

—tot C_cnts (arbitrarily scaled and shifted)
— Sky/Pixel T1 (arbitrarily scaled and shifted)
— AIRMASS (arbitrarily scaled and shifted)

., .." o:'. .o LR
'I LA oy O anl Y
* ‘! .:\» ‘s .,,n-..,, "*“:n ‘rf." i '.Q:‘:';’ -.-,.:‘.;"‘ --J".a?l’:,{‘::',:u',:,s..

.5.
-

I

1

1

N
o.|o

’

0,95 -
@ 0.04l Predicted
Ingress Egress
0.70 0.73 0.80 0.85 0.90 0.95 0.982 1.00

3anpoc Ha NOBTOpHOE HabnogeHue

'IEgrycentricJulian Date (TDB) - 2459475 (mid-exposure)
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(normalized)

rel_flux_T1

=
W
=

096

095

TESS/K2 Follow Up Program (TFOP)

TIC 370123525.01 (TOI 3661.01)
Novosibirsk-A 0m28 (R filter, 180 sec exp, fap 12-20-30)

e rel flux T1 lRIIQ

T T T T
6 ppt)

s rel_flux_T1 (AIRMA SS-J etrended with transit fit) (RMS=3.66 ppt) (depth=9.74 ppt) (BIC=173.1)
= rel_flux_T1 Transit Model ([P= 254-] (Rp/R*)*2=0.0075, a/lR*=5.5, [| 90.0], Te= 245021315?54-5 [u1=0.4], [u2=0.6])

+ rel_flux_T1 (AIRMA SS tr ent

IF’II 55 (RMS=10

K(FITS)_T1 (RN IQ=ZI.

.-'\-'|t1tra|15|tf|t (RM3= 1[5 ppt) {input average=5) (RMS=1.05 ppt15 min)
t rarily scaled and shifted
t arb |t| ||I scaled and shifted

o tot_C_onts (RMS=4 005 ppt) (arbitrarily staled and shifted)

1 1
Predicted

“Clnaress
i

|
Fredicted

Egress -
1 | e 351 |

EI.EIEE.1 L

0.15 0.20 240 0.25 0.30
Barycentric Julian Date (TDB) - 2460213 (mid-exposure)

NovosibirskA-Om28 observed a full on 2023-09-25 in R and
detected an ~on-time 10 ppt, 32 min (0.9sigma) longer, event
using an uncontaminated 3.3" target aperture and did not see
an obvious NEB over the window.

C HoBbIMU achemepngamu
TPaH3UT 3aperncTtpmpoBaH!

~~

Planet Candidate => Verified Planet Candidate

[Nepexon k cnenyoLlemMy atany BepudukaLmm:
NpoBepKa XPOMaTUYHOCTH

No more observations needed, except for a high precision
(<1.0 ppt/10 min) full transit in a blue (U, u', B, g') and/or red
(', I, z, Y) filter to check chromaticity. High-precision (<1.0
ppt/10 min) multi-band observations even better.
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Tekywme muccum: CHEOPS

aracterising
X0 Planets
atellite

3anyck: 18 gekabpsa 2019, Cowo3-CT-A, Kypy.
Hauano HabntogeHun — auBapb 2020.
Muccusa npoaneHa go 2026.

Hebonbwon cnytHuk (m=58 kr, D=30 cm) onsa onpeaeneHnsl pagnuycoB 9K30MnaHeT y
Brn3kux 3Be3a, Ans KOTOpbIX C MOMOLLLbI HAa3eMHbIX TENECKOMNOB Y>Xe eCTb OLeHKa Macchbl. 60



PLAnetary
Transits and
Oscillations of stars

24+2 kKamepsbl D=12 cm.
3anyck: 2026 roa.

Ey,u,eT npoBeageH NONCK rMiaHeT Tuna 3emMnu Y MUTTTTINOHAa APKUX 3BE3. 61



\'/
Atmospheric Remote-sensing Infrared Exoplanet Large-survey

LOuameTp Teneckona D = 1 m.

OcHoBHag Lenb — n3ydeHme atmocdep ropsumnx nraHeT Tmna cynep-3emns u ropavymx rmraHToB.

[lpeononaraetcs, 4to ARIEL nameput xummyeckmumn coctaBs atmocgep okono 1000 ak3onnaHeT B
npouecce TpaH3uTa MnaHeTbl, N3MeEPSA 3aBUCUMOCTb MYyOUHbI 3aTMEHUS OT CNEeKTparibHOro
avanasoHa ¢ ToyHocTeio 10-100 ppm (parts per million), To ectb oT 0.010 — 0.001% !

arXiv 2104.04824 3anyck: ~2030 rog. 62



ATmocdepbl 3K30ns1aHeT

«Mpwn BbicTynneHnn BeHepbl n3 ConHua, KOraa nepeaHwUin ee Kpan cTan
NPUBAMKATLCA K CONHEYHOMY Kpak M Obln (Kak MpocTo rnasom BUAETb
MOXHO) OKOJI0 AecATon Aonn BeHepuHa AnameTpa, Toraa NosaBU/ICA HA Kpato
ConHua nynbipb, KOTOPbIA TEM ABCTBEHHEE YYMHUACA, Yem BanKe BeHepa K
BbICTYNAeHUIO npuxoanna (cmotpu ¢éur. 3 n 4). Bckope oHbIN nynbipb
notepancs, u BeHepa okasanacb BApyr 6e3 Kpasa (cmoTpu ¢purypy 5).»

M.B. /lomoHocos, 1761 a.

Lorenzo Comolli, 20 cm SCT



ATmocdepbl 3K30n/1aHeT

N3amepsas rMyounnHy TpaH3uTa B pasHbIX
cneKkTparnbHbIX AOuana3oHax, MOXHO OnpenennTb
Hanuyne artmocdepbl U MONy4YUTb MHJOPMaUUo O
€€ BO3MOXXHOM XMMNYECKOM COCTaBe.

Kpome Toro, aHa/fiorMuHbIiA aHaIM3 MOXKHO NPOBECTU AN
CBETA, OTPAKEHHOrO0 BEPXHUMM CNOAMM aTmocdepbl
3K30MNaHeTbl BO6AM3W BTOPUYHOrO TPaH3UTA — nepen,
3axo40M nnaHeTbl 3A ANCK 3Be34bl.

BONbWKMHCTBO pPacnNpPOCTPaAHEHHbLIX MONEKYNAPHbIX Ccoe-
anHenun (CH,, H,0, CO, CO,, 1 T.4.) UMeIOT XapaKTepHble
LUMpPOKKe nonocekl nornoweHna B UK ananasoHe.

-

OpbuTanbHblie (bonblumne) Teneckonsbl.

[MepBble  NOMbITKM  aHanAM3a  CoCTaBa  aTtmocdep
9K30M/IaHET TMNA ropAYUX ONUTEPOB ObIN BbIMOSHEHDI C
nomoLubto Teneckonos HST u Spitzer.

Star + Planet Brightness (%)

Detecting Light from Exoplanet LHS 3844b

Diagram of planet orbiting its star

9

3

NASA's Spitzer Space Telescope measures
combined infrared light of star + planet

v
1 2 3 4 5 6 7 8 9 10 11 12
_ This light
' ' ) ! ¢ U comes from
100.0 W’ J | the PLANET
T J
A
99.9 STAR blocks PLANETs light
{ The size of this dip tells us
the brightness of the planet. This light
99.7 - comes from
the STAR
99.6 - PLANET blocks STAR’s light
The size of this dip tells us
the size of the planet.

99.5 — H{ I

Length of 1 Orbit (11.1 hours)

v
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ATmocdepbl 3K30Mn/1aHeT

O6nactu nornowieHuns B VK ananasoHe ons HEKOTOPbIX PacnpoCcTPaHEHHbIX MOMEKYNAPHbIX COeANHEHWUN.

0.31

= Combined — == CO; N =— DMS
- Ho0O - NHs ! —— CH;Cl

Transit Depth (%)
=
©
S
arX1v:2309.05566

JWST NIRISS

JWST NIRSpec G3295H

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Wavelength(pm)

65



MNormalised flux

ATmocdepbl 3K3onnaHet: JWST

NIRSpec G395H - White Light Curve

[
O W

transit (hours)
|
N

Time from mid

I
w

1.000
0.999
0.997 T Maodel
—.3 —.2 —.1 I;I ll.
Time from mid transit (hours)
0.3 T T ]
8 | . K2-18 b
VAR
Q 5 0.30
=k
S
o 2 0.29
N =
> -
N 4 <
< & 0.28F
(o 1
< HST and JWST observations of K2-18 b.

3.0 3.5 4.0 4.5
Wavelength (um)

| | |
HH NIRSpec G395H (1 transit) =

HH4  NIRISS SOSS (1 transit)
i M  HST WFC3 (8 transits)

HST — cpegHee 3a 8 TpaH3UTOB
JWST — namepenHuna no ogHomy TpaH3nuTy!

1.0

1.

5)

2.0

2.5 3.0 3.9 4.0 4.5 5.0
Wavelength(pm)

5.0
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Atmocdepbl ak3onnaHert: JWST

CpaBHeHue pasHbiXx Modernien atmocgepbl

HaonwpaeHune JWST nnaHetbl WASP-80b -
C pesynbratamum usmMepeHun. HapgexHo

TPAH3UT ., t 3aTMeHue . t Habnogaertca npucytcrteme H,O n CH,.
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e N | 1.001
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== =t - —
£ £ 2 296
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s 098 © S 204
s)
§ 3.00 § 3.00 N 'LE 292
2.75- 097 2758 | -
2.50 - 2.50 -l i 2.88 E
0.96 L il M0 908 ;
2'86"'":::':::':::':::':::':::':::'::_'
1 00 c | d 1‘500 b| |||||||||| _:
. m . \ :“"‘I‘.- 1.0014 1,250 I best-it ‘
X ! J x : ~ mmm o CH, -
= 0.99- ' & |A R R E 1,000
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3 . 8 1,000 -Jututthptbe gt L it |
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5 0.98 : i 5 . 5 &0 $ 500
: ‘ 0.999 - . 2 250
0.97 - w o
040 045 050 055 0.60 090 095 100  1.05 7 S
time (BJDypg - 2,459,883) time (BJDypg - 2,459,881) e N T~ S B R

wavelength (ym)
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Mporpamma ExoClock

[1ns1 noarotToBkM cnucka Hambonee NepcrnekTUBHbIX KaHANAATOB
ons gertanbHoro wu3ydeHusa wmuccuen Ariel, B 2020 roay
ctaptoBana nporpamma ExoClock.

OcHoBHasi Uenb nporpamMmmbl — PerynspHoe HabngeHue
TPaAH3NTOB 3K30MfaHeT wu3 npeaBapuTeNbHOro cnucka Aans
YTOYHEHUSA W akTyanu3aumm wux ademepua (nepuog,
NPOAOITKNTENBHOCTD).

HabniogatenbHoe Bpems OonbLUMX TeneckornoB (0COOeHHO opbuTarnbHbIX) CTOUT OYEHb
goporo. Ona ©onee adp@EKTUBHOrNO MCNOMNbL30BaHUA, HEODXOOMMO C BbICOKOW TOYHOCTLIO
(nydwe 5 MUHYT) 3HaATb OXMOAeMble MOMEHTLI Ha4Yana v KoHua TpaH3uTa.

[ns y4actusa B nporpamMmmMe npurratwiarTca obcepBaTopum y4eOHbIX 3aBeaeHUN.
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l'!porpamma ExoClock ' ;l
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