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M dwarf stars in the light of (future) exoplanet searches
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We present a brief overview of a splinter session on M dwarf stars as planet hosts that was organized as part of the Cool
Stars 17 conference. The session was devoted to reviewing our current knowledge of M dwarf stars and exoplanets in
order to prepare for current and future exoplanet searches focusing in low mass stars. We review the observational and
theoretical challenges to characterize M dwarf stars and the importance of accurate fundamental parameters for the proper
characterization of their exoplanets and our understanding on planet formation.
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1 Motivation

M dwarf stars have become a hot topic in the field of cool

stars, in large part because of the interest in discovering
small, rocky planets around them: smaller planets can be
detected around stars with smaller radii (by the transit tech-
nique) or lower mass (by the Doppler technique). Planets
can be very close to low luminosity M dwarfs but still be
within the zone where an Earth-like planet could have liq-
uid water. However, there is much we need to learn about M
dwarfs, including the location of most of the nearest ones,
the precise relationships between mass and radius, and how
to determine their metallicities and effective temperatures.
Planet hunters need to know where to look, and how to scale
the size of the surveys; determinations of the radius of a
transiting planet are limited by the precision with which we
know the radius of the host star; tests of planet formation
theories involving metallicity are limited by how well we
can measure metallicity.

2 M dwarf targets for exoplanet searches

The search for exoplanets aims to improve on our knowl-
edge of how do planets form, what are their structures and
compositions, and, with perhaps a grander philosophical
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reach, what is the origin of life. We want exoplanet searches
to detect as many (and as diverse) planets as possible and
to detect the ones that can support the emergence of life.
Today, the detection of habitable Earth-like planets transit-
ing M dwarfs is one of the most appealing objectives since,
aided by transmission and occultation spectroscopy, it is
contemplated to be the shortest route to peek into an exo-
life laboratory.

The stellar members of the solar neighborhood are dom-
inated by the red dwarfs, which comprise at least 74% of all
stars within 10 pc (Henry et al. 2006; www.recons.org). The
RECONS group has been thoroughly canvassing the solar
neighborhood in an effort to discover and characterize the
Sun’s nearest neighbors. To date, 131 new stellar systems
have been published within 25 pc and another 188 are in the
queue, most of them M dwarf stars. However, due to their
intrinsic faintness, only a very small group of these nearby
M dwarfs have been searched for exoplanets by magnitude
limited ground-based surveys.

Shown in Fig. 1 is a plot outlining what we know, and do
not know, about the stars and exoplanets within 25 pc. The
25 pc horizon is a convenient distance to consider because
it should include a robust 6000 stellar systems, yet only
about 2000 have been confirmed with trigonometric paral-
lax. Note that the stellar sample appears complete for AFGK
stars brighter than MV = 9 mag. Clearly, the M dwarfs with

c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



156 B. Rojas-Ayala et al.: M dwarfs and exoplanets

Fig. 1 The 25 pc RECONS sample. The horizontal axis is de-

signed to mark ten equal-volume shells moving away from the

Sun, so that a constant density will appear as a constant number

of points/bin. While the stellar sample appears to be complete for

the closest AFGK stars, M dwarf stars are significantly underrep-

resented.

MV = 9 mag to 21 mag are significantly underrepresented.
However, RECONS has made some progress at the closest
distances, as evidenced by the accumulation of M dwarfs
out to 15 pc. Shown with gray circles are the 3.1 % of stellar
systems hosting exoplanet candidates, where the 14 planet
hosts with MV > 9.0 mag correspond to early M dwarf
stars. Mid to late M dwarfs in the solar neighborhood have
barely been searched, due to their intrinsic faintness. In ad-
dition, surprisingly few exoplanets have been found around
K dwarfs with MV = 6 mag to 9 mag.

In the past 10 years, surveys employing different tech-
niques have been searching for planets around bright nearby
M dwarfs as well as distant M dwarfs, and have recently
reported on the occurrence of low-mass planets around M
dwarfs. The HARPS M-dwarf survey have reported an oc-
currence rate of 88+56

−19% for super-Earths (1 ≤ m sin i ≤

10 M⊕) with periods <100 days, and 41+54
−13 % for those

that orbit in the habitable zone (HZ; Bonfils et al. 2011).
The Kepler mission also indicates a high occurrence rate
for super-Earths with periods < 50 days orbiting late-K to
early-M dwarfs (3600 < Teff < 4100 K) with Howard et al.
(2012) and Mann et al. (2012) reporting an occurrence rate
of 30 ± 8 % and 36 ± 8 %, respectively. The steep rise in
the planetary mass function toward lower mass planets is
given further credit by micro-lensing surveys which, for in-
stance, find a 62+35

−37 % occurrence rate for 5–10 M⊕ planets
at large separation (0.5–10 AU; Cassan et al. 2011). Last
but not least, 2 posters at CS17 were also reporting on the
occurrence rate of planets orbiting M dwarfs: Dressing &
Charbonneau (2012) for the occurrence of habitable planets
from Kepler (0.40 habitable planet per star) and Berta et al.
(2012) for the occurrence of 2–4 R⊕ planets, with periods
P < 10 d (22+52

−6 %) in the MEarth sample.

Hence, a consistent picture emerges from HARPS, Ke-

pler, MEarth and micro-lensing surveys: the occurrence rate

of 1–10 M⊕ planets is 30–50 % per d log P , and there are 40
habitable-zone super-Earths for every 100 M dwarfs. One
can just propagates these numbers to refine (or revise) the
statistics and find that:

– the minimum sample size starts at N = 15. With 15
stars, only a null result would be different than any one
of the above surveys (with a 3-sigma confidence level).
With 20 stars, one can refine the, e.g., HARPS determi-
nation of η⊕ by a factor of ∼ 2;

– the minimum sample size to expect 1 transiting habit-
able super-Earth is ∼100 (and few times 100 to confi-

dently detect one).

3 The importance of M dwarf fundamental
parameters for exoplanet searches

To characterize a transiting exoplanet, one must first char-
acterize its host star. Planet radius, mass, and Teq are mea-
sured relative to the stellar properties. Uncertainties in the
host star mass and radius often dominate the uncertainties
on the planet mass and radius. A wide range of bulk compo-
sitions (with different proportions of rock, H/He, and ices)
is consistent with the same planet mass-radius pair (e.g.,
Valencia, Sasselov & O’Connell 2007b; Selsis et al. 2007;
Rogers & Seager 2010a), and therefore uncertainties in the
planet mass and radius further broaden the span of possible
compositions. Due to the inherent and observational uncer-
tainties, the nature of a transiting low-mass planet is often
ambiguous, with multiple plausible scenarios. For example,
based on its measured mass and radius, GJ 1214b could be
a mini-Neptune with a primordial H/He envelope, a water-
dominated planet, or a rocky planet with an outgassed H-
rich envelope (Rogers & Seager 2010b).

Improved precision on host-star properties will most
significantly impact planet characterization in cases where
reduced error bars on the planet properties could rule out a
planet composition scenario. For instance, a planet with ra-
dius in excess of a pure silicate body of the same mass must
contain significant quantities of volatiles (H/He or ices) –
a rock-dominated composition scenario is precluded. Other
limiting mass-radius relations include radius lower limits
for planets based on an extreme pure-iron composition (e.g.
Seager et al. 2007) and collisional stripping-induced iron
enhancement (Marcus et al. 2010), and radius upper lim-
its for rocky planets with outgassed envelopes (Rogers et
al. 2011), water-planets without H/He envelopes, and plan-
ets with liquid water oceans below H-rich gas envelopes
(Rogers 2012). Planets with measured properties spanning
these limiting-composition mass-radius relations could of-
fer the highest science return (in the form of improved com-
position constraints and stronger tests of planet formation)
from the effort invested in shrinking Mp and Rp uncertain-
ties with refined stellar parameters.

3.1 Inferring M dwarf properties from models

M dwarfs span a range of stellar parameters that includes
youthful brown dwarfs and elderly low-mass stars: Teff =
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2500–3900 K and log g = 3.0–5.0. Their metallicity can be
solar-like but also very low owing to the long life time of M
dwarfs. To infer M dwarf properties from models will fur-
ther be complicated by their large magnetic field strength of
103 times that of the Sun. The determination of fundamen-
tal parameter like Teff , log g, element abundances, mass,
and radii (or luminosity) seems most difficult for young M
dwarfs because of the potentially still ongoing accretion, but
also older M dwarfs are challenging, as magnetic fields play
a role that we are only starting to appreciate.

Different parameters are derived from observations by
applying different models: synthetic spectra from atmo-
sphere models (ATLAS: Castelli & Kurucz 2004; MARCS:
Gustafsson et al. 2008; PHOENIX: Hauschildt, Baron &
Allard 1997; Allard et al. 2001; Dehn 2007; Helling et al.
2008; Witte et al. 2009; Rice et al. 2010; Tsuji 2005; Ack-
erman & Marley 2001; Saumon & Marley 2008; Burrows
et al. 2001) are used to infer Teff , log g and element abun-
dances. The masses, radii, and ages are inferred from com-
parison to evolutionary models (see Table 1 in Southworth
2009; Dotter et al. 2008; Chabrier et al. 2000; Burrows et
al. 2001; Ventura et al. 1998).

A good strategy for fitting observational data with mod-
els is to use as many models as one can. Examples are pre-
sented in Dupuy et al. (2010) and Patience et al. (2012) who
furthermore demonstrate the uncertainties resulting from fit-
ting the whole observed spectral range vs. fitting individual
observed spectral intervals. Despite all wishful thinking, the
uncertainties in Teff easily amount to 200 K amongst the
different atmosphere models and for log g to one order of
magnitude. This uncertainty applies also if observational
“holes” are filled in with synthetic spectra as pointed out by
Emily Rice during this Splinter session. The detailed anal-
ysis of the element abundances in M dwarf atmosphere is
challenged by the start of dust formation which impacts al-
ready at Teff as high as 2800 K (Witte et al. 2009). A de-
tailed assessment of uncertainties between the different at-
mosphere model families is not available to date, less so for
evolutionary models which carry the atmosphere as outer
boundary. Only Sinclair et al. (2010) and Plez (2011) incor-
porate comparisons between model results that are interest-
ing for M dwarfs.

3.2 Direct measurements of M dwarf radii

Direct determinations of M dwarf radii are primarily per-
formed via studies of eclipsing binaries (EBs) or via mea-
surements using long-baseline, optical/near-IR interferome-
try. The recent survey by Boyajian et al. (2012) doubles the
number of high-precision, interferometrically measured M
dwarf radii in the literature and constitutes further evidence
for the ongoing discrepancy between model and empirical
M dwarf radii. Boyajian et al. (2012) finds very weak to
non-existent correlation with metallicity for bilateral rela-
tions between M dwarf radii, temperatures, and luminosi-
ties, in contrast to a clear metallicity dependence for equiv-
alent relations involving broadband color indices. Boyajian
et al. (2012) conclude that there is no systematic discrep-

ancy for a fixed mass between directly determined single
M dwarfs and their EB component counterparts. Knowl-
edge of stellar radius, effective temperature, and luminos-
ity, along with literature time-series, can provide a largely
model-independent astrophysical and orbital characteriza-
tion of the star-planet system for transiting planets (von
Braun et al. 2012). Additionally, the location and extent of
the system HZ, based on the measured astrophysical stellar
parameters, determines whether any of the exoplanets (or
perhaps their moons), could host liquid water on their sur-
faces (von Braun et al. 2011).

4 Planet formation theory and metallicity

Metallicity is central to modern theories of planet forma-
tion because heavy elements in the disk make dust (Youdin
& Kenyon 2012). To first approximation, stellar metallic-
ity should reflect the disk’s initial metallicity. However the
disk’s metallicity – defined as a surface density ratio of solid
particles to gas – changes as particles and gas evolve sepa-
rately (Youdin 2010).

The metallicity dependence of planetesimal formation
is particularly important as a first step that depends on disk
gas (Chiang & Youdin 2010). Models of particle sedimen-
tation to the mid-plane first showed that solar metallicity
could be a threshold for planetesimal formation (Sekiya
1998; Youdin & Shu 2002). This seemingly fortuitous co-
incidence depends on the gas disk’s radial pressure gra-
dients, which affect the vertical stirring and radial drift
of solids, especially below meter-sizes. This radial drift
gives rise to “streaming instabilities” (SI) in protoplanetary
disks (Youdin & Goodman 2005). Simulations show that
SI can aerodynamically concentrate solid particles (Youdin
& Johansen 2007; Johansen & Youdin 2007). With suf-
ficient grain growth, solar metallicity is the threshold for
strong particle clumping by SI and subsequent gravitational
collapse into planetesimals (Johansen,Youdin & Mac Low
2009). Other mechanisms for triggering planetesimal for-
mation in gas rich disks also show a strong (positive) corre-
lation with disk metallicity (Youdin 2011; Shariff & Cuzzi
2011). The early phases of planet formation can help ex-
plain observed patterns of exoplanets versus stellar mass
and metallicity. A high metallicity and/or mass star with
(presumably) corresponding disk properties favors early
formation of planetesimals and the subsequent growth of
gas giants by core accretion. Around low metallicity stars,
planetesimal formation requires time to enrich the disk’s
metallicity, favoring super-Earths over giants. For low mass
stars, disk mass may be too low to form gas giants very
often and the metallicity advantage may primarily benefit
super-Earths.

M-dwarf optical spectra are dominated by highly struc-
tured molecular absorption and standard abundance analy-
ses based on high S/N and resolution optical spectra are only
possible for very early M dwarfs and without the accuracy
achieved in FGK stars (e.g. Bean et al. 2006) . In the past
decade, several alternative techniques have been developed
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to estimate the metallicity of M dwarfs. There are photomet-
ric techniques based on the V −Ks color metallicity depen-
dence (e.g. Neves et al. 2012a, and references therein), as
well as spectroscopic techniques based on broad molecular
features (Woolf & Wallerstein 2006), NIR absorption fea-
tures in modest resolution spectra (Rojas-Ayala et al. 2012;
Terrien et al. 2012), and high-res J-band spectra (Önehag et
al. 2012). While these techniques have limitations and most
of them rely on FGK + M binary systems, they assign con-
sistent metallicity estimates to the nearby M dwarf planet
hosts (σ[Fe/H] ∼ 0.1–0.2 dex). The [Fe/H] estimates for the
M dwarf planet hosts are consistent with the [Fe/H] distri-
bution of FGK planet hosts, where Jovian planets are pref-
erentially found around metal-rich stars (e.g Rojas-Ayala et
al. 2012: Muirhead et al. 2012). Current M dwarf exoplanet
surveys are using these and new techniques to determinate
the metallicities of several nearby M dwarfs (e.g. Newton et
al. 2012; Montes et al. 2012; Neves et al. 2012b; Mann et al.
2013) which are essential to discriminate among theoretical
planet formation scenarios.
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