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Abstract:

Ultra-short-period (USP) exoplanets have orbital periods shorter than one day. Precise masses and
radii of USPs could provide constraints on their unknown formation and evolution processes. We
report the detection and characterization of the USP planet GJ 367b using high precision
photometry and radial velocity observations. GJ 367b orbits a bright (V-band magnitude = 10.2),
nearby, red (M-type) dwarf star every 7.7 hours. GJ 367b has a radius of 0.718 + 0.054 Earth-radii,
a mass of 0.546 + 0.078 Earth-masses, making it a sub-Earth. The corresponding bulk density is
8.106 + 2.165 g cm?, close to that of iron. An interior structure model predicts the planet has an

iron core radius fraction of 86 + 5%, similar to Mercury’s interior.

Main Text:

Red dwarf stars of spectral type M (M dwarfs) are cool stars with effective temperatures
(Tetr) below ~4000 K (7). They have masses and radii less than around ~60% of the Sun’s and
are the most abundant type of stars in the solar neighborhood (2—4). It has been estimated that
M dwarfs host an average of 2.5 + 0.2 small planets [planet radius R, < 4 Earth-radius (Rg)]
with periods less than 100 days (5). Due to the small stellar radius, the transit signal produced
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by a planet orbiting an M dwarf is larger than a planet of the same size orbiting a solar-type star
(G dwarf). The radial velocity (RV) signal induced by a planet is also larger for an M dwarf
host than for a G dwarf, due to the lower stellar mass. M dwarfs therefore provide an
opportunity to search for exoplanets with small radius and low mass. However, young M dwarfs
often have high stellar activity, inducing noise in the RV observations (6). RV analysis can be
complicated even for old, inactive M dwarfs because their slow rotation periods have harmonics
in the range of periods where small planets are sought (7).

GJ 367 (also catalogued as TOI-731) is an M dwarf at 9.41 parsecs (pc) from the Sun (§)
with a brightness of 10.153 magnitudes in the optical V-band and 5.78 magnitudes in the
infrared K-band. We observed this star with the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph (9) and determined its stellar properties. GJ 367 has an effective
temperature of Terr= 3519 = 70 K, stellar mass M = 0.454 £ 0.011 solar masses (M), stellar
radius Rs = 0.457 £ 0.013 solar radii (Rp), and stellar luminosity Ls = 0.0288 + 00029 solar
luminosities (Le) (9) (Table 1).

The Transiting Exoplanet Survey Satellite (TESS) (/0) observed GJ 367 during sector 9 of
its survey. TESS acquired optical photometry at 2-minute cadence for 27 days from 2019
February 28 to 2019 March 26. The light curve (brightness as a function of time) was extracted
using the Science Processing Operations Center (SPOC) pipeline (/7). This revealed a planet
candidate with orbital period 0.32 days and radius 0.75 Rg, which was designated TOI-731.01
by the TESS Science Office based on the SPOC transit search and data validation results. We
also searched for transit signals using the Détection Spécialisée de Transits (DST) algorithm
(12), which indicated a transit-like signal every 0.32 days and a transit depth of around 0.03%,
corresponding to the transit of a sub-Earth size planet (Figure. 1).

We performed several tests to ensure the candidate was not a false positive. Comparison of
photometric data using varying aperture sizes showed no correlation between the aperture size
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and transit depth, indicating that the transit signal is not from another source blended with
GJ 367. We performed follow-up ground-based photometry, finding no contamination from
eclipsing binaries up to 2.5 arcsec from the target star (9). The follow-up photometry shows
that nearby stellar sources contribute 9.5 + 1.2% of the flux within the TESS optimal aperture.
This contamination reduces the transit depth, causing analysis of the TESS light curve to
underestimate the planet radius by about 5% (9). We account for this dilution factor in a transit
model to obtain the true planet radius (Table 1). The density of the host star, ps, was derived
from the transit light curve (9), finding 7.64 + 3.51 g cm™, which is consistent with the value

ps=6.71108L o cm determined from the spectral analysis discussed above (9).

In a further test, we performed a frequency analysis of the HARPS RV measurements and
stellar activity indicators (9). The periodogram of the RVs has a peak at orbital frequency (f) of
3.103 d! (P =0.322 days) that has no counterpart in the periodograms of the activity indicators
(Figure S4), consistent with a planetary origin. A further 45-day signal is present in the RV
periodogram and in the activity indicators. Our analysis of archival photometry from the Wide
Angle Search for Planets (WASP) survey indicates a stellar rotational period of 48 £+ 2 days (9).
GJ 367’s Ca II activity index is log Ry, = —5.214 + 0.074, which corresponds to an estimated
stellar rotation period of 58.0 £ 6.9 days (9). This indicates that the 45-day signal likely originates
from active regions on the stellar surface. We conclude that the 0.322-day period is due to a USP

planet, GJ 367b.

Using a priori information on the host star properties from our spectral analysis, we derived
the physical properties of the GJ 367 system using a Bayesian Markov-chain Monte Carlo
(MCMC) code, TRANSIT AND LIGHT CURVE MODELLER (73), to model the transit photometry and

RV data simultaneously (9). Table 1 reports the physical properties of the planetary system from



this analysis. The transit depth of 212 + 42 ppm and RV semi-amplitude K=79.8 + 11.0 cm s°!
correspond to a planetary radius of 0.718 £ 0.054 Rg and a planetary mass of 0.546 + 0.078 Earth-
masses (Mg). Figure 1 shows the phase-folded light curve and RV measurements of GJ 367, along
with the corresponding best-fitting transit and RV models. We find that GJ 367b is a sub-Earth
planet with a high expected signal-to-noise metric for emission spectroscopy (see Supplementary
Text). The planet receives high stellar irradiation due to its close proximity to the host star, about
576 times the incident flux on Earth. This corresponds to a dayside temperature of 1745 + 43 K
(assuming zero Bond albedo), high enough to evaporate any primordial atmosphere (/4—16) and
begin to melt or vaporize any silicates or metallic iron (17).

The measured mass and radius of GJ 367b imply a bulk density of 8.106 + 2.165 g cm™,
which we compare to the other USP planets in Figure 3A. The bulk composition of a planet can
be estimated from theoretical mass-radius relations (/8—21). Figure 2 shows the mass and radius
distribution of small planets (R, below 2 Rg) along with theoretical predictions for rocky planets
(21, 22). GJ 367b has a mass and radius consistent with an interior dominated by an iron core.
This is similar to two larger USP planets, K2-229b (23) and K2-141b (24, 25), which have
enhanced iron fractions (Figure 3). Other known planets with similar sizes to GJ 367b, such as
Kepler-138 b (26, 27) and TRAPPIST-1 d (28, 29), have lower densities, longer orbital periods
and are exposed to lower stellar irradiation, so may be less susceptible to loss of an atmosphere
(14).

We used a neural network to investigate possible interior structures of GJ 367b (9). At the
best-fitting density, this indicates that GJ 367b is predominantly made of iron (Figure 3B):
86 + 5% iron core (by radius), <10% water ice and/or H & He gas envelope, and the remainder

as silicate mantle. This composition is similar to that of Mercury, which the neural network
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predicts would have an iron core radius fraction of 81 + 4% (9). This is consistent with the

measured Mercury core radius of 2030 + 37 km (30), which corresponds to a core radius fraction

of 83 + 2%. For comparison, the interior structures of Mercury and other terrestrial planets

predicted by our analysis are shown in Figure S8.
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