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Exoplanets of  
low-mass stars

(mostly M dwarfs)
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Today : 

Friday : 

Advantages  
& Difficulties

Individual systems  
& Statistical properties 
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M dwarfs
They are the most abundant stars in our Galaxy… 
~70% of stars are M dwarfs

(Dokkum & Conroy; 2010, Nat. 468, 940)… and in other galaxies too
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M dwarfs

(Demory et al. 2009, A&A 505, 205; see also Baraffe & Chabrier 1996, ApJ 461, 51)

• low-mass stars 
 

• small  

0.07 M! ≤ M! ≤ 0.6 M!

0.1 R! ≤ R! ≤ 0.5 R!
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M dwarfsLacaille 9352 (HD 217987, Gliese 887) is the 
brightest M dwarf with V = 7.32 mag  

This is ~ limit of naked eye sensitivity, none of the 
star we see when gazing the sky are M dwarf (!) 

Jeffers et al. (2020)
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• low temperature  

• intrinsically faint

2100 K ≤ Teff ≤ 3800 K
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Spectral class M is characterised by the presence of strong absorption bands due to the diatomic molecule titanium oxide, TiO (Morgan, 
Keenan \& Kellman, 1943). The original classification scheme was based on photographic spectra of the blue-green region of the spectrum, 
reflecting the technology available at the time. At that tine, only a few M dwarfs were known sufficiently bright for high signal-to-noise 
spectroscopy, and all of those also have bright absolute magnitudes. As a result, while the M giant sequence was defined to spectral types 
M6, the original MK system extends only to M2 for main sequence stars. Another consequence of choosing (or being forced to choose) the 
blue-green region of the spectrum for classification purposes concerns TiO absorption: while M0 is formally defined as marking the onset of 
TiO absorption at blue-green wavelengths, absorption bands due to that molecule are already strong at red wavelengths. Thus, K7 and even 
K5 dwarfs can have noticed TiO 7050\AA absorption. 

M dwarfs

 Copied from 
https://www.stsci.edu/~inr/

Worth noting that M dwarfs are 
actually defined on how their 
spectra look like…
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M dwarfsThey emits most in the infrared… 
… and might thus be better measured at these wavelengths 



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

Motivations
• Dominant stellar  

(and possibly planetary) 
population of the Galaxy

• We see a different outcome 
of the planetary formation 
and we, therefore, probe 
the sensitivity of the planet 
formation to different 
conditions 

• But… they are also 
practical targets…
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See also Pascucci et al. (2016) : Mdust ∝ (M⋆)1.3−1.9

Lower-mass stars have lower-mass disks, and shorter disk lifetimes



Early targets
The 1st known claim for an exoplanet discovery is around 70 Oph (not a M 
dwarf) : Jocob et al. (1855, MRAS) 

The following, and probably more famous, was a planet around the M 
dwarfs Barnard’s star (and the next around the M dwarfs Lalande 21185) 

van de Kamp (1963) : astrometric discovery of 1.7 Mjup planet 
questioned by Gatewood (1973) 
If some doubts persisted after the dispute, the possible planets were excluded with more recent HST 
astrometry. 
With this story, astrometry did lost some credit as a discovery method… If not redeemed by now, it will be 
with GAIA. Perryman et al. (2014, ApJ 797, 14) predict >70k planets after a 10yr mission (!) 
Barnard’s star remains prone to false positive… (see claims by Ribas et al. 2018, Nat 563, 365); disputed 
to be a 1-yr alias by Lubin et al. 2021, AJ 162, 61)

They have always been in planet search samples… GJ876b, 1st M-dwarf 
planet in 1998 Marcy et al. (1998); Delfosse et al. (1998) 
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Practical motivations
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Advantages for velocimetry

For equal semi-major axes.… K is 1.3x for a 0.60x lower-mass stars 
……………………………………3.8x……0.07x………………….

K⋆ = (
G

a(1 − e2)
)1/2

Mp sin i
(M⋆ + Mp)1/2

K⋆ = (
2πG

P
)1/3

Mp sin i
(M⋆ + Mp)2/3

1
(1 − e2)1/2

For equal orbital periods…… K is 1.4x for a 0.60x lower-mass stars 
……………………………………4.6x……0.07x………………….



École Evry Schtazman 2021 - Roscoff Xavier 
Bonfils

Practical motivations
At same insolation / equilibrium temperature ?

Tp = T⋆(1 − A)1/4 R⋆

2a

a =
1
2

R⋆

T2
⋆

T2
p 1 − A

Planet is 4x closer for a M0 ( ) star 
……….75x……………M9 ( )…

R⋆ = 0.6R⊙; T⋆ = 3 800K
R⋆ = 0.08R⊙; T⋆ = 2 100K

Advantages for velocimetry
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hot-Jupiter      0.05    127           165               483                                                                               
Jupiter          5.2      12.5          16                 48 
hot-Neptune      0.05      6.8           8.8               26 
Earth            1         0.09          0.12               0.34              

a      Sun            M0 (0.60M )       M8 (0.07M ) 
[AU]   [m/s]          [m/s]             [m/s]

⊙ ⊙

Temperate Jupiter         28            76                954                                                                              
Temperate Earth            0.09          0.24               3              

Advantages for velocimetry
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δ =
πR2

p

πR2
⋆

Everything else equal…  is 2.8x for a 0.60x smaller stars 
………………………………..100x……..0.10x………………

δ

Pr ∝
R⋆

a

Advantages for transit photometry

hot-Jupiter    0.05     10 ; 9           30 ; 6                             100 ; 1                                                                               
Jupiter           5.2      10 ; <0.1      30 ; 0.05                        100 ; <0.01 
hot-Neptune 0.05     1.5; 9           3.5; 6                              13 ; 1 
Earth                 1      0.084; <0.5 0.2; 0.3                           8 ; <0.05

  a        Sun              M0 (0.60R )                M8 (0.10R ) 
[AU]     [mmag];%            [mmag];%            [mmag];%

⊙ ⊙

Everything else equal… Pr decreases linearly with smaller stars
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<latexit sha1_base64="hZRasBV1f+rg0iaZxD2hpzfX9lc=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4KjMi6kapunEjVLAPmBnKnTTThmZmQpIRyjB/48ZfcSOoiC79E9PHQlsPJBzOOZfknkBwprRtf1mFhcWl5ZXiamltfWNzq7y901RJKgltkIQnsh2AopzFtKGZ5rQtJIUo4LQVDK5HfuuBSsWS+F4PBfUj6MUsZAS0kTrlCw+46AN2QRJFiX/uhRJIdtsRubk8pUHmE8lkLht+nnWxK0AqYsJ5qVOu2FV7DDxPnCmpoCnqnfKr101IGtFYEw5KuY4ttJ+B1Ixwmpe8VFEBZAA96hoaQ0SVn433zPGBUbo4TKQ5scZj9fdEBpFSwygwyQh0X816I/E/z011eOZnLBappjGZPBSmHOsEj0rDXSYp0XxoCBDJzF8x6YNpRZtqRyU4syvPk+ZR1TmpOnfHldrVtI4i2kP76BA56BTV0A2qowYi6BE9ozf0bj1ZL9aH9TmJFqzpzC76A+v7BxCMpqk=</latexit>

↵[arcsec] =
Mp

M?

a[AU ]

d[parscec]

Everything else equal…  is 1.7x for a 0.60x lower-mass stars 
…………………………………14x………0.07x……………………

α

Advantages for astrometry

hot-Jupiter     0.05        1               1.7                            14                                                                                
Jupiter           5.2      500           850                           7000 
Earth                 1          0.3            0.5                             4.2

  a        Sun              M0 (0.60R )                M8 (0.10R ) 
[AU]     [µas]            [µas]                            [µas]

⊙ ⊙
@10pc

σHipparcos ∼ 1 mas σGaia ∼ 25 μas
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Imagery ?  (& Characterization)

µ-lensing ?

The lenses are distributed +/- like the stars in the Galaxy, and therefore tend 
to be M dwarfs.  

Advantages for characterization

Contrast ratio is more favorable, both in luminosity (for imagery or 
occultation spectroscopy) or surface ratio (for transmission spectroscopy)
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Earth-mass / Earth-size regime is probed by RV & Transit methods

Exoplanet Science Strategy (2018) 
National Academy of Science (US)
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Drawbacks
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Faint stars
1st and foremost : they are faint…  

from a few % (M0) to  (M9) 

@ equal distances, M dwarfs require higher collecting power 
compared to G stars 

Since M dwarfs are more numerous, they tend to be close though… but only 
by a factor … and, therefore, not enough to significantly change 
how faint they are compare to Gs 

the low-luminosity penalty is comparable to the advantages highlighted 
earlier (!) 

10−4L⊙

102 − 104 ×

101/3 ∼ 2 ×

⇒

If signal gets a boost toward lower-mass, smaller stars, photon noise gets a 
boost too…
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An example w/ Trappist-1
• Smallest ( ), lowest-mass ( ), coolest ( ) planet 

host

• 7 planets ; ; 

• A scaled Earth would be between planet d and planet e (@ 0.023 AU)
• A priori transit prob (for such scaled Earth) ~ 2%; transit depth ; 

• For comparison, Earth around Sun : ; ; 
• V= 19 mag; and no RV confirmation yet…
• Masses were obtained w/ TTVs
• Even for transit photometry, the (S/N) cost benefit is little favorable to small stars

R⋆ = 0.12R⊙ M⋆ = 0.08M⊙ T⋆ = 2′ 550K

0.75 − 1.1 R⊕ 0.41 − 1.4 M⊕ 0.13 − 4.3 S⊕

δ = 0.65 % K1 = 5 m /s
p < 0.5 % δ = 0.0084 % K1 = 0.09 m /s
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Noise regimes

- fundamental noise (photon noise)
+ white noise (Ron, dark…)

- systematics, correlated noise (floor noise)

• Instrumental (calibration, stability)
• Astrophysical scene (stellar activity, unaccounted effects)
• Atmosphere, astrometeorological conditions
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Infrared 
Velocimetry 

HPF
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Infrared
Photometry

E x rA

Spitzer
HAWK-I@VLT ExTrA@La Silla
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Doppler content

δVRMS =
c

Q Ne−

RV uncertainty

Speed of light

# photo-electrons

Quality factor

All spectral elements do not contribute equally. Small velocity shifts produce 
larger change in spectral elements with larger slopes. The Doppler information 
content is therefore proportional to the slope. 
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Reiners et al.  (2010); 
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δVRMS =
c

Q Ne−

RV uncertainty

Speed of light

Quality factor

Artigau et al. (2018)

See also Reiners et al.  (2010); 
Figueira et al. (2018)
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Artigau et al. (2018)

Actual IR gain is a factor of a few
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Stellar activity
Stellar activity & rotation 
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Stellar activity
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w (deg.) 143 113
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a (AU) 0.039 0.147

2-planet Keplerian model

GJ 674
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Stellar activityGJ 674
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Activity preview

GJ 674’s Ca II H&K lines have large emission reversals 
compare to other targets

prompt for  an activity analysis
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Stellar activityGJ 674

HÆ Ca II H+K°5

0

5

R
V

[m
/
s
]

R
V

[m
/
s
]

0 1 2 3 4 5

IndexIndex

HÆ

Ca II H+K

0

1

2

3

4

5

I
n
d
e
x

I
n
d
e
x

0 0.2 0.4 0.6 0.8 1

¡¡

HÆ

0

10

20

P
o
w

e
r

P
o
w

e
r

Ca II H+K

0

10

20

P
o
w

e
r

P
o
w

e
r

1 10 100 1000

Period [day]Period [day]

Spectroscopy
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2nd signal is likely 
caused by a spot
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Stellar activityGJ 674
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Stellar activityGJ 674
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Bonfils et al. (2007)



RV noise of flares

Reiners (2009)

100 m/s
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• Study w/ TESS by Gunter et al . (2020)
• mid-M and later types are most common 

flaring stars

- correlate well with Halpha
- easily diagnose in spectra

=> can be discarded easily from RV time series



RV change due 
to change in the 

convection

Kuerster et al. (2003)
• anti-correlation Halpha-RV (not a loop)
• modulation is also on a shorter time-scale than rotation (believed to be ~130d)   

• => change in the convective blue shift (which actually is a red-shift for Barnard’s star)
due to magnetic plages that locally inhibit convection
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Newton et al. (2016)

• Evidence for 2 populations toward later 
types, fast and slow rotators

• And a lack of stars with intermediate 
rotation periods
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Suárez Mascareño et al. (2018)
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Strategies / tool box  
to address stellar activity
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Linear fit w/ activity proxy

Queloz et al. (2001);   also HD 41248 Santos et al. (2014)
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Linear fit w/ activity proxy

Meunier & Lagrange (2013);

• On Sun data
• Main limit is 

convective noise
• Found to x10 larger 

than required to 
detect an Earth twin
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Keplerian/sine fit

Boisse et al. (2011)
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Floating chunks

Hatzes et al. (2011); See also Hatzes et al. (2014); Dai et al. (2017) 

• Mass of CoRoT-7b
• One offset / night 

subtracted to filter 
RV change on time 
scales > 1 night

• Need multiple pets / 
night and a very 
short period orbit (!)
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Boisse, Bonfils & Santos (2012)

Analytic modeling
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Boisse, Bonfils & Santos (2012)
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FF’ method
Aigrain, Pont & Zucker (2012)

Fig. By  Haywood



Visible

IR

(to mitigate RV-induced activity motivates 
new IR spectraograph, such as SPIRou)
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Gaussian Processes
χ2 = ∑

i

(Oi − Ci)2

σ2
i

χ2 = rTWr r = (O − C)

W =

σ2
1 0 ⋯ 0

0 σ2
2 ⋯ 0

⋮ ⋮ ⋱ ⋮
0 0 ⋯ σ2

n

W =

σ2
1 σ1,2 ⋯ σ1,n

σ21
σ2

2 ⋯ σ2,n

⋮ ⋮ ⋱ ⋮
σn,1 σn,2 ⋯ σ2

n

• Diagonal elements of the weight matrix 
correspond to uncorrelated noise

• Off-diagonal elements express the 
covariance between points

• >>N covariance values; cannot be free 
parameters

• GPs attempt to model the covariance 
matrix with a function (aka kernel) that 
has few free parameters

Haywood (2015)
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GPs

• Prox Cen
• Espresso
• Anchored  

on FWHM

Suarez Mascareno et al. (2020)
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Polarimetry

• Tomography 
• Surface brightness => dRV
• e.g. young T-Tauri V830 Tau

Donati et al. (2016)
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• Tomography 
• Surface brightness => dRV
• e.g. young T-Tauri V830 Tau
• And its hot Jupiter  

P=5d; Mp=0.7Mjup

Polarimetry

Donati et al. (2016)

See also Klein et al. (2020) with AU Mic b
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|B| + FF’

• Observation of the Sun
• SDO/HMI data
• /w oscillation nor granulation
•
• Feasible for other stars ?

B⊙ ∼ 20 Gauss

Haywood (2020)
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• Observation of the Sun
• SDO/HMI data
• /w oscillation nor granulation
•
• Feasible for other stars ?

B⊙ ∼ 20 Gauss

Haywood (2020)
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Take home
Searching planets around lower-mass stars probes a different outcome of the 
planetary formation 

The signal to detect is often (much) larger that of lower mass stars 

But so is the photon noise ! 

The true S/N advantages depends on the level of systematics.  

Stellar activity is a chief concern. 

Mitigation strategies is one of the most active topic of this field; with various 
(successful) strategies. 


