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|. Detection (census)

e Radial velocities: from super-Earths to giantplanets 2. Mass estimate, a fundamental param

- planet mass distribution, orbital parameters, multi-planet'systess
P 2 R , L - to define the nature of the planet

- limitatiens and challenges . -
(density, composition)

- for atmospheric characterization

° What we live learned from transits
(scale height, gravity)

— statistics

— further planget physical properties
- the future: transits of bright stars - - to probe the long term evolution

i ’ (dynamics)
; ~ Planet characterisation i Host star and Orbit = incident stellar flux

Mass, Radius -}'mean densitiy, “bulk
composmon .’

? Atmosphere =X’ scale helght ‘composition
. — pushing further: observations,-instrumentation JSESEIGIEAES"" . @000 S

— a complete census: the synefgetic role of radial velocities Age -X’gvolution (dynamlcs)

What is characterizing a planet?

2 Internal structure, atmospheres \

— global coherence Biosphere - life




The role of radial velocity observations Planet detectability with radial velocities

|. Detection (census)
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Jup Sun
- atmospheric characterization (scaldrrrrrrars ,
HARPS x Pl =42 dayS
. 18Mg f sk Jupiter
BTN m; sini = 5.4 M,

- long term evolution (dynamics)

Jupiter
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period, separation — Neptune
- multiplicit 2z 000
Pty Neptune

Super-Earth (5 M)

HARPS ' 3planets mz SInI = 185 M®

=> dynamics
= Super-Earth (5 M
- geometry (RM effect) P; = 184 days P (5 My)
m; sini = 15.9 M, Earth

An emerging population of Hot Neptunes and
Mayor et al. A&A 2009 Su per-Ea rths
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¢ Sample of ~350 slowly-rotating, nearby solar-type stars, <1m/s precision ' : B HD 40307
2 P, = 4.31 days
e = 0.02 K2V

; i i = Dist 12.8 pc
« Observations ongoing since 2004 : ' ' b [Fe/H] = —8.31

¢ Focus on low-amplitude RV variations ! s zi : g:gg iy

¢ Non active and non evolved stars

HARPS m2 s|n| = 6.9 M@

Ps; = 20.5 days .
e; = 0.04 + drift = 0.5 m/sly

m; sini = 9.7 Mg

135 observations

HD40307 HARPS

HARPS
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HD10180 : 7-planet system

P; = 1.18 day P, = 49.7 days
e =0 e, = 0.06

m; sini = 1.5 Mg, m, sini = 24.8 Mg, m; sini = 67 Mg,

P, = P, = 122.7 days
e; = 0.13 ]
ms sini = 23.4 M, Publi

= 16.4 days Ps = 595 days Today :
e; = 0.16 e = 0.0
mj3 sini = 11.8 M, mg sini = 22 M,

Fig. 5. Radial velocity time series with the 7-Keplenian model overpho
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2008: The Rise of
Low-Mass Exoplanets

formation. We indeed detect about 45 candidates having minimum masses below 30 Mg and
orbital periods below 50 days. These numbers are preliminary since the existence of these ob-
jects has to be confirmed by subsequent observations. However, they indicate that about 30%
of solar-type sta.rs may have such close—m low—mass planets. Some emergmg propertles of this

"Transiting Planets"

hq e From a uniformly-observed subsample of stars, we estimate that the fraction of stars

having planets w1th minimum masses between ~5-30 MQ and orbital perlods below 50

perceptlon of planetary systems in genera.l and Ea.rth like planets in pa.rtlcular
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is tempting to examina

u 3 v orbital solutions. In particular, comparing
the characteristics of the afglan( and )t populations, and studying the dlﬁelences‘
between Lhcm will l;c)nfghl\ valuable to cos Llamphnot formation models. The (ollo\\mg
icndecce i amaleol Lo

o Froma ualfozml} observed subsample of stars, we estimate that the fraction of stars
having plifts with minimum masses between ~5-30 Mg and orbital periods below 50
days wify be as high as ~30%. If confirmed, this number will have a large impact on our
pereption of planetary systems in general, and Earth-like planets in particular.

by HARPS The com-
ample of

the sub-m/s long-term
e led us to focus on

ms b

o After going through a minimum at ~30-40 Mo, the mass distribution grows towards
lower masses with a peak around 10 M, which is most probably due to the detection
bias of the technique.

 The period distribution scems to differ from the one of the gas giant population in
that the peak is located at larger periods (~10 days) instead of ~3 days.

o High cccentricitios seem common, as for gas giants.

All these emerging characteristics will help us to better understand several physical
processes at work during planet formation, such as the different aceretion phases, migra-
tion phenomena, dynamical interactions between protoplanets, etc.

the existence of

'
1 more data points per star. We perform a global search in our data to
o ol o gianiand Bt psadiciod b i

formation. We indeed detect about 45 candidates having minimum mas
orbital periods below 50 da

w 30 Mg and
of these ob-
) out 30%
me emerging properties of this

. These numbers are preliminary since the ex

- i - e L e T
among these candidates, which may possibly yield the first nearby, transiting super-Earth.

Keywords. techniques: radial velocitics, (stars:) planetary systems
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Fig. 5. Plot of the 169 planets of the considered HARPS+CORALIE
sample in the m; sini - log P plane. The superimposed curves indi-
cate the completeness of the survey. These detection probabilities
are valid for the whole sample of 822 stars. After correcting for the
detection bias, the fraction of stars with at least one planet more
mn\mc llmn ‘0\! nnd mlh a prnnd smaller lh:u lﬂ years is es-

or et al. 2011

aller-mass plane
3 <M< 100 Mg

P < 1yr
fsyst = 51 +/- 8

Masssimn (M)

hhhnad
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Fig. 6. Same as Fig. S but only for the HARPS subsample of 376 stars,
The occurrence rale of planetary systems in the limiled region between
3and 100M,, and with P < | year, is 51 = $%. Again, only one planet
per system (represented by the red dots) have been considered for
the computation of the occurrence rate.

retal 2011




Orbital periods < 50 days:
=> increase of f(m) towards low masses

Planetary initial mass function
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Observed mass function (HARPS)

Period (days) g .
g Mayor et al. 2011 Many low-mass planet - much remains to be discovered.

Period distribution for

Data analysis challenges => syst. characterisation
Msini < 30 Earth-masses y 9 y

- - - multi-planet systems: all periods need to be covered
Msini > 50 MEarh Msini < 30 Mearen L yst P
- aliases: 55 Cnc e is the best example

corrected

observed - different statistical approaches and detection thresholds

HD10700 Tau Ceti harpsclean
e e e

10 years, 375 nights
N rms =1 m/s

Tuomi et al. 2013
5 planets !
=> two in HZ !!!
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STELLAR INTRINSIC LIMITATIONS

RV [ms71]

1.0
Distance from star (AU)

Robertson et al. 2014
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_ MAGNETIC CYCLES - Challenge of finding small planets
SEUEIIINONNS. in noisy data

Radial velocity Activity indicator _ * Multi-planet systems: superposition of signals
A L e => sample various time scales
: : * Sampling effects:
=> need to cut aliases
* Data analysis, confidence level
=> need to increase signal to noise
o Stellar effect
=> beat down the noise by brute force averaging
=> develop diagnostics
(hope in the modelling of the stellar signal)

HK)
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HARPS: >30% of low-activity - Impact on parameter estimate

=3 - derived architecture

stars show magnetic cycles o ,
- Importance of diagnostics

=> large number of observations needed (N>100-150)




HD 85512 b (Pepe et al. 2011)
P = 58.4 days, m2sini= 3.6 M Earth
185 measurements

Recent Venus

Runaway Greenhouse

N \\
| Kepler-22b
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Fig. 1} Phase-folded RV data of HD 85512 and fitted Keplerian solu |
tion. The dispersion of the residuals 1s 0.75m s "rms \
1 a7s

Stellar Flux (Sl

ESPRESSO on ESO VLT

«Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations»

¢ Ultra-stable spectrograph for the VLT
*R=120’000

¢ visible: blue + red arms

* can use any of the UTs (coudé train) g ,] "
L L

¢ Consortium : CH, lItaly, Portugal, Spain
* FDR in June 2013
* On the sky : 2017

® Precision in RV : < 10 cm/s
* Goal :Very low-mass planets
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One front End
Two spectrographs

Two vacuum tanks

Two Cal-Units
(Fabry Perot)

Survey started 1st of Jan 2016
GTO: 600 clear nights

Expectations: ‘ SPIRou: a spectropolarimeter for the CFHT
- Sample: 362 MOV - M6V stars (mainly M3-M4). & in the NIR
* 60 RVs per star, >200 RVs of most interesting 100 stars. 0.98 - 2.35 um (Y, J, H, K bands)
« Simulations: ~ 80% detection rate ' _ SPIRou cryostat
+ including high rate of multiple planets (60%) SCIENCE:
» Most planets with masses 3-7 Mga4n, SOme with 1 Mg . « search for habitable worlds around M stars
St T « follow up of space missions
MOM7 M6 M5 - M4 V M3 M2  MMO K7 ¢ atmosphere charact_erlsatlon . .

2 —————————1— I e stellar characterisation, magnetic field
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A red arm for HARPS on the 3.6m/ESO

SCIENCE:

» search for habitable worlds around M stars
« follow up of space missions (TESS, PLATO)
e atmosphere characterisation

Brazil-Can-CH-F-P-S-UK
CONTEXT:
s|Large GTO (>700 nights)
* No harm on HARPS + simultaneous use
¢ TESS => quickly on the sky (=> 2019)
¢/ ESO policy: 3.6m “dedicated” to exoplanets, 2025+

‘e
? L Successful “classical” programmes
HATNET | = ——=
<
Programs that have discovered TEP’s ©
include:
I |
Ground based Transit HATNET 56 Planets
QATAR

surveys of Giant Planets: fhed
past successes and future o
challenges inclucing HATN-116, 13b, 25

Many interesting objects
Excellent survey



Successful “classical” programmes

Successful “classical” programmes

OGLE

Programs that have discovered TEP’s
include:

HATNET 56 Planets
OGLE 8 Planets
QATAR

TRES

WASP

X0

Not actually an ESP facility but designed
For similar measurements and 1.2x1.2deg fov;,
Includes OGLE-TR-56b - very short period
Planet, microlensing planets

33

QATAR

Programs that have discovered TEP’s
include:

HATNET 56 Planets

OGLE 8 Planets
QATAR 2 Planets
TRES

WASP

X0

Fainter, redder targets....

34

Successful “classical” programmes

Programs that have discovered TEP’s
include:

HATNET 56 Planets

OGLE 8 Planets
QATAR 2 Planets
TRES 5 Planets
WASP

X0

Included STARE
Pioneering survey

35

Programs that have discovered TEP’s
include:

HATNET 56 Planets

OGLE 8 Planets
QATAR 2 Planets
TRES 5 Planets
X0 5 Planets
WASP

X0-2 - wide binary with gas giants
orbiting each component

36



"~ Successful “classical” programmes

Programs that have discovered TEP’s

include:

HATNET 56 Planets
OGLE 8 Planets
QATAR 2 Planets
TRES 5 Planets
X0 5 Planets
WASP 106 Planets

Factory TEP discovery
=> WASP-150b

WASP

37

Successes

1) Diversity and Inflation

2) Evaporation

STIS/HST

Lot |-

]
)

a Hi Lyq blue wing

Flux (x10™ erg s” cm®)
5
T

0.0l Gl436b

1 ‘I:Ejhren‘reich etal 2015

4 2

0 2

Time from mid-transit (h)

e.g. WASP-12b Fossati et al 2010
COS/HST

4 295 305

| ? Successes
1) Diversity and Inflation 15
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? Successes ? Successes
1) Diversity and Inflation F.om| ' 1) Diversity and Inflation
|
L% b N RV T T E
2) Evaporation by 2) Evaporation = ¥ u R
1o g %G w860 E WASP_47 6 i
3) RMs and scattering/migration . ‘ 3) RMs and scattering/migration gnm
O G | tef 8 f \ / .
4)Long period massive companions L R 4) Long period massive companions % osb \WASP_47b
B ot E
o . — . . © ok :
o . 5) Terrestrial companions nw
_::N \ : oE WASP-47d j
:;x ‘ ’ Hourslron;Miatransil ’ )
o I’.. Y
il Becker et al
HAT-P-13b/c Bakos et al
‘e (e
. ’

2 Successes 5 Improvements to SWASP

Stabilized focus
Several years of data
currently being reduced.

(WASP-S currently surveying

ly wide fiel
1) Diversity and Inflation XIS VANMIGE]nE(ds)

2) Evaporation o D =
M, Kayleigh o P
3)RMs and scattering/migration ‘ - wOrllgln'aI
4) Long period massive companions : ‘_, °F
e T ] 002 |-
5) Terrestrial companions - il
- |
6) Atmospheres: clouds, etc . g :f oos ZE
0.08
-......,...:I-'A..A...,;.-.-..:;.‘,,..-.-. ........ .._, ...... -
Sing et al. e
0.14

004 002 o 0.02

004 004 002 0 002 004
Phase Phase

Other fun targets coming: WASP-150b 5mmag, 7.7Mj , R~0.3-0.4Rj
AMj, ARj < 10%, e~0.4



Another excellent survey from Bakos et al
3 sites: Chile, Namibia, Australia,

operational since 2010

Smaller fov, fainter stars
12 Planets

e 2 ! So far highlight is HA oo ns
e 2 al), 8b (Baylis et al) Super-Neptunes

Depths are 0.5-1%. HATNET /WASP
have few similar depth objects

Push to smaller planets

NEXT-GENERATION TRANSIT SURVEY

University of Warwick
University of Lecicester
University of Belfast
University of Cambridge
DLR Berlin

12 x 20cm /2.8 telescopes
independent mounts,
back-illuminated, deep-depletion CCDs
100 sq g FoV (equivalent to Kepler);
sule

&

» Push to smaller stars: MEarth

First pointed survey.
Telescopes with smart
observational strategy.

Targets one at a time.

Designed to look at M dwarfs
(@iming for M5)

Science Driver: small planets
in the HZ.

GJ1214 b : Charbonneau et al. 2009 (M=6.5Mo, R=1.6Re) follow-up: HARPS
GJ1132 b : Berta-Thompson et al. 2015 (M=1.6Ms, R=1.2Rs) follow-up: HARPS-N

Fantastic for atmosphere follow-up observations in IR JWST) but haze/clouds

Transit
discovery space

Follow-up
machine for
TESS candidates
V>13

Planet radius [R}:nrm]

v

; Earth

GO Vi(4 Gyr)

1 0.5

Star radius [R.'\'un]

Updated from Wheatley
etal. 2014



V Magnitude

Prediction:

~40 RV-confirmable super-Earths and
~230 Neptune for bulk composition

Kepler candidates
Known planets
NGTS

Neptunes

4.0

Jupiters

8.0

Planet Radius (R.)

% | rd
Consortium
Geneva Observatory (Head),
CfA, Harvard University.
INAF-TNG,
University of St. Andrews,
University of Edinburgh,

Queens University Belfast

0-C [m/s]

Diversity: Important to have better error bars
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(Courtesy H. Rauer)

HARPS-N Radial Velocity Measurements

Kepler-10b
T

Kepler-10c
T

0-C [m/s]

Kepler-10b
P=0.84d

R = 1.47 Re
M =333 Me
density= 5.8 g/cm3

15% on mass

1
Kepler-10c
P=453d
R =235Re
M=172Me  |1% on mass

density= 7.1 glem3



Kepler-78 b

P =8.5 hours !

Sanchis-Ojeda et al. 2013

Final Results

Statistical parameter

Mass [Me)

Radius [Re

Density [g cm‘3|

Mode

Median

68.3% confidence interval
99% confidence interval

I 1.86

1.173

5.57]

1.91

1.61 -2.24

117

3.00

1.194
1.084 -
0.942

6.13
4.26-8.59
2.34-14.29

Kepler 78 b
T

RV [mis]
-
Ty T T

T
R R R R RN E R EEREREE R

I EEETE R FEURE FERT FE TS FERTY FRTT R

P, = 0.35 day
K =19m/s
m; sini = 1.86 Mg

Pepe et al. 2013
Howard et al. 2013
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(precision on the mass < 20%)

10 20

(Motalebi et al. 2016
updated from
Dressing et al. 2015)
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Opaque atmosphere

Planet is “larger”

!

Transit is deeper

light blocked by

the planet
star

&ﬁ:f additional light
}absorbed in the

atmosphere

- H», H2O (Grillmaire et al. 2008,
Swain et al. 2008, 200
- Na (Charbonneau et al. 2002)
- CO, CO2 (Swain et al. 2009ab,
Madhusudhan & Seager 2009)
- CH4 (Swain et al. 2008)

Exoplanet roadmap:| Coherence| Science - Instruments - Synergies

f M Detection => basic characterization => atmosphere characterization

100-10°000 transiting
terrestrial exoplanets

dedicated transit missions
targeting bright stars

=

Planet detection —— >

Ground - Space
Synergy

observations
- theory

2013 2015 2017 2019 2021 2023 2025 2027

Spectroscopy
< of atmosphere

" ESPRESSO "\
.

UNIVERSITE
Planet@ DE GENEVE
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Sodium detection with HARPS spectra

HD 189733b Transmission Spectrurn
| 46 Spectra in Transit
1.0} sNR/pixel: 194 - 867
| RMS: 0.169 %
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= Visible
- mhumm#mnw\ﬁvaanmmﬂ*WJ
0.5| 7y | *
10|
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Whyttenbach et al. 2015
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