
École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

Exoplanets of  
low-mass stars

(mostly M dwarfs)
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Wednesday : 

Today :

Advantages  
& Difficulties

Individual systems  
& Statistical properties 



Family album



1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

m sin i = 2MJup

• GJ 876b: 1st M-dwarf host 
(Delfosse et al. 1998; Marcy et al. 1998)

>4000



1995 2000 2005 2010 2015 2020

GJ 876 b

(Delfosse et al. 1998; Marcy et al. 1998)

16 28 55 73 >100 >250 >1000

• GJ 876b: 1st M-dwarf host 

• GJ 876c: pl-pl interactions 

• GJ 876d: 1st super-Earth 

• GJ 876e: Laplace resonance 

(Marcy et al. 2001)

(Rivera et al. 2005)

(Rivera et al. 2010)

2:1 super-⨁ 4:2:1

>4000

Planet d might not be rocky 
because of tidal heating 
( ; compared to 

 to melt the planet)
1019 − 1020W

7 × 1017W
Valencia et al. 2007

Careful: if pl-pl interactions are 
overlooked, you end up w/ 6+ planets 
(Jenkins et al. 2014, MNRAS 441, 2253)



1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

• GJ 436b: one of the 3 first exoNeptune 

• caught in transit 3 years later 

2:1 super-⨁ 4:2:1

♆  
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Julian Date - 2450000.0
Gillon et al. (2007a)

Butler et al. (2004);  
Maness et al. (2007)

transit

>4000



GJ 436 b’s Characterization 

- radius, mass, density

- bulk composition

- precise eccentricity (e=0.14+-0.01)

- search for companion (pertuber ?) 

- secondary eclipse spectro. 

- transmission spectro

CO, H2O, <CH4

CH4 dominated ?

Gillon et al. (2007b); Deming (2007); Torres (2007);

Adams et al. (2008); Figueira et al. (2008); 

Demory et al. (2007); Deming (2007);

Ribas et al. (2008);  Alonso et al. (2007); Bean & Seifahrt (2008); 
Mardling (2008); Ballard et al. (2008, 2010); Batygin et al. (2009)

Pont et al. (2009); Stevenson et al. (2010)

H/He enveloppe

Beaulieu et al. (2011)

No, but CO   Knutson et al. (2011)

Gibson et al. (2011)No   

Nettelmann et al. (2010)
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Ly-α: 121.6 nm 

Vidal-Madjar et al. (2003) Charbonneau et al. (2000) Richardson et al. (2006)

Infrared: 24 µm
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Ehrenreich et al.  (2015, Nature  459, 522)



1995 2000 2005 2010 2015 2020
16 28 55 73 >100 >250 >1000 >4000

Kuerster et al. 2006

• No planet 
• But “secular” acceleration 
• Barnard’s star has the largest proper motion  

(and largest secular acceleration) 



f & gf & g

1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

2:1 super-⨁ 4:2:1

♆ transit

c&d e f & g
f & g

f’!
d? d

GJ 581 b

• GJ 581b 

• GJ 581c&d: habitable candidates 

• GJ 581e: 2 earth-mass planet 

• more planets claimed (Vogt et al. 2010, 2012) 

but quickly disproved (Forveille et al. 2011, +) 
• correlated noise casted doubts on ‘d’ too 

                                    (Baluev 2013) 
• Hα-RV correlation demotes ‘d’

(Robertson et al. 2014)

Main lesson here: you can’t be sure of a detection if you don’t know the rotation

(Udry et al. 2007)

(Mayor et al. 2009)

(Bonfils et al. 2005)

>4000



f & gf & g

1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

2:1 super-⨁ 4:2:1

♆ transit

c&d e f & g
f & g

f’!
d? d

GJ 581 b

GJ 667Cc GJ 163c

• GJ 667Cc (Bonfils et al. 2011, Delfosse et al. 2013) 
• GJ 163c (Bonfils et al. 2012) 

• Proxima b (Anglada-Escudé et al. 2016) 

• GJ 273c (Astudillo-Defru et al. 2017) 

• Ross 128b (Bonfils et al. 2018) 

• many others (from HARPS & Kepler)

Miss Earth contest :

Prox b

Ross 128 b

…
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La Silla @ 50 - La Serena, March 26th, 2019 Thierry 
Forveille
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Planets to resolve

• for Proxima b, Ross 128b, GJ273b, and other planets closer than ~5pc 

• detection of O2 is possible in the near future

• require ELT, HIRES w/ SCAO, a few nights


Snellen+15; see also Lovis+17



Photometry 
Ground Based / Field Surveys

- 11-cm telescopes
- 8x8 deg
- 6 units (3 locations)

- HAT + super-WASP + XO + Tres + OGLE  
= 80 detection, dont 1 Neptune

Bakos et al. (2009)

Pictures from oklo.org



Photometry 
Space Based / Field Surveys

- 26-cm telescope
- 2.7x3.0 deg

- CoRoT-7b : 1.7 Rearth; ~4.8 Mearth  
       first transiting super-Earth

- >14 transiting planets
- some @ extremes of the M-P diagram
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(mass debated : e.g. Hatzes et al. 2010; Pont et al. 2010)

CoRoT



Photometry 
Space Based / Field Surveys

- 95-cm telescope
- 100 deg^2
- 100,000 stars

- Kepler-4b : ~25 Mearth; 4 Rearth

voir aussi KOI-377.03
 “Kepler-9-(d)” ?

P=1.6 d
R=1.4 Rearth
FAP < 5.9x10^-3
pas de RV / pas de masse

Borucki et al. (2010)

Torres et al. (2010)

Kepler



Photometry 
Ground Based / Targeted Surveys



f & gf & g

1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

2:1 super-⨁ 4:2:1

♆ transit

c&d e f & g
f & g

f’!
d? d

GJ 581 b

GJ 667Cc GJ 163c …

GJ 1214b





f & gf & g

1995 2000 2005 2010 2015 2020

GJ 876 b

16 28 55 73 >100 >250 >1000

2:1 super-⨁ 4:2:1

♆ transit

c&d e f & g
f & g

f’!
d? d

GJ 581 b

GJ 667Cc GJ 163c …

GJ 1214b GJ 3470b

(Bonfils et al. 2012)



Water in GJ3470 B ?

Benneke et al. (2019) see also Tsiaras et al. (2019)
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• Amenable to characterization  
w/ JWST

• Variety of atmosphere detectable w/ a 
few transits in transmission

Via Gillon et al. (2020)
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LHS1140 c
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• W/ ESPRESSO
• 4-5x lower photon noise
• a 3rd planet (candidate)
• does it transit ? Unknown…

Lillo-Box et al. (2020)
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TESS



Xavier  
BONFILSÉcole Evry Schtazman 2021 - Roscoff

Sullivan et al. (2015) 
http://arxiv.org/abs/1506.03845

http://arxiv.org/abs/1506.03845
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TOI-700 Gilbert et al. (2020) 
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TOI-175

• TESS detection (Kostov et al. 2019) 
• M3; V = 11.6 mag;  
• P=2.2, 3.7, 7.5 d   (5:3; 2:1) 
• Rp=0.8, 1.3, 1.6 Rearth 

M⋆ = 0.3M⊙

Kostov et al. (2019)



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

TOI-175

Cloutier et al. (2019)
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TOI-175

Demangeon et al. (2021)

• ESPRESSO 
• 4th; possibly 5th planet 
•  
• Lowest mass of RV planets 

mb = 0.4M⊕
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K2-33b

+ simulations by Klein & Donati (2020) showing mass can be measured w/ SPIROU :0)
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AU Mic
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AU Mic
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17M⊕
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AU Mic
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Half Jupiter mass planets exist at moderate separation around VLMS 
(Although that one is too faint for SPIRou)



Stats
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(  ) 
55Cnc

The Staknovist improvement in RV and LC precisions

HD209458b

(  ) 
HD80606b

51Peg b

• RV semi-amplitude decreased by ~3 order of magnitudes in 20 years 
• Transit depths decreased by ~3 order of magnitude in 15 years 

(  ) 

(  ) 
(  ) 



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

(  ) 
55Cnc

The Staknovist improvement in RV and LC precisions

CoRoT7b

GJ1214b

GJ581e ACenBb

51Pegb

• mass decreased by 3 order of magnitude 
• radii decreased by ~2 order of magnitude 
• super-Earths domain is now well populated

What have we learned about their statistical properties ?

GJ876d
55Cnce
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Stats from RV searches (HARPS+HIRES)
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• HARPS: 8 yr, 376 stars 
• CORALIE: 13 yr, 1650 stars 

• >150 detections 
• at the time, >80% of planets with K1<4m/s

Mayor et al. (2011) astro-ph/1109.2497

see also  
Lovis et al. (2008) proc. in IAUS253



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

HARPS Mass-Period diagram
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HARPS Mass and Period histograms

HARPS Multiplicity

• m sin i < 30 Mearth: multiplicity > 70% 
• m sin i > 30 Mearth: multiplicity ~ 25%
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HARPS [Fe/H] distributions

• m sin i > 30 Mearth => planet-metallicity correlation 
• m sin i < 30 Mearth => occurrence not correlated w/ [Fe/H]
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Bonfils et al. (2013)  
astro-ph/1109.2497
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Bonfils et al. (2013)  
astro-ph/1109.2497

36+25
�10%

3+4
�1%

2+3
�1% 4+5

�1%

< 1%< 1% < 1% < 1%

< 1% < 1%

< 2% < 4% < 12%

� �52+50
�16%
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⌘� = 0.41+0.54
�0.13

revised to 30% with GJ581d lost to activity (Robertson et al. 2014)



Life3e — Quy Nhon, March 25th, 2019 Xavier  
BONFILS
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HIRES @ Keck
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slide from Howard et al. (http://www.ipac.caltech.edu/wfir2012/talks/howard_microlens.pdf)

http://www.ipac.caltech.edu/wfir2012/talks/howard_microlens.pdf


Other M-dwarf stats from  
radial-velocity results

Endl et al. (2006, AJ 649, 436)

f < 1.3%(1 �)

Butler et al. (2006, AJ 649, 436)

f = 1.8± 1.2% (> 0.4 MJup;< 2.5AU)

Cumming et al. (2008, PASP 120, 531)

> 1 Mjup are x5-10 times under 
abundant compared to Sun-like stars
      f~1% (<5.4% @ 2-sigma)

Johnson et al. (2007, AJ 670, 833)

Johnson et al. (2010, PASP)

f(M?, [Fe/H]) = 0.07± 0.01⇥ (M?/M�)
1.0±0.3 ⇥ 101.2±0.2[Fe/H]

Bonfils et al. (2007, A&A 474, 293)

(> 97% probability)fhot Nept. > fhot Jup

(mostly for giant planets)
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(Selected) statistics from the Kepler mission
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see also 
Batalha et a. (2011) 
Cantazarite & Shao (2011) 
Traub (2012) 
Tremaine & Dong (2012)

• Q0-Q2 data 
• P<50 days 
• assumes No false-positives 

• S/N threshold on completeness  
• P,M distribution for GK dwarfs 
• occurrence rate also for F-M 

• f increases strongly with lower Rp 
• f increases with P 

with some differences with Rp 
• for small planets,  

f increases for decreasing Teff 

• 0.1 pl./star with P<50d 

Howard et al. (2012)

Morton & Johnson (2011); but see Sauterne et al. (2012) 
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Youdin (2011)

• same data & completeness 
• add parameterization  

• evidences for different population 
• pl. occurrence x2  
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Fressin et al. (2013)

• Q1-Q6 data 
• P<85 days 
• GK dwarfs 
• model the occurrence of both 

False-Positives and Planets 
• completeness is a function of SNR 

• FP rate is ~12% for Earth-size  
• 16.5% +- 3.6% of GK stars have 

at least 1 pl. with P<85 d 
• found no dependence w/ Teff  

see also Dong & Zhu (2013)
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Petigura, Howard & Marcy (2013)

• sub-sample of 42’000 GK dwarfs 
• Q1-Q16 
• use their own pipeline 

• extrapolate to 1-2 Rearth, with 0.25-4x Earth insolation : 22+-8% 
• possible peak @ 2Rearth 
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• same sample 
• Gaussian process 
• no False-Positives 

• do not imposes a flat 
Period distribution 

• includes uncertainties in 
planets and stellar radii 

Foreman-Mackey et al. (2014)

see also Burke et al. (2015)
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Dressing & Charbonneau (2015)

• M dwarfs 
• Q0-Q17 data 
• own pipeline for completeness 
• re-determine stellar parameters 

• 1.0-1.5Rearth; f=56%+-5%; P<50d 
• 1.5-2.0Rearth; f=45+-6%; P<50d 
• confirms that small planets on  

moderate orbital periods are  
very abundant 

see also Dressing & Charbonneau (2013)
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Dressing & Charbonneau (2015)



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

eta_earth summary
http://www.eso.org/sci/meetings/2014/exoelt2014/presentations/Charbonneau.pdf

taken from a presentation of Charbonneau

Where to place HZ limits makes most of the uncertainy !

Recent reference : between 0.37-0.88 pl/star depending on HZ 
Bryson et al. 2020 arXiv:2010.14812
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https://exoplanetarchive.ipac.caltech.edu/docs/occurrence_rate_papers.html



Ida & Lin (2005)

Laughlin et al. (2004)

Kennedy & Kenyon (2008)

Alibert, Mordasini & Benz (2011)

=>matches roughly the 
theoretical predictions
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Combination : Mass-radius relations
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Combination : Mass-radius relations
W
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14
) • Rogers (2014);  

Weiss & Marcy (2015) 

• rocky transition  
@ 1.5-1.8 Rearth 

• important consideration 
for HZ planet searches
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• Fulton et al. (2017) 
• van Eylen et al. (2018) 
• See also Petigura (2020) 

• rocky transition @ ~1.8 Rearth 
• might correlate with P 

• Rocky vs volatile-rich  
+ H/He enveloppe 

• 1.8 Rp ~ 8 Mearth 
• below TESS sensitivity?

Fulton et al. (2017)

Petigura et al. (2020)

Van Eylen et al. (2018)
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Van Eylen et al. (2020)

Cloutier & Menou (2020)

Venturini et al. (TESS Science Conf.)
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Venturini (TESS Science Conf.)

Venturini et al. (2020, A&A)
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Mass-radius relation
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Multiplicity
Ballard & Johnson (2016)

Burn et al. (2020)
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Mutual inclinations
Ballard & Johnson (2016)
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Eccentricities in multis

Burn et al. (2020)

Linbach & Turner (2015)
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Take home
• Fast progresses from giant exoplanets to temperate exo-Earths
• Many systems w/ unique interests
• Statistics insights : 

• small, low-mass planets are found abundant, 
• with high multiplicity, 
• low eccentricity, 
• low coplanarity
• Bimodal distribution probably correspond to rocky vs. volatile-rich exoplanets
• Dominant evaporation process might change toward lower-mass host stars


