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EXOPLANETS

A nearby transiting rocky exoplanet that is suitable
for atmospheric investigation
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Spectroscopy of transiting exoplanets can be used to investigate their atmospheric properties

and habitability. Combining radial velocity (RV) and transit data provides additional information

on exoplanet physical properties. We detect a transiting rocky planet with an orbital period

of 1.467 days around the nearby red dwarf star Gliese 486. The planet Gliese 486 b is

2.81 Earth masses and 1.31 Earth radii, with uncertainties of 5%, as determined from RV data

and photometric light curves. The host star is at a distance of ~8.1 parsecs, has a J-band magnitude
of ~7.2, and is observable from both hemispheres of Earth. On the basis of these properties and
the planet’s short orbital period and high equilibrium temperature, we show that this terrestrial
planet is suitable for emission and transit spectroscopy.

he combination of transit photometry
and Doppler radial velocity (RV) mea-
surements can determine precise values
of the masses, radii, bulk densities, and
surface gravities of exoplanets. Determi-
nation of an exoplanet’s atmospheric proper-
ties is possible using transmission and emission
spectroscopy, but doing so for rocky exoplanets

Fig. 1. Radial velocity and light curves of Gliese
486. Phase-folded RV data from (A) CARMENES VIS,
(B) MAROON-X red, and (C) MAROON-X blue,

and (D) TESS photometric data. Blue circles in

(D) represent the phase-folded 2-min cadence

TESS transit photometry, whereas red circles are
1-hour bins of the phase-folded data. Error bars
indicate 1o uncertainties of individual measurements.
Black solid curves in all panels are the maximum
likelihood orbital model from a joint fitting of

all these data simultaneously. Norm. flux,

normalized flux; d, days.
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is challenging because of their small size. The
CARMENES (Calar Alto high-Resolution search
for M dwarfs with Exo-earths with Near-infrared
and optical Echelle spectrographs) survey (1)
and the Transiting Exoplanet Survey Satellite
(TESS) mission (2) together have the sensitiv-
ity required to detect and, potentially, jointly
investigate and characterize nearby exoplanet

systems. Small exoplanets are easier to detect
around red dwarfs (main-sequence stars of
spectral type M), as those stars are themselves
small and of low mass. Particularly important
are small, Earth-sized terrestrial planets in the
habitable zone (3, 4), the region where liquid
water could exist on the surface. The orbital
periods expected for terrestrial planets in the
habitable zone around M dwarfs are a few tens
of days, and the predicted RV signals are large
enough to be detectable.

M dwarfs are abundant in the Solar neigh-
borhood; of the 357 cataloged main-sequence
stars within 10 pc of the Sun, 283 (79%) are of
type M (5, 6). Nearby exoplanets are favored
for follow-up characterization, mainly because
of their brighter host stars (producing a higher
signal-to-noise ratio). Within 10 pc, ~80 planets
in 40 stellar systems are known, of which ~50
planets orbit around 35 M dwarf hosts. These
include the closest exoplanet systems, such as
Proxima Centauri (7, 8) and Barnard’s star (9).

We observed the nearby star Gliese 486
[Wolf 437, TESS Object of Interest (TOI)
1827], a red dwarf of spectral type M3.5 V, as
one of the ~350 targets in the CARMENES
survey (10). RV monitoring of the star between
2016 and early 2020 showed a periodicity of
1.467 days with a false-alarm probability of
<0.1% (11). No counterpart was found in stellar
activity indices, suggesting that the signal was
due to an orbiting planet rather than stellar
variability, which is common in M dwarfs. We
used photometric data from TESS to confirm
the presence of the planet, identifying 13 transit
events with a periodicity of 1.467 days (11). At a
distance of 8.1 pc, Gliese 486 is the third-closest
transiting exoplanet system known, and Gliese
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486 b is the closest transiting planet around a | From the CARMENES spectroscopic obser- | 0.015 solar masses (M) following (13). Because
red dwarf with a measured mass. vations and a photometric data compilation | of its closeness, Gliese 486 has been a target
We list the physical properties of the star | (12), we computed a stellar radius of 0.328 + | of direct-imaging exoplanet searches (14, 15),
Gliese 486 and planet Gliese 486 bin Table 1(Z7). | 0.011 solar radii (R») and a mass of 0.323 + | which placed upper limits on low-mass stellar
and substellar companions at sky-projected
| PHYSiCal Separations between 1.2 and 161 astro-
Table 1. Measured properties of Gliese 486 and its planet. We used gravitational constant G = noml(?al units (au), larger than the orbit we find
667430 101 m® kg™ 52, M,, = 198847 10 kg, R, = 6,957 10° m, M¢ = 59722 107 kg, and Re = for Cliese 486 b. ,
6.3781 10° m. The tabulated rotation period is a proxy obtained from a quasi-periodic representation of We supplemented the TE,SS phobf)mgtry with
the photometric variability. The eccentricity upper limit of <0.05 is constrained at the 68.3% confidence groupd-bgsed pl.lotometrlc monitoring and
level. The tabulated equilibrium temperature would be 60 K cooler if the Bond albedo were 0.30. grchlval tlm? series data to furtt}er character-
ize the transit events and determine the stellar
Parameters Value rotation period. Using photometry of Gliese
486 collected by the Wide Angle Search for
Stellar Planets (WASP) (16) between 2008 and 2014
Right ascension (J2000 equinox) 12:47:56.62 and by the All-Sky Automated Survey for
Declination (J2000 equinox) +09:45:05.0 Supernovae (ASAS-SN) (17) between 2012 and
Spectral type M35+ 05V 2020, we measured a stellar rotation period
J-band magnitude (mag) 7.195 + 0.026 P = 130.17}5 days, which is consistent with
Mass (M) 0.323 + 0.015 our expectations for an old and weakly active
Radius (Re) 0.328 + 0.011 M-dwarf star and much longer than the planet
Luminosity (L) 0.01210 + 0.00023 orbital period (fig. S4). We observed two ad-
Effective temperature (K) 3340 + 54 ditional transit events using the Multicolor
Distance (pc) 8.0761 + 0.0041 Simultaneous Camera for studying Atmos-
Rotation period (days) 130.173% pheres of Transiting exoplanets 2 (MuSCAT2)
Metallicity [Fe/H] (dex) +0.07 + 0.16 (18) at the 1.5-m Telescopio Carlos Sanchez
Planetary at Observatorio del Teide on 9 May 2020 and
Orbital period (days) 1.4671190.9000%% 12 May 2020 and three more transits with
Radial velocity semiamplitude (m %) 3.370Jj8j8§% ;‘heiels.gogz %ﬁégg%tgegi gt:ifiﬁagtggigéogﬁ
Eccentricity <005 servatory on 15 May 2020, 24 May 2020, and
Argument of periastron (degrees) unconstrained 5 June 2020.
Time of inferior transit (barycentric Julian date) 2,458, 931.15935f8j888fé We complemented our CARMENES RV ob-
Orbital semimajor axis (au) 0-01734f8ﬁ888§$ servations of Gliese 486 with data from the
o M-dwarf Advanced Radial velocity Observer
Mass (Me) 282701 Of Neighboring eXoplanets (MAROON-X) spec-
Radius (Re) 1.305705% trograph (20) at the 8.1-m Gemini North tele-
Inclination (degrees) 88 4fﬂ scope. In total, we obtained 80 CARMENES
spectra between 2016 and 2020 and 65 with
Insolation (Sg) 40343 MAROON-X between May and June 2020. These
Mean density (107 kg m™) 70 data provide complete phase coverage of the
e : = o6 Gliese 486 b RV signal (Fig. 1), with a total
Surface gravitational acceleration (m s™) 16.4755 weighted root mean square residual of 105 m s ™.
Equilibrium temperature (K) 7013 We performed an orbital analysis using the
Exo-StrikER software (21). Global parameter
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Fig. 2. Mass-radius diagram for known transiting
planets with measured masses between 0.5 and
5.5 Mg and radii between 0.5 and 2.0 Rg. We
show all cases with precision better than 30% (see
supplementary text). Gliese 486 b is shown

in red, planets orbiting around late-type stars with
Tetr < 4000 K are shown in orange, and hotter
stars are shown in dark gray. Earth (blue circle
with cross) and Venus (light gray circle with ¢
symbol) are shown for comparison. Curves

show theoretical planet mass-radius relationships
for compositions indicated in the legend: pure
water (H20), pure enstatite (MgSiOs) rock, an
Earth-like mixture of 50% enstatite and 50% iron,
and pure iron (Fe) (23).

Fig. 3. Metrics for
transmission and r A
emission spectros- 1074k
copy for rocky planets ;
with measured
masses orbiting
nearby M dwarfs.

(A) Expected primary
transit transmission
signal per scale height
as a function of Ks-band 0
magnitude. Gliese 486 b 106k ©°

Transmission signal per scale height

is shown with a star,
planets around bright
G and K dwarfs at a
distance of <30 pc are

shown with open circles, and planets around M dwarfs are shown with solid circles.
The color bar indicates the planet radius. Selected planets are labeled. (B) Same

as (A), but for the transmission spectroscopy metric (computed homogeneously with a
scale factor 0.190) as a function of Teq. (C) Same as (A), but for the emission
spectroscopy metric as a function of Teq. In (A), diagonal dashed lines mark expected
amplitudes of spectral features in transmission at three different, arbitrary
exposure times teyp, 2 teyp, and 3 tey, with the same instrumental setup. In (B)
and (C), planets hotter than the vertical lines at Toq = 880 K are expected to have
molten lava surfaces. See supplementary text for details.

optimization was performed by simultaneously
fitting Keplerian orbit models to the CARMENES
visual channel (VIS), MAROON-X red and blue

Trifonov et al., Science 871, 1038-1041 (2021)

channels, and the TESS photometry. An alter-
native model that also includes transit data
from MuSCAT2 and LCOGT provides consistent
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results (11). For Gliese 486 b, we obtained a
planet orbital period Py, = 1.46711973-990051

days and an orbital inclination 4, = 88.477}
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degrees. Using the RV semiamplitude Kj, =
3.37°5% m 57, the stellar parameters of Gliese
486, and the orbital parameters, we derived
a dynamical planet mass M; = 2.82707)
Earth masses (Mg), a semimajor axis a;, =
0.0173273:950°7 au, and a planet radius Ry, =
1.30610:9% Earth radii (Rg). We concluded
that Gliese 486 b has a circular orbit with an
upper limit on the eccentricity e, < 0.05 at a
68.3% confidence level. This low eccentricity is
consistent with the short orbital period, as
star-planet tidal forces would act to circular-
ize the orbit. We performed star-planet tidal
simulations of the Gliese 486 system with the
EQTipE integrator (22) and found that the orbit
of Gliese 486 b becomes fully circularized
within ~1 million years.

From the planet mass and radius, we de-
rived a planet bulk density p, = 7.012 107 kg
m™2 (~1.3 times that of Earth) and a surface
gravity g, = 16.2713 m s> (~1.7 times that of
Earth), respectively. From the location of
Gliese 486 b in a radius-mass diagram (Fig. 2),
its density indicates an iron-to-silicate ratio
similar to Earth’s (23). The inferred mass and
radius of ~2.82 My and ~1.31 Ry put Gliese
486 b at the boundary between Earth and
super-Earth planets (24), but the bulk density
indicates a massive terrestrial planet rather
than an ocean planet (25). The escape veloc-
ity at 1 Ry is v, =16.4" 3¢ km s™". For an energy-
limited atmospheric escape model (26) and
the previously measured host star x-ray flux
upper limit (27), we derive a low photo-
evaporation rate of Mo < 10’gs~". From
the stellar bolometric luminosity and the
planet semimajor axis, we inferred a planet
irradiance Sj, of 40.37}5 times that of Earth.
Assuming complete absorbance (a Bond albedo
Ag = 0), this equates to an equilibrium temper-
ature Toq = 701ﬂ§ K, which is slightly cooler
than that of Venus.

Figure 3 shows how Gliese 486 b compares
with other possibly rocky planets around nearby
M dwarfs (those with measured masses and
radii R, < 2.0 Ry) using standard metrics for
transmission and emission spectroscopy. Figure
3A shows the expected primary transit trans-
mission signal & per atmospheric scale height
H (8 = 2HR,, /Ry, where R, is the radius of the
planet, and Ry is the radius of the star) as a
function of apparent magnitude in the K band.
Figure 3B shows the transmission spectroscopy
metric as a function of 7.4, whereas panel
Fig. 3C shows the emission spectroscopy metric,
which is the signal-to-noise ratio expected for
a single secondary eclipse observation by the
James Webb Space Telescope (28). Figure 3, B
and C, show planets around M dwarfs with
measured masses. With a radius of 1.31 R, Gliese
486 b is located well below the radius range
of 1.4 to 1.8 Rg, under which planets are
expected to have lost their primordial hydrogen-
helium atmospheres owing to photoevapo-

Trifonov et al., Science 871, 1038-1041 (2021)

ration processes (29). It remains unknown
how stellar irradiation and planet surface
gravity affect the formation and retention
of secondary atmospheres. Planets with
Teq > 880 K, such as 55 Cancri e (30), are
expected to have molten (lava) surfaces
and no atmospheres, except for vaporized
rock (3I). Gliese 486 b is not hot enough
to be a lava world, but its temperature of
~700 K makes it suitable for emission
spectroscopy and phase curve studies in
search of an atmosphere (28). Our orbital
model constrains the secondary eclipse time
to within 13 min (at 16 uncertainty), which is
necessary for efficient scheduling of obser-
vations. Compared with other known nearby
rocky planets around M dwarfs, Gliese 486 b
has a shorter orbital period and correspond-
ingly higher equilibrium temperature of
~700 K and orbits a brighter, cooler, and
less active stellar host.
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A transiting rocky planet 8 parsecs away

Most exoplanets have been detected using either the radial velocity (RV) method or the transit method, which
provide only limited information on the planet's physical properties. In the rare cases in which both methods detect the
same planet, the combination determines the planet's mass, radius, and density. Trifonov et al. identified a planet, Gliese
486 b, using both RV and transit data. The host star is a red dwarf only 8 parsecs away, making this one of the closest
exoplanet systems known. A rocky super-Earth, Gliese 486 b has an equilibrium surface temperature of 700 kelvin. The
authors say that it is observationally favorable for searches for an atmosphere.
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