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R. Gilliland:
Why a revolution?

CoRoTaunched: 27.XI11.2006
Keplerlaunched: 7.111.2009

Discoveries <1994 1999 2004 2009 2014

Exoplanets 4 25 120 265 1 382

Asteroseismology 0O 0 10 380 15 000+
K2: 111.2014

TESS: 2017 (Transiting Exoplanet Survey Satellite)
PLATO: 202 Anetarylransits and Oscillation of stars)



A.Santerne
From supeiEarths to brown dwarfs
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A.Santerne
FromsuperEarths to brown dwarfs

a RSUSNNYAYIGAZ2YVY :
False positive signals: :
AStellar blend i

Radius estimation error

A

Torialphase 0 M0 (Cameron 2012: Nature, 492, 48)
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A.Santerne
FromsuperEarths to brown dwarfs

a RSUSNNYAYIGAZ2YY w3

False positive signals:
A Stellar blend
APlanet/spot occultation

— Fake TTV/TDV

250 T T
Rp/Rs=0.15,f=1% ——
Rp/Hs=0.15.1=0.25% —a—
Rp/Rs=0.1,f=1% .
200 Rp/Rs=0.1,{=0.25% -
Rp/Rs=0.05,f=1%
Rp/Rs=0.05,f=0.25%
150
100
50

0 01 02 03 04 05 06 07 0.8 09 1 (Oshagtet al, 2013 A&A, 556, 19)

Position of spot (stellar radius)



A.Santerne
From supeiEarths to brown dwarfs

Planetarystatisticsneeds(census2014):
AAccurate false positive determination
ABetter pipelines (instrumental profile reduction)
AMore objects (hotlupitersfrom Keplerneptunesfrom CoRoT, bias?)
ABetter'Y~ to compute betterY

BLENDERplanetary transit validationrorres et al., 20114pJ] 727, 24)

8 Background/foreground stars
- transited by a planet

Distance modulus difference (mag)

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Secondary mass (Mg)



A.Santerne
From supeiEarths to brown dwarfs

Planetarystatisticsneeds(census2014):
AAccurate false positive determination
ABetter pipelines (instrumental profile reduction)
AMore objects (hotlupitersfrom Keplerneptunesfrom CoRoT, bias?)
ABetter'Y~ to compute betterY

PASTIS (Planetary Analysis and Small Transit Investigation Software)
AModels LC and followp obs., validation of planet parameters

Stellar Parameters System Parameters

Teit Effective temperature kr secondary-to-primary (or planet-to-star) radius ratio,
z Stellar atmospheric metallicity R [Ry

g Surface gravity ag semi-major axis of the orbit, normalized to the radius
Mipir Zero-age main sequence mass of the primary (host) star, a/R,

Ty Stellar age q mass ratio, M /M

P Bulk stellar density Orbital Parameters

vsini, projected stellar rotational velocity P orbital period

ua, ub Quadratic-law limb darkening coefficients T, time of passage through the periastron

B Gravity darkening coefficient T. time of inferior conjunction

d Distance to host star e orbital the eccentricity

Planet Parameters w argument of periastron

M, Mass i orbital inclination

R, Radius Vo center-of-mass radial velocity

albedo Geometric Albedo

(arXiv:1403.672pb 7



A.Santerne
From supeiEarths to brown dwarfs

Planetarystatisticsneeds(census2014):
AAccurate false positive determination
ABetter pipelines (instrumental profile reduction)
AMore objects (hotlupitersfrom Keplerneptunesfrom CoRoT, bias?)
ABetter'Y~ to compute betterY

PASTIS (Planetary Analysis and Small Transit Investigation Software)
AModels LC and followp obs., validation of planet parameters

up Small Large
Barths [ e Neptunes Neptunes

K

Giant Planets

Q
)]
(@]

Statistics:
Ac ¢ Y% of sudike stars with

(@]
[#)]

Planets per star with P < 85 days

earth-size planet in their HZ o
Ap v % ofKeplerobjects have 2 0.05
earth-size planet in their HZ ODO}; _ I 40_}'?:_”’?'?[ ._

Radius (RFarth }

(Fressiret al, 2013 ApJ 766, 84)



D. Gandolf
CoR0132b ¢ youngest aligned exoplanet

Planetmigrationtheory changesi Q(Alignedsystems$

Kozaimechanisnchangesy, ‘Q “GMisalignedsystems3
Tidesare moreefficient @ cold stars (with convective zone)

180 — &+ Teff < 6250 K

150 — +_+_ Teff > 6250 K
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(Albrecht et al., 2012ApJ 757, 18)



D. Gandolf
CoR0132b ¢ youngest aligned exoplanet

Star: FAV'Y ¢ ¢ XKt ) ad (from stellaractivity)
Observed RM effeqt orbital & rot axis 1@&J)

Lirich star (Li is more depleted in colder stars) =>Hg80 Myr
Starmemberof NGC 2232 (28lyr ¢ old cluster)

Planetd O EQ m@transitmid LJ2 A Yalignddin the line-of-sight
Aligmenttimescale> 100GyrIHprimordialalignemen®



D. Gandolf
CoR0132b ¢ youngest aligned exoplanet

Two scenarios of hot Jupiter migration:

0 0 ¢ 0 ¢ T
1:1 resonance 0 T ™
2:1 resonance
Young systeng L cannot be lost through winds
Evolutionary track for the star to find at least 1:1 resonaricéMyr



Planet Fraction, f(M,F)

E.

DNY (I KS NJ

CoRo435b ¢ polar orbit planet

Primordial diskifetime @ hotstarsis shorter
D~X p- g C&® Myr
CoRoTetectionlimits: 1Y (B-starg and 2Y (G-starg

04F
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» Observed Fraction
o f(MF) = 0.07 10"2F M'°
—o f(M) = 0.07 M'°
..... Kennedy & Kenyon (2008)
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0~% p&- 4z

P& Myr

Sp.type % planets CoRoBample Mg

A 0-5% 16% 1.3-3.2
F 30-32% 35% 1.1-1.3
G 50-54% 15% 0.9-1.1
K 13-16% 5% 0.4-0.8

0.0

Stellar Mass [Mg,,]
(Johnson et al., 201@ASP122 894)

0.5 1.0 1.5 20
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EDNY i KSNJ
CoRo435b ¢ polar orbit planet

Followup: Hi-resspectroscopyAOimaging
0 VA D~ p8-45,Y pB2
ObservedRMeffect ¢> polar orbit? (check for surface features of)

10 I IE E I I I

Number of Spectrum

-30 -20 10 0 10 20
Relative Velocity to Star [km/s]

13



A. Ofir.
TTV irKeplerdata

TTVcaused
Aangularmomentumexchangebetweenplanets(direct)
Ahost star movesaroundbarycentrum(indirect)
Firstobserved 2010¢ Kepler9 (Holmanet al., 2010 Science330, 51)
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@

(Holman & Murray2005 (Agolet al.,2005
Scence 307, 1288 MNRAS359, 567)
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A. Ofir.
TTV irKeplerdata

Kepler9:
0 p@& 10 o @ a(2:1resonance
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A. Ofir:
TTV irKeplerdata

Kepler9: better resultswith 6x moredata (arxiv:1403.1372)

Kepler9 Transitsper planet Totaldays 4 .\ JEny
b Cc
Fulldata 68 36 1400 31p1
Partialdata 9 6 200 5553
Diluteddata 9 6 1 400 3352

New'Ylarget new0* v v Bmaller
Errorlimit of Keplet0 * ¢ BY x & b
LargeT TVsvenwithout MMR:

Catalogof KeplerTTVsmazeh 2013 ApJS208 16)



A. Ofir:

TTV irkep

Radius[R ]

16

lerdata

I | T T T - 5 ;

1

ot 100
Mass [M_]
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relatve flus decrement (depth)

A. Ofir.
TTV iIrkeplerdata
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lomi-scargle power [artrary]
: i u : v

A. Ofir.
TTV iIrkeplerdata

Keplerll7

Lomb-Scargie of the O-C residuails of Kepler-117b
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A. Ofir:
KOINet

Primaryfor 1m+classtelescopeq13-15mag)

DistinguishT TVs

http://koinet.astro.physik.umgoettingen.de/

KOI525.01 *
xim_pa,=3.14
L redgin= 115 ——

500 1000 1500
Time [BJD - 2454900

2000

Exposura tima (min})
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=
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' ' V=155
V=145
V=135
V=125
|.-." -T-_: . — I — —
1 3 4 5 g

Siza of pnmarny mirmar {m)

Figura 1: Estimation of axposura ima as a function of prmary mirrar
diamalar far difarant valuas of apparant magnituda. Varical Iina%(gnd-
icate our natwark’s largast and smallast talascopas.



http://koinet.astro.physik.uni-goettingen.de/

J.Cabrera oo e

CoRo07129b
1.000
Peculiar transit (95% conf. level)
Asymmetry confirmed from ground 35 o |
Ruled out: E
ATidal distortion of planet £ .
AStellar spotsi( O E® o® E i70 g |
A Evaporation
0.994
Maybe: gravity darkening?
0.992

| | 1 1 | |
-0.06 -0.04 -0.02 0 0.02 0.04
time (phase)

Barnes 20092 ApJ 705, 683
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K.Heng
Exoplanet atmospheres from optical data

o 0@ 5o

(Benneke& Seager2012 ApJ 753 100)

here: n=3 for H,0, CO,, and CH, : abundances
13900 | n — : of absorbing
13850 —
g [
g 13800 +
£ 1 Mean molecular
- ; "' mass
o 13750
¥ Relative transit depth in /
B _ features of same molecule
~ 13700 - —
1 Transit depth offset
13650 | of Rayleigh slope (Dy,)
13600 1 Sum of all mixing ratios equals 1
05 06 070809 1 2 3 4 5 1 Lowest transit depth Dy, 29
Mﬂ]gh [I.IITI] ] - o




K.Heng
Exoplanet atmospheres from optical data

e, O O 0’

e e @O

Someexoplanetsare cloudy someare not.
Unclearreasons

(Nikolovet al., 2014 MNRA$S437, 46)
[ r r Tt [ Tt 1 T [ T T T [ Tt T T [ Tt T T [ T T T [ 1

[ HAT-P-1b: Nikolov et al. (2014)
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K.Heng
Exoplanet atmospheres from optical data

Flux

Q)

No trend of Awith stellarirradiation, M, Rrho, g
Superearthsappearmore reflectivethan Jupiters

0.4F - — 140 o Mass o4 Radius
]: Kepler'7b 0.3 o® 0.3 0
g > (clouds?) ] § o2t .7 g 02 ol
0.3F 330 2 o AN 2 o &.
- ] 0.0 0.0 .
finermer (FUll redistribution) : ‘0-‘10, o RN '0-110, T e
<cn 0.2 - Flux Flux
. Density Surface Gravity
0.4 0.4
I 0.3 o® 0.3 o’
9 3 0.
0.1¢ I ﬁ $ g -.‘. g .ol
I \ =y ’ = . ‘
- l [ 0.0 0.0 ‘
r b -0.1 -0.1
0.0t . . : e e 10> 10® 107 108 10°  10° 107 10®
108 109 Flux Flux
Fo (erg cm™ s7")
(Heng& Demory 2013 ApJ 700, 100) (arXiv 1404.4348)
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M. Havel
CEPAM planetary evolution model

Constrains properties dioRoTstars and planets
New 1D EOS and atmospheric boundary conditions (M, R, lg, Tot)

1-D equations:
: ; i 3Ll
9P _ _Gm fluid envelope 10 i
am 47rrd o :
or _ (9P\ T 107
am  \am/) P core ]
ar 1 ~ 10 )
am  Amr2p’ E 10°
oL _ ,_ .08 Yy
_—= - e
om at 10k
e
(P,T,{X:}) (P, T,{Xi}) e ‘
p=p(PT, A'I- 2 S=8(~P7T, A',‘ - - N ' i
\ faak 2386 | T Numericary '~
m=0 — r=L=0 1070 98K 415K | | — Analytical \
m=M » P = Ppnet(g,L) 10 i : CEEEE
T = Tonot(9, L) 100 Ty 1000

W (¢ mhrg O N (MIp -, OV (@), O N (TtT@®), oN (ip 3 U O
WARNINGYarious exoplanet catalogs have different data for the same objects.
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M. Havel
CEPAM planetary evolutionomodel

Categories of giant exoplanets:

Alnflated (155 of 249) Y Y x Y8 8 (Lauglin 2011:ApJ 7291 7)
AMassive core
AYoung

Inflated Massive Core Young

CoRol-18b 1.2

R,/Rjp

i 1.6 =
- 2 PUUE el '8
- g 14 ’mg
__. -8 ®a :5‘
- a Oy ) i ﬂg'ﬂ
: 1.2 T~ -
- CoRol-10b 1T
» 7 1 o l : | 1 11 III'I 1 |- 1011 1 | 1_0
. ol i " " 10° 107 10 10° 10! 0001 0010 0100 1000  10.000
age [Ga] Age [Gyr] Age [Ga]

(Gillonet al,, 2010: A&A, 520, 97) (Bonomoet al., 2010: ApJ 520, 65) (I Brardet al, 2011: ApJ 533, 130)
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M. Havel

CEPAM planetary evolutionomodel

Inflation mechanisms
A Stellarflux dissipation
ATidaldissipation
A Delayedcontraction

2

Radius Anomaly [R]]

1 1
Metallicity [Fe/H]

| 1 L
500 1000 1500 2000 2500
Planet Temperature [K]
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V.Parmentier
Cloudyatmospheres

t NBaSyO0S 2F Of2dzRa Ay SE2LX I ySiC
Known planets: HD209458b:ming, 20134p] 774, 95, Keple¥7b (Demory
2013:ApJ 776, 25, HD189733lsing, 20094&A 505, 891)

Techniques: transmission spectroscopy, albedo (and combination)

— Numerical
— Paper |, semi-grey
— Paper |, non-grey

Clouds: ot
AIf PT crosses condensatior ”’
AAt limb?
APartly on dayside ol

ALongitudalvariations
A Latitudalvariations A

P (bar)
=
=

800 1000 1200 1400 1600 1800 2000 2200 2400
T(K)
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V.Parmentier
Cloudyatmospheres

HD209458b"Y * p v TeiC limb clouds’
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Longide (0 (Parmentieret al, 2013 A&A, 558, 91)




V.Parmentier

Cloudyatmospheres

HD189733b"Y X pgmt 1) ¢ latitudal variations

I1600

11400

"

11000

1800

600

-150 -100 -50 0 50 100 150
Longitude (°)

(Parmentieret al,, inprep.)
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Pressure (bar)

V.Parmentier
Cloudyatmospheres

Kepler7b ('Y x pomt 1#, 0 X 1@ )¢ longitudalvariations
(Parmentieret al., inprep.) (Demoryet al., 2013 ApJ 776, L25)
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Sz Csizmadia
Characterizing Exoplanets

Distinguish rocky/giant planetg. TP P Y
Bulk characterization, interior structure of rocky planege:’Y
Ubiquity in atmospheric studiesip PY

.................. P P A —
Y 2 1 2,000
Y e " -l . 0 i 20% HHe |l
~ a) : ‘___.--""U-- Fm_, :
4l A N 5
- et I - - 10% H/He 4 [ 11,600
B | S _ = = =100% H,0 ]
g = R 5% H/He |
83F. _..0"" . — — 50% H,0 —{ 41,200
—6 -—f. ...r_.-- —-'_.___-- i -
g + g TP T R 1% H/He 1 -
s B ., ‘-'- ........... . ——
€ o[ .Zbg = Tl Fath 1 Mgg0 2
" P a
L7 ]
i be? 1| 200
'V
I 0
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Planet mass (M) 32



Sz Csizmadia
Characterizing Exoplanets

Distinguish rocky/giant planetg. TP P Y

Bulk characterization, interior structure of rocky planege:’Y
Ubiquity in atmospheric studiesip PY

Gaiaprediction ¢b Y~ (today host starsp 1 p U - )

Yy n P A
( ) O (6 M Foiw)
Type | Type I TypeIH
(Czeslat al., (Silvavalio& Lanza (Jackson & Jeffrie2012:

2009 A&A, 505, 1277) 2010: A&A, 510, 25) MNRAS423 2966) 33



Sz Csizmadia
Characterizing Exoplanets

Distinguish rocky/giant planetg. TP P Y
Bulk characterization, interior structure of rocky planege:’Y
Ubiquity in atmospheric studiesip PY

0 (6 b hohy

e
/.~
b}
N—

Giants and dwarfs:

+— Real radius
LD radius

Giantscanevenhavelimb brightening

Neilson& Lester(arXiv:13050.41311)



Sz Csizmadia
Characterizing Exoplanets

Spots chang€y , 'Y~ hM-Rrelation (Torres 2013:AN, 334, 4)
Spotfitting map of CORGOR (Lanza, 20094&A, 493 193)

I
% 0.6
|
g ® =T
> Rt
4 E .
n 04r e ¥ ez
; 2 I o
-100 0 100 200 300 400 <
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Parameter Typicalerror ol f
N ' —%o e eclipsing SB2s
Y 100 K I _8_ <] o eclipsing SB1s and
e single stars
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A. Sozzettl
Gala

ALaunched: 19.X11.2013

AFOV: 0,75 déd4 500 x 1 960 pix)
APrecision 2@\arcs up to 12 mag
AFirst data delivery: V.2016

ADetectionx p fiexoplanets with shord; @ FGKM, capable of:
A2-3- ,within 2-4 AU off star<200 pc)
ASaturn mas (1/3 ) within 1-4 AU off staf<25 pc)(Sozzetti arXiv:1406.1388)
Ap Tstarsup to 20 magwith 430 Aasastrometricprecission

AStatistical reanalysis of planet occurrence foundBPLERoward
2012:ApJ$201, 15)as function o0 ~ , 0 ¥O, ¥ X

AGaiaDPAPipeline
AFirst major release (middle of 2016)
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R.Jayawardhana
Planetary phase curves

Reflection + Thermal emission
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R.Jayawardhana
Planetary phase curves

Ellipsoidal variations
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R.Jayawardhana
Planetary phase curves

Doppler beaming
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Peak Offset (8)

R.Jayawardhana
Planetary phase curves

Kepler+ Spitze day/night variations: reflected light + thermal
emission, ellipsoidal variations, Doppler beaming, e.g. Kéftler
(Demory 2013:ApJ 7761, 25)(others 5,6,8,10,12,41,43,76,91,412)

~50% okampleshow offsetof peakplanetaryllght from the mid

eclipseEsteves2013:Ap] 772, 51)

; “*rh iy

— | 1

0.00} | 3 —

! h 4’;__1[;*"’“ westward  cloyd® ~ eastward
_o0} : Winds contrarotating Winds cerotating
+“’* Y ¢cuTnl Y ¢cuTnkK
2000 ZSOTO ] 2000 Condense particles? Cannot condense particles?

Dominant reflection

Dominant thermal emission
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R.Jayawardhana
Planetary phase curves

westward eastward
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R.Jayawardhana
Planetary phase curves

Caseof KO{13b and HAP-7b:
AOut-of-phasevariationwith 1/3 Porb
ASpinorbital misalignmentandgravity darkening (rotation)
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S.Barros
CoRod7b

First transiting supeEarth {Y; p® pumdtoe2 )

Light curve

1.31x10°
1.30x10°

1.29%10°

Flux

1.28x10°

1.27%108
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Date (HJD-2454000)
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S.Barros
CoRod7b

Initial transis; "~  T& "4
New analysis’ P 4

Ignoring stellar activity leads to an
Incorrect interpretation of the system

[ LRa01
[ LRa0s -

Probability density

[ —
e e e

—
=

t] 1 1
0.014 0.016 0.018 0.020 0.022 0.024

R,R.

Radius [Rggunl

2.5

2

ne A
HD97658b
K-18b 1oo%

K-20b

Mass [Mggunl
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(Barros et al.2014: A&A 569, 74)



|. Baraffe
Structure of exoplanets

M-R relation for terrestrial planetsY® 0 8 (sotinet al., 20071carus 191,
337;Grassett al., 2009ApJ 693, 722)

Used in exoplanet modelling:
A1D atmospheric model (irradiated or nafoundary conditions of the interior
AAt_m_ospheric dynamics (Global Circulation Modabhmicdissipation, heating,
mixing
AH/He envelope; EOS for H/He/Z, evolutionary models
ARocky/ice core EOS for kD, CH, NH, MgSiQ, MgSiQz CS X3 (0SO02y
Results for solar system:
AJupiter: He depletedd§ 18 0)1Ar, Kr,Xe C, N, S enriched-@ solar)
ASaturn: He depletedi{ m® ¢ & ), CH, NH enriched (1221 solar)
AAgrees with the core accretion model



|. Baraffe

Structure of exoplanets

Outer envelope: k] depleted He, £ ;JL Fully convective
H/H2 boundary, H/He phase separatio and adidatic

Inner envelope: metallic H, He, Z
Core: rock/HO

Molecular weight gradient () formed during accretion and stabilizes
against convection, leads to muGhinter planets!

Double diffuse (layered) convectiartiny diffuse layers prohibit heat
dissipation (e.g. Saturn has higher L and -80% higher Z than simple
adiabatic model)

If Z equally distributed in cor@30% error in RBarafieet al., 2008A&A, 482, 315)
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C.Baruteau
Formation and evolution of planetary systems

Many misaligned hot Jupitsr

Discmigrationc aligned

A Misalignedby nearbystars?
(Batygin 2012 Nature, 491, 418)

A Tidalflip of stellarspinaxis?
(Barker& Lithwick 2014 MNRA$437, 305)

High-e migration¢ misaligned

Projected spin-orbit misalignment [deg.]
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C.Baruteau
Formation and evolution of planetary systems

Orbitalperiodresonancesn multiple planetarysystems
AMany not in resonancebut slightlywider of resonance
AUnseencompanion$ (Stefien 2013:MNRAS433, 3246)
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E.Quintana
Constrainton PlanetFormationfrom KEPLER

Solar system:
Aln situ formation, disk model (Minimum Mass Solar Nebula)

Keple@multiplanetsystems
AMany superEarths and sulNeptunes(in situ:needsmassivedisk)

ANo MMSN (different density profiles)

Kepler-186f Kepler-186 System & 10000 E o“@
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T.Campante
ExtremelycompactsystemKO13158

Hoststar KOV had/3 solar [Fe/H] and overabundance Dif Si
Very large galactic velocities
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T.Campante
ExtremelycompactsystemKO13158

A5 planets MCMQOmodelling
AAllunder0.08 AU and 1@ayP
AStrongorbital resonanceg5:4 and 4:3)



