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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

3



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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Table 1: Properties of host star GJ 367 and planet GJ 367b. The stellar parameters were
derived from the spectral analysis of the HARPS data (9). Planet parameters were obtained from
the joint model fitting of the TESS photometry and HARPS RVs (9). Reported values are the
medians of the posterior probability distributions with uncertainties of the 34" and 68"
percentiles of those distributions.

Parameter Value
Star GJ 367 (TOI 731)
Right ascension (J2000 equinox) 09"44m29s 84
Declination (J2000 equinox) -45°46 '35".43
TESS-band magnitude 8.032 £ 0.007
V-band magnitude 10.153 £ 0.044
Parallax” (milliarcsecond, mas) 106.272 £ 0.056
Distance, d (pc) 9.410 £ 0.005
Effective Temperature, Tesr (K) 3522 +70
Stellar mass, Ms (M) 0.454 £0.011
Stellar radius, Rs (Re) 0.457+£0.013
Stellar density, ps (o) 4761033
Metallicity, [Fe/H] -0.01 £0.12
Surface gravity, log g 4.777 £0.026
Luminosity, Ls (Lo) 0.0288 £ 0.0027
Spectral type M1.0V

Planet GJ 367b
Epoch, Tp [barycentric Julian date, BJDTpg]

Orbital Period, P (days)
Planet-to-star radius ratio, R,/R;
Scaled orbital semi-major axis, a/R;

Impact parameter, b

2458544.1348 +0.0004
0.32196275:339019
0.01433:9935
3.4175:08

0.5579:93

Radial velocity semi-amplitudef, K (¢cm s1) 79.8 £ 11.0
Systemic radial velocity*, v, (km s ') 47.9258 +0.0003
Eccentricity, e 0

Transit duration, 714 (min) 36.97%3
Orbital semi-major axis, a (au) 0.0071 £ 0.0002
Orbital inclination, 7 (°) 80.75 + 0.64
Planet mass, M, (Mg) 0.546 £ 0.078
Planet radius, R, (Rg) 0.718 £ 0.054



Planet bulk density, p, (g cm™) 8.106 + 2.165

Equilibrium Dayside Temperature?®, Teq (K)

—Earth-like bond albedo (4y = 0.3) 1597 £ 39

—Zero bond albedo 1745 +43

*A correction of +61 mas was applied to the Gaia parallax (9)

TRadial velocity induced by the orbiting planet

Radial velocity of the star-planet system with respect to the observer. The uncertainty
only reflects the internal precision of HARPS and does not account for systematic

effects such as gravitational redshift.

Assuming no atmospheric circulation
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Figure 1: Phase-folded radial velocity and light curve of GJ 367. (A) Phase-folded, 2.6-minute
binned TESS light curve (blue circles) of GJ 367 with the best-fitting transit model (red line).
(B) The residuals of the light curve. A noise correction model has been applied to the data (9). (C)
Phase-folded HARPS radial velocity data for GJ 367. Different color dots correspond to different
corrections applied to the RV model (9). Black open circles are the RV data phase-binned in
intervals of 0.10. The solid black line shows the best-fitting RV model, which has a semi-amplitude
0f79.8 + 11.0 cm s!. (D) The corresponding residuals of the RV data. In panels C and D, the RV
orbital phase limits extend beyond phase 0—1 (shaded grey regions) so the first and last data points

are duplicated.
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Figure 2: Masses and radii of small planets (<2 Rg) that have both quantities measured with
precision < 30% (9). Symbols indicate masses determined with RVs (circles) and transit timing
variations (triangles), Solar System planets (diamonds) and GJ 367b (star). Error bars show 1-
sigma uncertainties. Exoplanet symbols are color-coded according to the equilibrium dayside
temperatures (color bar). Theoretical mass-radius relations for two-layer rocky planets (22) are
shown with lines corresponding to different core mass fractions. These cores consist of pure iron,
pure rock (100% MgSiO3), or a two-layer core with a mixture of iron and rock or rock and H,O
ice, as indicated in the legend. The red solid line denotes the lower limit on planet radius after

collisional stripping (37). GJ 367b is likely an iron-dominated planet.

31



Pure iron
10.0 - Earth-like
----- Pure rock
G) 367 b
. =
S
(@]
o
; 6.0 -
art
_%; Mercury R, it
c
(]
[a)
4.0_ ‘Vlars ......... .
3.0 T T T T T T
0.1 0.3 1.0 3.0 5.0 10.0
Mass / Mg
GJ 367b: pMedian
14 B
212
0
510, Ice
o
> 8
=t
S 6
©
Q 4]
. Gas\ \Mantle
(=
2,
%.0 0.1 02 03 04 05 06 07 08 09 1.0

Normalized thickness of each layer

Figure 3: Bulk composition of USP planets and predicted interior structure of GJ 367b. (A)
Mass-density diagram for USP (Po, < 1 day) exoplanets with low mass (<10 Mg) and measured
mass precisions < 30%. Inner Solar System planets are shown as black diamonds. Planet interior
composition models (22) are shown with lines indicated in the legend. The bulk densities of low
mass USP planets are usually consistent with terrestrial compositions (pure rock or Earth-like).
GJ 367b is more consistent with pure iron and an interior similar to Mercury. (B) The predicted
relative thicknesses of each interior layer of GJ 367b from the neural network model (32). The

core is assumed to be a liquid a Fe-FeS alloy. The mantle is assumed to be composed of olivine
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and orthopyroxene enstatite in the upper mantle and bridgmanite and magnesiowiistite in the lower
mantle. The ice layer is assumed to be water ice VII and the gas layer consists of hydrogen and
helium. The interior composition of GJ 367b was computed using the median mass and radius
measurements (corresponding to the derived median planet density p Median = 8 106 g cm™). We
infer an iron core filling 86 + 5% of the planet radius, with less than 1% ice and gas, similar to the
interior of Mercury which has an iron core radius fraction of 83 + 2% (30). If we take the lowest

density of GJ 367b permitted by the observations, 5.941 g cm™!, the planet iron core radius fraction

is still higher than Earth's (Figure S7).
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Materials and Methods

TESS observations and transit search

GJ 367 (TIC 34068865 or TOI-731.01) was observed by TESS (/0) during Sector 9 (28
February 2019 — 25 March 2019) on CCD 1 of Camera 3 at a cadence of 2 minutes. The 2-minute
cadence data were processed with the Science Processing Operations Center (SPOC) (/1)
pipeline to produce Simple Aperture Photometry (SAP) (33) and Presearch Data Conditioning
(PDCSAP) light curves, where the latter are corrected for known instrumental systematics (34—
36). The TESS data was downloaded from Mikulski Archive for Space Telescopes (MAST) (37).

The SPOC Transiting Planet Search (TPS) (38, 39) and Data Validation (DV) (40, 41)
pipelines searched for planets in the resulting light curves. The pipeline detected a transit signal
with a period of 0.32 day and a transit depth of 222 ppm. The DST (Détection Spécialisée de
Transits) (/2) algorithm was also used for transit searches. The algorithm first removes the
variability in the PDCSAP light curve using a Savitzky-Golay filter (42, 43). It then uses a
parabolic transit function to perform transit searches. A transit signal was detected with a period
of P = 0.321966 + 0.000031 day, a mid-transit time of Barycentric Julian Date (BJD) =
2458544.1347 + 0.0013, a transit depth of 293.74 + 14.41 ppm, and a transit duration of
0.48 £ 0.01 hour. We iteratively ran the algorithm to search for additional periodic transit signals
in the light curve but found no further significant detection beyond the 0.32 day signal. We used
PYTTV (Python Tool for Transit Variations) (44) to extract the transit times of individual transits
and found no evidence for transit timing variations. The detection was independently confirmed
with the EXOTRANS pipeline (45) with a signal detection efficiency (SDE) value of 22, higher than
the SDE limit of 9.

There are 25 sources within 30 arcsec of the target star listed in the Gaia Data Release 2 (DR2)
catalogue. We therefore performed tests to check for possible astrophysical false positives. As a
first test, we downloaded the target pixel files from MAST and used an existing reduction pipeline
(46) to apply varying aperture sizes to extract the TESS light curve. We compared the transit
depths of each light curve as a function of the aperture sizes. If the transit signal originated from a
neighbouring contaminant instead of GJ 367, we would expect the transit depth to increase with
the aperture size used for photometry reduction. Figure S1 shows the phase-folded transit light
curves of GJ 367b extracted using 3 x 3 pixels (Figure S1A), 4 x 4 pixels (Figure S1B) and 9 x 9
pixels (Figure S1C) apertures. The transit signal of GJ 367b is detected in all light curves and there
is no correlation between the transit depths and aperture sizes between light curves. This indicates
that the transit signal is likely due to a transiting planet.

Ground-based photometric observations

Photometric observations of GJ 367 were carried out on three consecutive nights (8, 9 and
10 June 2019) with the Rapid Eye Mount (REM) robotic telescope (47), located at the ESO La
Silla observatory. Each night the target was monitored for ~2.5 hours, bracketing a transit of
GJ 367b. We used the REM Optical Slitless Spectrograph 2 (ROSS2), an optical simultaneous
multi-channel imaging camera, which provides images in four different bands (Sloan Digital Sky
Survey g’, 1’, 1°, z’) onto four quadrants of the same 2k x 2k CCD detector. The images have a
field of view of 9.1 x 9.1 arcmin, and a plate scale of 0.58 arcsec pixel!. To avoid saturation of




our target in the i’ band, we fixed the exposure time to 10 s. All images were bias and flat-field
corrected via standard procedures.

By stacking all the images, separately for each night and band, we obtained higher Signal-
to-Noise ratio (S/N) images that we used to estimate the contamination by nearby stars in the TESS
aperture, as it affects the estimation of the transit depth and planet radius. We derive the
contamination factor by comparing the total flux within the TESS aperture before and after
masking all the nearby stars. We convolved the REM images with the TESS PSF, assumed to be
a 2D Gaussian with width =22.4 arcsec. We also allowed for uncertainties in the position (0.25
TESS pixels) and orientation (10 degrees) of the TESS aperture on our REM images. The
contamination factor in the TESS band was estimated to be 9.5 + 1.2%, as a weighted average of
the values obtained in the 1’, i’ and z’ bands. This is consistent with the crowding metric
(CROWDSAP) estimated by the SPOC pipeline. The CROWDSAP metric measures the ratio of
target flux to total flux in the optimal apertures. The CROWDSAP of GJ 367 is 0.903, equivalent
to 9.7% contamination in the TESS light curve. The planetary transit depth appears shallower if
the light curve is contaminated by flux from nearby stars (48). For GJ 367, the inferred planet
radius was therefore underestimated by about 5% in the pipeline results. The uncertainty in the
contamination factor propagates to a radius uncertainty of less than 1%, negligible in determining
the planet radius. The contamination factor is used in our transit model to derive the true planet
radius (Table 1).

In order to investigate the possibility of a false positive detection, we further observed a
full transit of GJ367b in Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS) z-short band on Universal Time (UT) 2020 May 12 for 184 minutes from the Las
Cumbres Observatory Global Telescope (LCOGT) (49) 1-m network node at Siding Spring
Observatory. The LCOGT SINISTRO cameras have an image scale of 0.389" per pixel, giving a
26" x 26' field of view. Light curves of the target and nearby stars were extracted using
ASTROIMAGEJ (50). The transit depth of GJ 367b obtained by the SPOC pipeline is 242ppm, which
is generally too shallow to reliably detect from the ground. However, the SPOC photometric
aperture generally extends ~1' from the target star, so we checked for possible nearby eclipsing
binaries (NEBs) out to 2.5 arcminutes from the target star to account for possible contamination
from the wings of neighboring star PSFs. A nearby star that is fully blended with the TESS
photometric aperture that is up to 9.1 magnitudes fainter in the TESS-band could produce the TESS
detection. Our search ruled out NEBs in all 167 neighboring stars within 2.5 arcminutes down to
TESS-band magnitude 17.6, which covers an extra 0.5 magnitudes fainter than needed.

High Resolution Speckle Imaging
If an exoplanet host star has a spatially close companion, that companion (either

gravitationally bound or coincidentally along the line of sight) can produce a false-positive
transit signal if it is, for example, an eclipsing binary (EB). “Third-light flux” from the
companion star can lead to an underestimated planetary radius if not accounted for in the transit
model (48) and cause non-detections of small planets residing within the same exoplanetary
system (57). Close, bound companion stars, exist in almost one-half of FGK type stars (52). To
search for close-in bound companions unresolved in TESS or the ground-based follow-up
observations, we obtained high-resolution imaging speckle imaging observations of GJ 367.



GJ 367 was observed on 2020 January 10 UT using the Zorro speckle instrument on Gemini
South (53, 54). Zorro provides simultaneous speckle imaging in two bands (562 nm and 832 nm)
with output data products including a reconstructed image and contrast limits on companions
(55). Three sets of 1000 % 0.06 sec exposures were collected and subjected to Fourier analysis
in a standard reduction pipeline (56). Figure S2 shows the contrast limits and the 832 nm
reconstructed speckle image. We find that GJ 367 is a single star with no companion brighter
than about 4-5 magnitudes below that of the target star (equivalent to an M5 dwarf) from the
diffraction limit (20 mas) out to 1.2". At the distance of GJ 367 (d=9.4 pc) these angular limits
correspond to spatial limits of 0.2 au to 11 au.

Stellar rotation period

WASP-South is an array of eight wide-field cameras, each equipped with 2k x 2k CCDs,
that surveyed southern fields with a typical cadence of 15 mins (57). GJ 367 was observed over
an interval of 150 nights in 2007 followed by 150 nights in 2008, at a time when WASP-South
was equipped with 200-mm {/1.8 lenses observing with a broad, 400-700 nm bandpass. It was
further observed over intervals of 160 nights in both 2013 and 2014, when WASP-South had 85-
mm f/1.2 lenses with an SDSS r-band filter (58). We searched the accumulated data from each
observing season for rotational modulations using established methods (59). Signals could arise
from any star in the extraction aperture (48 arcsecs radius for the 200-mm lenses, 112 arcsecs
for the 85-mm lenses), however GJ 367 is the brightest star in the aperture in both cases, with
the next brightest star in the 200-mm aperture being 3 mag fainter.

For both 2007 and 2008 we find a modulation with a period of between 44 and 49 d, with a
false-alarm probability <1 per cent in each case (Figure S3). The 2013 data instead show power
at a longer period near 60 d (the reason for this is unknown, though it could result from phase
changes caused by the emergence of star spots). The 2014 data show power at 24 d (compatible
with being the first harmonic of the above period), plus power at the 44 — 49-d period itself.
Combining all the data into one periodogram shows power between 44 and 49 d. We conclude
that GJ 367 likely has a rotation period in that range, but cannot narrow it down further because
a rotational modulation is incoherent over the data span. The amplitude of the modulation varies
between 3 and 8§ mmag.

A different methodology was also applied to the WASP data. We first calibrated the data as
follows. We removed outliers if the difference between the magnitude of a data point and the
median magnitude of the time series data is greater than 0.04. The data are re-binned to a cadence
of 0.2 days and gaps inside each campaign are interpolated using the inpainting method based
on the Multiscale discrete cosine transform (60, 61). We then apply a rotation pipeline that
combines different methods to look for modulation. First we performed a time-period analysis
using wavelets decomposition (62, 63). We also computed the auto-correlation function (ACF)



that has been applied on large sample of stars (64, 65). Finally we compute the composite
spectrum (CS), the product of the global wavelet power spectrum (that is the projection of the
wavelet power spectrum on the period axis) with ACF. This CS allows us to emphasize signals
present in both methods (66, 67). The results of this analysis are shown in Figure S4.

We find the excess of power around 48 days from different methods. The wavelet analysis
shows more power at 23 days but we interpret this as the harmonic of the fundamental period.
We therefore infer a rotation period of 48 + 2 d, which agrees with the periodogram analysis
described above. The TESS light curve for GJ 367 has an ambiguous variability (based on fast
Fourier transform analysis, Lomb Scargle Periodogram, and the wavelet power spectrum), from
which it is not possible to extract short periods with physical meaning (68).

The stellar rotation period can alternatively be estimated using the rotation-activity
relationship for very low mass stars using the R}, index obtained from the Ca 11 H and K
emission lines (69). The log R}, index of GJ 367 is -5.214 + 0.074 (derived from the HARPS
spectra described below) which translates to an estimate stellar rotation period of 58.0 + 6.9 days.
This is not inconsistent with the rotation period measured using the WASP data.

Spectroscopic observations

Twenty-four high-resolution (resolving power ~ 115000) spectra of GJ 367 were acquired
during 24 different nights between 12 December 2003 and 07 February 2010 (UT) with the High
Accuracy Radial velocity Planet Searcher (HARPS) spectrograph (70). The observations were
carried out as part of a radial velocity (RV) survey (77). Shortly after the detection of the USP
planet candidate in the TESS light curves, we acquired 81 additional HARPS spectra on 28
different nights between 23 June 2019 and 23 March 2020 (UT). In this second campaign we
tailored our observing strategy to account for the short orbital period of GJ 367b by following a
multi-visit approach, taking at least two spectra per night in 20 out of the 28 nights. The exposure
times were set to 600 s and 900 s, except for two observations of 1500 s (06 June 2007, UT) and
1200 s (22 March 2020, UT) each, resulting in a S/N ratio per pixel at 650 nm between 3 and 127,
with a median of 81. The exposure times used are less than 5% of the orbital period of the planet,
limiting the smearing of any radial velocity signals. The spectra were automatically reduced using
the HARPS Data Reduction Software (72). Two spectra (acquired at BJDtpg: 2458665.548,
2458665.556) were rejected due to their low S/N ratio and they were not considered in the analysis.
The phase coverage of the RV curve for GJ 367b is uneven (Figure 1) because the orbital period
of the USP planet is close to a multiple of 24 hours. Therefore, observations taken over consecutive
nights are at similar orbital phases. Subsequent additional follow-up observations were made to
increase the RV phase coverage. However, this was limited by the visibility of the star and the
observing facility shut down in March 2020 due to the Covid-19 pandemic.

In June 2015 the HARPS fiber bundle was upgraded to octagonal fibers (73). We

therefore treated the HARPS RVs taken before and after June 2015 as two different data sets to
account for the RV offset caused by the refurbishment of the instrument.

We extracted the RV measurements from the HARPS spectra, along with the Ho, Hf3, Hy
Balmer, Na D, and Ca H & K (S-index) lines, from which we computed activity indicators. The
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RVs were measured by maximizing the likelihood between each reduced spectra and a stellar
template constructed from shifting all spectra to a common velocity frame and taking the median.
The stellar template was shifted in several steps of RV in the range 27.93 — 67.61 km s! and for
each step the likelihood was derived following established methods (74). The resulting RV time
series has a standard deviation of 4.36 m s™! and a median precision of 0.74 m s! in the range
0.45 — 9.05 m s'.. The RV measurements are listed in Table S1 and the corresponding activity
indicators are listed in Table S2.

We also extracted additional spectral diagnostics, namely the chromatic index (CRX) and
the differential line width (dLW), using the code SERVAL (75). These are shown in Figure S5.

Stellar fundamental parameters
We determined the spectroscopic parameters of GJ 367 using the tool SPECMATCH-EMP (76)

to compare the co-added HARPS spectrum with a spectral library of high-resolution (resolving
power =~ 55000) spectra of FGKM stars. The tool is used to find the stellar effective temperature
Tetr, logarithmic iron abundance [Fe/H], and stellar radius R;. Since the spectra in the SPECMATCH-
EMP library has a lower spectral resolution than the HARPS spectrum, we degrade the spectral
resolution from ~115000 to ~60000 before applying SPECMATCH-EMP to the HARPS spectrum.
Following the methods described in reference We performed a Markov-Chain Monte Carlo
simulation (77) which applies empirical relations (78) to derive the stellar mass Ms, stellar density

ps, surface gravity log g, and luminosity Ls from the output stellar parameters of SPECMATCH-EMP
and the distance d from the Gaia parallax (8). There is a known systematic offset in the reported
Gaia parallaxes, so we applied the recommended correction of +61 pas (79). The resulting
properties of GJ 367 are listed in Table 1 and are used for the simultaneous light curve and RV
analysis described below. As a cross-check, we derived the parameters of the host star using the
Machine Learning tool ODUSSEAS (80). We used the co-added HARPS spectrum as input data to
obtain Ter = 3405 + 70 K and [Fe/H] = -0.04 = 0.11 dex, consistent with the above analysis.

We also computed stellar parameters using the packages ISOCHRONES (8/7) and MIST (82) to
fit models to the Gaia DR2 parallax (7) (8, 83) and 2MASS photometry (J,H,Ks bands) (§4). We
chose Gaussian priors on 7efr and [Fe/H] based on our SPECMATCH-EMP results, and used
MULTINEST (85) to obtain posterior samples. We obtained the following parameter estimates: Tefr =
3674 £ 35K, log g = 4.8207039%7 (cgs), [Fe=H] = 0.10 £ 0.09 dex, M; = 0.468*3% Mo, Ry =
0.440 £ 0.004 Rp, ps = 7.713 £ 0.180 g cm 3, age = 8.0128 Gyr, distance d = 9.410 + 0.005 pc,

and extinction Ay = 0.07*0% mag.

There are known discrepancies between observations and stellar evolution models of M
dwarfs. In particular, the observed radii of these stars are larger than model predictions while
stellar effective temperatures measured are often cooler (85—88). The stellar parameters derived



from isochrone fitting may be less accurate, so we adopt the results obtained from the
SPECMATCH-EMP tool in the subsequent joint analysis of the TESS photometry and HARPS RV.

The stellar chromospheric activity was determined from the Ca 11 H & K emission lines; the
activity index has a median value of log (Ryyg) = -5.214 £ 0.074. The upper limit on GJ 367’s
X-ray flux is log(Fx/mW m2)< -13.09 and bolometric flux of log(Fro/mW m2)=-7.94 mW m~
(90). The upper limit of the coronal X-ray activity of GJ 367 is thus log (Lx/Lsoi) < 5.15, where
Ly is the X-ray luminosity and Lyl is the bolometric luminosity.

The projected rotation velocity of GJ 367 has an upper limit of v sin i < 3 km ! (90),
equivalent to a rotation period of Prot > 7.71 days (assuming the system is aligned with the line
of sight, i.e. i = 90°. This agrees with the rotation periods estimated from the stellar rotation
analysis of the WASP data, as well as the rotation period estimated from stellar chromospheric
activity as described in the main text. Taking our the adopted rotation period of 48 + 2 d, the
rotational velocity of the star is Vyor = 0.48 + 0.02 km s™! (assuming i = 90°). The semi-amplitude
of the Rossiter-McLaughlin effect (91) is estimated to be 0.06 + 0.01 m s™!, which is small and
negligible.

Using the Gaia DR2 parallax, proper motions, and RV, the Galactic space velocities of GJ
367 were found to be (U, V, W ) = (-11.732 £ 0.014, -36.53 £ 0.37, -21.928 £+ 0.036) km s™'.
Based on established criteria (92), this gives the star a 97.6% probability of belonging to the thin
disk, 2.4% of belonging to the thick disk, and a negligible probability of belonging to the Galactic
halo. Thin disk membership is consistent with the value of [Fe/H]=-0.01 &+ 0.12.

Table 1 lists the stellar parameters of GJ 367b and Table S3 lists its identifiers and additional
photometric magnitudes of GJ 367b.

Stellar age

We used gyrochronology to estimate the age of GJ 367 following established methods [(93),
their equation 32]. The global convective turnover timescale (t.) for stars of mass 0.45 Mg is 1c =
1.769 x 10*> d (94). We adopted the rotation period of 48 + 2 d obtained from the WASP
photometry. The estimated gyrochronological age of GJ 367 is then 3.98 + 1.11 Gyr. This age is
consistent with the isochronal age of 8.0%28 Gyr. Age-dating using gyrochronology may be
imprecise for M dwarf stars. Stellar rotation studies have shown that stellar ages estimated from
gyrochronology models may be under-predicted for large portions of the stars (65, 95). The
photometric amplitudes of slowly rotating old stars are usually low and difficult to measure. As a
result, gyrochronology models may be insufficiently calibrated due to the lack of old M dwarfs in
the observed samples (94, 95). However, deriving ages of M dwarfs from isochrones may also be
problematic because M dwarfs evolve slowly along the main-sequence and their observable

properties do not change substantially. This means that isochrones in the Hertzsprung-Russell



diagram are very close to one another across a range of ages, which makes estimating ages very
difficult (96).

GJ 367 belongs to the Galactic thin disk, and its coronal X-ray and chromospheric indices
indicate a low activity star. Along with the gyrochronology and isochrone placement
considerations, GJ 367 is likely an older star with a lower age limit of 3.98 + 1.11 Gyr.

Frequency analysis of RVs and activity indicators

We performed a frequency analysis of the HARPS RVs and activity indicators to search for
the Doppler reflex motion induced by the transiting planet, additional orbiting companions and/or
signals associated with stellar activity. We used only the 43 HARPS measurements taken in 2020
(after the fibre bundle upgrade) to avoid the presence of spurious peaks (aliases), such as those
introduced by the yearly sampling, and to avoid having to account for an RV offset between the
HARPS data-sets taken before and after the refurbishment of the instrument.

We show in Figure S5 the generalized Lomb-Scargle periodograms (GLS) (97) of the 2020
HARPS measurements and activity indicators for two frequency ranges encompassing the orbital
frequency of the USP planet and the frequency at which we expect to see the stellar signal. False
alarm probabilities (FAPs) at 0.1 %, 1 %, and 5 %, were derived using a bootstrap method (98).
The periodograms of the HARPS RVs and Ha, HB, dLW activity indicators show their strongest
power at frequencies lower than 0.03 d!, with the periodograms of the RVs having its highest peak
at /7 = 0.028 d'! (~36 days). Given the 38-day baseline of the 2020°’s HARPS measurements, this
low-frequency signal is compatible with the rotational modulation detected in the periodogram of
the WASP-South data and it is very likely associated with the presence of active regions (spots
and plage) carried around by stellar rotation. Following a pre-whitening technique (99), we fitted
sine models to the amplitude and phase at the first dominant frequency (f7) and subtracted the
model from the time series. The GLS periodogram of the RV residuals (Fig. S5B) shows a peak at
f>=10.085 d!, corresponding to a period of ~11.7 days, which is also visible in the periodogram of
the RVs and not seen in the periodograms of the activity indicators. Although the peak is not
statistically significant (FAP = 1 %), it might be induced by the presence of an additional planet
in the system with a mass 5.7 Mg (3-sigma upper limit). We iterated by removing the signal at f>.
The periodogram of the RV residuals, following the subtraction of f; and f>, shows its strongest
power at the orbital frequency of the transiting planet /3 = 3.106 d'! (Fig. S5C). The same peak is
not seen in any of the periodograms of the activity indicators, suggesting that the signal at f; is
induced by the orbital motion of GJ 367b around its host star.

To assess the significance of the Doppler signal of GJ 367b, we used an implementation (700,
101) of the floating-chunk offset (FCO) method. For USP planets, within a given night the
observed RV variation is mainly induced by the orbital motion of the close-in planet. We assume
that additional longer period signals, such as those due to stellar rotation, magnetic cycles, and
additional outer planets, remain constant within a given night, introducing a nightly offset that



changes from night to night. If we can sample a sufficient fraction of the orbit, then these nightly
chunks can be shifted until the best fitting model of the orbital motion of the star is found.

We used the FCO method as a periodogram and searched for the stellar Doppler reflex motion
induced by the USP planet. For this analysis, we used the HARPS RVs taken in 2019-2020, as
most of these RV measurements were acquired following a nightly multi-visit strategy to cover a
large fraction of the orbit of the transiting USP planet within each observing night. We divided the
2019-2020’s HARPS RVs into subsets of nightly measurements and analyzed only those subsets
that contain multiple measurements per night, leading to a total of 20 chunks. For each trial
frequency within the 0.5-6.0 d! range with a resolution of 0.0001 d!, we fitted the subsets of
HARPS data using a sine function model, while free parameters of the RV semi-amplitude, phase,
and 20 nightly offsets. Figure S6 displays the reduced y? as a function of each trial frequency. The
minimum is found at the orbital frequency of the transiting planet (f, = 3.106 d!), with an RV
semi-amplitude variation of 0.76 = 0.18 m s}, confirming the detection of the transiting planet in
our HARPS data.

Simultaneous analysis of the TESS photometry and HARPS RV measurements

The SAP light curve was used for the joint analysis of GJ 367. After removing non-
arithmetical values either in the time, flux or flux-uncertainty record, 16,535 flux measurements
remained. These measurements and their uncertainties were normalized by dividing all of them by
their median value.

The light curve was modelled using the Transit and Light Curve Modeller (TLCM) (13) code,
which performs joint RV and light curve fitting with a wavelet-based red noise model (102). It
uses two parameters, the white noise level o), and the red noise factor a,, to characterize the noise
in the light curve. The wavelet parameters are fitted alongside the free parameters of the modelled
system. A prior is applied when fitting the wavelet parameters such that the 1-sigma scatter of the
light curve residuals is equal to the average uncertainties of the photometric data, to avoid over-
fitting the data. Transit injection analysis using the short cadence Kepler SAP light curves shows
that the wavelet-based method can remove stellar variability and instrumental effects, and recover
the planet-to-star-radius-ratio with uncertainty better than 15% for cases where the signal-to-noise
ratio of a transit is low (/03). This planet-to-star-radius-ratio uncertainty reduces with increasing
number of transits and increasing S/N ratio.

A time resolution parameter is used in the TLCM model which determines the number of sub-
exposures that are used to integrate the modelled flux over time. This smoothed light curve model
is compared to the observed data to calculate the goodness of fit. This is required when the
exposure time is long compared to the length of ingress/egress of a transit, which is the case for
GJ 367 b. In this case, we used a time resolution parameter of 5 in our model. Two points from the
RV data set were removed because they were obtained during twilight and their uncertainties



became large (15 and 77 m s}, respectively). The FCO method (100, 104), as described above,
was applied to fit the RV curve where a nightly RV offset value for the nightly groups of RV
measurements. This method requires that at least two or more RV points to be obtained over the
same night in each RV subset. From the available remaining 103 RV points we found that 73 can
be used for the analysis following the FCO method. We used 19 nightly RV offsets for the twenty
nights, and free parameters of the systemic velocity V,, the RV amplitude K. The tidal
circularization timescale is 21 Myr (see below), so the orbit of GJ 367b is likely to be circular
given the host star age. We adopted a circular orbit in our model. The additional free parameters
transit epoch 7y and the period P are shared with the photometric data. The photometry was
characterized by the scaled semi major axis a/Ry, the planet-to-star radius ratio R,/Rs, the impact
parameter b2, a flux zero point shift py, and two parameters for the wavelet-based red noise
analysis: or and oy, the red-noise factor and the white noise level (/02). Contaminating light from
the neighbouring stars estimated from ground-based observations was also taken into account,
where a third light contamination parameter, /3, is fitted to correct for the flux dilution in the light
curve model. We used a penalty function when the standard deviation of the (red noise corrected)
light curve residual was not equal to the mean of the photometric uncertainties (13).

For the joint light curve, RV and FCO fitting there were a total of 19 RV offsets + 2 RV
parameters + Epoch, Period + 7 light curve parameters = 29 free parameters. During the joint
fitting the limb darkening coefficients (u+ and u-) were fixed at u+=0.62 and u- =0.15 (105). We
used TLCM to search for an initial solution using the Harmony Search type of Genetic Algorithms,
refined by Simulated Annealing (73). The estimation of final parameters and their uncertainties
were done via an MCMC analysis using 10 independent chains and one million steps in each chain
with a thinning factor of 100. The convergence was estimated by the Gelman-Rubin statistic (106)
and we prescribed that the estimated sample size (107) should be at least 200 before stopping the
MCMC analysis. The results of the joint model are listed in Table 1 and the fit to the data is shown
in Figure 1. The corner plots showing the posterior probability distributions are shown in Figure
S7.

In the joint fit, the stellar radius and the log g values were used as priors. We obtained the
stellar effective temperature, metallicity and log g from the stellar spectral analysis (see above).
The mean stellar density is determined from the period and the scaled scaled semi-major axis a/R;
via Kepler’s third law (13, 108, 109). Matching the stellar effective temperature, metallicity and
the mean stellar density with isochrones, we obtain a stellar radius Rs = 0.459 + 0.003 R and mass
M;=0.500 = 0.005 Mo which is consistent to the values obtained from SPECMATCH-EMP analysis
or via the Gaia-parallax value. We used the log g and the stellar radius value as Gaussian
distributed priors (Table 1).

To check for consistency, we performed a Gaussian Process (GP) analysis of all available RV
data following a modified version of existing methods (110, 111). The GP models the correlated

10



noise in the RV data arising from surface inhomogeneities of the host star to disentangle the
planetary signal in the dataset (//0). We used the TESS light curve to constrain the
hyperparameters of the GP kernel. We could not detect the suspected 40-day stellar rotation period
in the TESS light curve, we therefore impose a broad log-uniform prior (1-200 days) on the
periodicity of the GP model. The observed flux variation in the TESS light curve does suggest a
short correlation timescale of about 3 days. This could be caused by spacecraft instrumental effects
or detrending in the PDC pipeline. If we trust this correlation timescale is astrophysical, our GP
analysis showed a K-amplitude of 0.8770:¢ m s, which is consistent with the FCO method.
Given the uncertainty in the GP model, we adopted the FCO value as our fiducial result. As a
comparison, we also used TLCM to perform a combined RV and TESS light curve analysis without
the FCO method, which made use of all available RV data. This yielded a RV amplitude of 1.19
+0.21 m s}, corresponding to a planet mass of 0.79 + 0.14 Mg and a planet density of 18.33 +
13.36 g cm™. Without accounting for the RV variation induced by stellar variation or possible long
period companions, the amplitude of the RV curve is inflated as expected, which resulted in a
planet density which we regard as unphysically high.

Interior structure of the USP planet

The interior composition of GJ 367b was determined with a machine learning approach
(32) which utilizes the multitask (7/2) mixture density networks (MDNSs; (713)) to predict the
interiors of planets. An MDN is trained using a large dataset of synthetic planets assumed to consist
of four distinctive layers: iron core, a silicate mantle, ice shell, and H/He envelope). The set of
synthetic planets with random interior structures is used to train the MDN. For a set of input

planetary mass and radius, the trained MDN predicts the full conditional probability distribution
which can then infer the relative thickness of each interior layer (//3). The resulting distributions
depend on the assumed prior distributions, as it is the case for other inference methods (77/4). We
adopt priors which we consider very conservative, each layer having a linear prior distribution
between 0 and 1. The effect of a different prior for the light gas layer (e.g. logarithmic sampling
instead of linear), has minor effects on the resulting distributions, especially for the core and
silicate layers (32), which dominate the interior structure of GJ 367b. The core and silicate layers
use standard equations of state (EoS) (715), the ice layer is modelled using the EoS of water ice
VII. Liquid or superionic phases are not taken into account, which would increase the degeneracy
of the solutions. The gas layer is modelled with a zero-temperature Thomas-Fermi-Dirac EoS
(116). For a highly-irradiated USP planet, we expect this EoS to overestimate the density of the
layer. Thus, the inferred thickness for the gas layer in Figures 3, S8, and S9 can be considered as
upper bounds. Ice and gas could be present if the object formed far from the parent star and reached
its current position via migration (717) or eccentricity excitation (7/8). This method has been used
(32) to compare the inferred interior structure of the Earth to the core and mantle thickness from
the Preliminary Reference Earth Model (PREM) (719). The values between two models agree
within the uncertainties but the peak of the MDN distribution does not align with the core values
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from PREM, which was attributed to the large degeneracy in the interior model. This degeneracy
can only be reduced if there are additional planet interior constraints.

We used the best-fitting mass and radius of GJ 367b from the joint analysis as input
parameters to evaluate the planet’s bulk composition. The predicted interior composition of
GJ 367b is shown in Figure 3 where the median relative thickness of the planet’s iron core is
86 + 5%. Figure S9 shows the predicted interior compositions of Earth, Mars and Mercury. In
the case of Mercury, the predicted iron core radius fraction is 81 + 4%, consistent with the iron
core radius fraction measured by the MESSENGER spacecraft (30). This implies that both
interiors of GJ 367b and Mercury are predominately composed of iron, so may have formed via
similar mechanisms. The density of GJ 367b could be as low as 5.941 g cm™ and as high as
10.271 g cm? due to the uncertainty on the planetary mass and radius. We modelled the interior
structure of the upper and lower density cases using MDN. In both limiting cases (Figure S8),
the iron radius fraction of GJ 367b is larger than the Earth’s.

Supplementary Text

Tidal evolution timescales
The tidal evolution timescale 1, (120, 121) is defined as

P 2PQ, (M, /a5
== T 7 (M_> (=) (1)

where P is the orbital period, P is the rate of change of the orbital period, Qj is the tidal quality

factor of the star which has a value in the typical range of 10°°, and «a is the semi-major axis.
The minimum evolution timescale can be obtained by assuming Qs = 10°. In such case, we find
that it would require at least 2.88 Gyr for the orbit of GJ 367b to shrink to zero based on the
current orbital decay rate.

The tidal circularization timescale (120, 121) is expressed as

e 2Q, M\ ra\®
¢ |de/dt] ~ 63n <ﬁ) <R_) P, (52)

where e is the eccentricity, |de/dt| is the rate of change of the eccentricity, O, is the planet
quality factor. We find that 7. ~ 21 Myr if O, of GJ 367 is assumed to be 10°.

Mass-Radius diagram data selection

The planetary system data were obtained from the NASA Exoplanet Archive (122). We
downloaded the planetary system table on 26 August 2021 and selected planets with radii smaller
than 2 Rg and masses lower than 20 Mg. We further selected planets which have mass and
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radius precisions better than 30%. Sixty-five planets met these requirements, including
GJ 367b. The masses and radii of rocky planets are shown in Figure 2.

Transmission and thermal emission metrics
We calculate the transmission and thermal emission metric (723) for GJ 367b to evaluate
the suitability of the planet for atmospheric characterisation. The transmission metric (TSM) is

defined as:

RpTeq
TSM = 0.19 x ——.x 107™/5, (S3)
M, R?

Ry, Mp, Rs are in units of Earth radii, Earth masses and Solar Radii, respectively. For planets with
unknown masses, their masses can be estimated using an empirical mass-radius relation (/24)
[(123), their equation 2]. Teq is the equilibrium temperature of the planet assuming zero albedo
and my is the apparent magnitude of the host star in the J band. The emission spectroscopy metric
(ESM) is defined as:

B, (T R \2
M x <_p) % 10-MK/5. (54)

ESM = 4.29 x 10°
B7.5(Teff) Rs

The Planck function, B7s, is evaluated for a given temperature at a representative wavelength
of 7.5 um, the day-side temperature 7Tyay is estimated as 1.10xT¢q, and my is the apparent
magnitude of the host star in the K band.

Using the above metrics, we find that GJ 367b has a TSM of 41.9 and an ESM of 16.1. This
places GJ 367b well above the threshold values for both transmission (TSM = 10) and emission
(ESM = 7.5) spectroscopy of terrestrial planets (R, < 1.5 Rg) (123, 125). Figure S10 compares
the TSM and ESM of GJ 367b with known terrestrial planets.
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Figure S1. Phase-folded transit light curves of GJ 367 extracted using different apertures.
(A) Transit light curve of the 3 x 3 pixels aperture. (B) Transit light curves of the 4 x 4 pixels
aperture. (C) Transit light curves of the 9 x 9 pixels aperture. The measured transit depths and
aperture sizes are not correlated which implies that the transit signal is originated from GJ 367.
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Fig. S2. Contrasts limits and speckle imaging of GJ 367. (A) Limits obtained from speckle
imaging at ‘Zorro 562 nm speckle imaging (blue), and ‘Zorro 832 nm speckle imaging (red) are
shown as functions of angular separation up to 1.2". Am is the magnitude contrast. (B) Zorro
speckle imaging observed in the 832 nm filter. No companion brighter than 4-5 magnitudes
below that of GJ 367 are detected out to 1.2".
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Fig. S3. Lomb-Scargle periodogram analysis of WASP photometry. Periodograms computed
using data from (A) all WASP data and individual seasons, (B) 2014, (C) 2013, (D) 2008 and
(E) 2007. The horizontal lines in panels (A) to (E) indicate the estimated 1% false-alarm level.
Panels (F) to (J) shows the phase-folded and binned light curves using the maximum peak periods
in the corresponding periodograms.
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Fig. S4. Rotation period analysis of the WASP time series data. The time zero point is
Heliocentric Julian Date (HJD) 2453860. (A) The time series WASP photometry. (B) The-period
analysis of the WASP data. In order to measure a rotation period with the wavelet analysis, a
minimum length of the time series is needed in order to search for a given Prot. Therefore, hatched
regions on either end of the figure indicate the “cone of influence” where edge effects become too
important to retrieve reliable Pro (62). (C) The projection of the wavelet power spectrum on the
period axis (GWPS). The horizontal dashed line correspond to the highest peak fitted in the wavelet
analysis. (D) The Auto-correlation function analysis. The vertical dashed lines correspond to the
highest peak fitted in the analysis (that could be the rotation period or one of its harmonics) (E)
The Composite Spectrum of ACF and Wavelet analyses. The green lines in the CS and the GWPS
are the fitted Gaussian functions and the vertical dashed line indicates the highest peak fitted in
the analysis.
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Fig. S5. Generalized Lomb-Scargle periodograms of the 2020 HARPS RVs and activity
indicators encompassing two frequency ranges (right and left panels). (A): RVs; (B) RV
residuals following the subtraction of the signal at f; = 0.028 d!; (C) RV residuals following the
subtraction of the signals at f/; = 0.028 d"! and /> = 0.085 d'!'; (D) Ho; (E) HB; (F) Hy; (G) Na D;
(H) S-index; (I) differential line width (dALW); (J) chromaticity (Crx). The vertical dashed red lines
mark the positions of the frequencies at f7, f2, and f; as labelled, with the latter being the orbital
frequency of GJ 367b (f3 = 3.106 d™"). The horizontal dashed blue lines mark the FAPs of 0.1, 1,
and 5 % (from top to bottom), estimated using a boot-strap method (98). FAPs were computed for
a blind search of periodicities in the RV data set, without prior information from the TESS transits.
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Fig. S6. Floating chunk offset periodogram of the 20 subsets of HARPS data that include
multiple observations per night. The red dashed vertical line marks the orbital frequency of
GJ 367b. The equally spaced minima separated by 1 d!' are the 1-day aliases of the orbital
frequency.
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Fig. S7. Corner plot showing the posterior probability distributions of the model parameters.
The model was fitted using the joint light curve, RV and FCO fitting method described above. The
plot compares the posterior distributions of fitted parameters on the x-axis against each other on
the y-axis. The contours in each panel denoted the 1- (red), 2- (orange), and 3- (brown) sigma
levels. The projected posterior distributions of each parameter are shown on the top of each
column.
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Fig. S8. Extreme range of interior models GJ 367b. Same as Figure 3B but using the lower
(AMin; top panel) and upper (oM*; bottom panel) density limits inferred from the uncertainties on
the planetary mass and radius measurements. The iron radius fraction of the lower density limit
case is 78 £+ 7% and the iron radius fraction of the upper density limit is 98.1 + 2.8%. In both
cases, the iron radius fractions are larger than the Earth’s model prediction (Figure S9).
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Fig. S9. Interior model for Solar System terrestrial planet. Same as Figure 3B but for (A)
Earth, (B) Mars, and (C) Mercury, using only mass and radius as observable parameters. The
relative thicknesses of the interior layers of GJ 367b (Figure 3) are consistent with the MDN
prediction for Mercury (iron fraction = 81.1 + 4.4%) as well as the measured value from the
MESSENGER spacecraft (30).
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Fig. S10. Transmission and thermal emission metrics of known terrestrial planets with
R, < 1.5 Rg. (A) Transmission metric, TSM. (B) Thermal emission metric, ESM. In both panels,
planets directly measured masses are denoted by circles. Triangles denote planets with masses
estimates from an empirical mass-radius relation (724). The TSM and ESM of GJ 367b are
indicated by the star symbol. The color of each point indicates the size of the planet relative to
Earth. The threshold TSM and ESM values are denoted by the grey lines. Because GJ 367b lies
above these lines, it is suitable atmospheric studies. Selected other planets are labelled.
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Table S1. Time series radial velocities from HARPS spectra. RV measurements obtained
before and after the instrument upgrade are denoted HARPS and HARPS+, respectively. A
machine-readable version of the table is available as Data S1.

RV
Time RV uncertainty Instrument
BJD - 2450000 [ms']  [ms']
2985.779966 4793528 1.19 HARPS
2996.800243 47931.50 0.62 HARPS
3366.861538 47933.22 0.51 HARPS
3369.821915 47937.17 0.47 HARPS
3370.838755 47940.01 0.66 HARPS
3371.798971 47938.15 0.53 HARPS
3373.834165 47937.76  0.65 HARPS
3374.821349 47936.35 0.56 HARPS
3375.794875 47935.50 0.50 HARPS
3376.803020 47936.20 0.55 HARPS
3378.725045 47935.75 0.51 HARPS
3491.542478 47936.40 1.03 HARPS
4120.788138 47937.95 0.45 HARPS
4134.749658 47937.21 0.58 HARPS
4199.598451 47940.60 0.60 HARPS
4231.581759 47938.80 0.70 HARPS
4257.511359 4793497 0.62 HARPS
4569.564214 47938.62 0.55 HARPS
4919.604700 47939.40 0.54 HARPS
4935.546236 47927.66 0.81 HARPS
4937.573143 47932.03 0.66 HARPS
4993.478922 47936.89 0.68 HARPS
5233.697882 47938.58 0.69 HARPS
5234.675358 47937.51 0.99 HARPS
8658.453921 47928.04 0.82 HARPS+
8658.461142 47929.94 0.81 HARPS+
8658.468654 47926.79 0.84 HARPS+
8658.475609 47927.62 0.78 HARPS+
8658.483201 47930.32 0.88 HARPS+
8658.490238 47929.15 0.85 HARPS+
8658.497610 47929.19 0.84 HARPS+
8658.504844 47928.82 0.89 HARPS+
8658.512158 47928.89 0.87 HARPS+
8658.519681 47926.86 0.82 HARPS+
8658.526845 47927.70 0.85 HARPS+
8658.534217 47928.82 0.81 HARPS+
8658.541242 47928.86 0.84 HARPS+
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Continued on next page

RV

Time RV uncertainty Instrument
BID - 2450000 [ms'] [ms']

8665.468148 47929.06 1.05 HARPS+
8665.475520 47929.82 1.06 HARPS+
8665.482893 47927.33 1.00 HARPS+
8665.489223 4792795 1.60 HARPS+
8665.498748 47928.08 1.81 HARPS+
8665.504107 47929.38 1.41 HARPS+
8665.512937 47930.01 1.85 HARPS+
8665.518712 4792733 197 HARPS+
8665.526779 4792591 2.80 HARPS+
8665.533526 4792695 3.27 HARPS+
8665.541107 47930.57 9.05 HARPS+
8665.548063 47913.66 15.86 HARPS+
8665.555852 47866.39 77.67 HARPS+
8666.447238 47930.52 0.76 HARPS+
8666.454414 47931.84 0.86 HARPS+
8666.461716 47929.85 0.87 HARPS+
8666.468811 47932.17 0.98 HARPS+
8666.476253 47929.61 0.99 HARPS+
8666.483764 4792998 1.12 HARPS+
8666.491136 47931.60 1.09 HARPS+
8666.498300 47930.22 1.07 HARPS+
8666.505464 47930.01 1.23 HARPS+
8666.512558 47928.10 1.31 HARPS+
8666.520625 4793041 1.36 HARPS+
8666.527511 47928.99 1.34 HARPS+
8893.696511 47930.72 1.19 HARPS+
8893.867338 47925.53 0.64 HARPS+
8894.613088 47928.81 0.80 HARPS+
8894.776553 4792727 0.72 HARPS+
8897.551695 47931.55 0.61 HARPS+
8897.735461 4793045 0.70 HARPS+
8897.874307 47930.75 0.81 HARPS+
8899.651734 47928.21 0.58 HARPS+
8899.827699 47928.95 0.63 HARPS+
8900.608214 47927.28 0.56 HARPS+
8900.789827 47928.06 0.63 HARPS+
8901.564102 4792498 0.56 HARPS+
8901.747775 47926.56 0.54 HARPS+
8902.715503 47928.47 0.51 HARPS+

8902.892382 47926.44 0.77 HARPS+



Continued on next page

RV

Time RV uncertainty Instrument
BID - 2450000 [ms'] [ms']

8903.665580 47928.79 0.45 HARPS+
8903.831659 47927.10 0.82 HARPS+
8910.570792 47928.62 0.56 HARPS+
8910.756709 47929.13 0.58 HARPS+
8911.555966 4792739 0.52 HARPS+
8911.706685 47927.58 0.53 HARPS+
8912.683790 47924.34 0.63 HARPS+
8912.844429 47922.25 0.83 HARPS+
8913.640698 4792525 0.69 HARPS+
8913.809287 47921.84 0.77 HARPS+
8914.613600 47927.12 0.52 HARPS+
8914.767351 47924.61 1.87 HARPS+
8915.576246 47923.54 0.59 HARPS+
8915.758562 4792190 0.67 HARPS+
8916.545998 47927.59 0.58 HARPS+
8916.712967 4792544 0.52 HARPS+
8917.531733 4792476 0.51 HARPS+
8917.691595 47924.06 0.56 HARPS+
8918.642028 47925.09 0.46 HARPS+
8918.797607 47926.75 0.85 HARPS+
8924.680842 47924.56 0.55 HARPS+
8925.668849 47925.63 0.56 HARPS+
8926.686577 47925.72 0.57 HARPS+
8927.755751 47928.43 0.68 HARPS+
8928.651591 47927.23 0.60 HARPS+
8929.692985 47928.71 0.87 HARPS+
8930.729065 47931.85 0.97 HARPS+

8931.713246 47930.29 0.87 HARPS+




Table S2. Stellar activity indicators measured from the HARPS spectra. Columns labelled o(X) indicate the uncertainty on
parameter X. A machine-readable version of the table is available as Data S2.

Time Ho o(Ha) Hp X(HP) Hy X(Hy) NaD o(NaD) S a(S)
BJD-2450000
2985.779966  0.06352  0.00016  0.05040  0.00037  0.1084 0.0011 0.01141  0.00013  1.046 0.049
2996.800243  0.063398 0.000083 0.04975  0.00019  0.11241  0.00056  0.010365 0.000059 0.933 0.015
3366.861538  0.065270 0.000070 0.05306  0.00016 0.11512  0.00043  0.011170 0.000048 1.1149 0.0099
3369.821915  0.064170 0.000065 0.05150  0.00014  0.11359  0.00037  0.010820 0.000044 1.0665 0.0075
3370.838755  0.065029 0.000094 0.05302  0.00020 0.11558  0.00053  0.011157 0.000066 1.1194 0.0135
3371.798971  0.071996 0.000077 0.06872  0.00018  0.15107  0.00050  0.013621 0.000055 1.561 0.010
3373.834165  0.064966 0.000089 0.05304  0.00020 0.11449  0.00055 0.010926 0.000063 1.074 0.015
3374.821349  0.063813 0.000076 0.05097  0.00017 0.11319  0.00046  0.010721 0.000053 0.987 0.011
3375.794875  0.063731 0.000068 0.05172  0.00015 0.11383  0.00042 0.010668 0.000047 1.0359 0.0088
3376.803020  0.064342 0.000076 0.05130  0.00017  0.11515  0.00047 0.010685 0.000052 1.039 0.011
3378.725045  0.064305 0.000070 0.05237  0.00016 0.11334  0.00042 0.010807 0.000048 1.0552 0.0096
3491.542478  0.06511  0.00014  0.05238 0.00032 0.11318  0.00087 0.01112  0.00011  1.019 0.033
4120.788138  0.064440 0.000063 0.05228  0.00014  0.11357  0.00035 0.010898 0.000041 1.072 0.0061
4134.749658  0.064625 0.000080 0.05146  0.00018  0.11328  0.00046  0.010966 0.000054 1.060 0.011
4199.598451  0.064751 0.000083 0.05183  0.00018 0.11373  0.00045 0.010392 0.000053 0.9488 0.0095
4231.581759  0.064513 0.000095 0.05137  0.00021  0.11316  0.00057  0.010999 0.000066 1.010 0.015
4257.511359  0.065310 0.000086 0.05214  0.00019  0.11353  0.00049  0.010553 0.000057 1.001 0.011
4569.564214  0.064614 0.000075 0.05052  0.00016  0.11223  0.00043  0.010073 0.000048 0.9540 0.0087
4919.604700  0.064050 0.000074 0.05128  0.00016 ~ 0.11239  0.00040  0.010374 0.000047 0.9709 0.0075
4935.546236  0.06389  0.00011  0.05030 0.00024 0.11226  0.00062  0.010112 0.000075 0.914 0.016
4937.573143  0.064437 0.000092 0.05125  0.00020 0.11243  0.00051  0.010169 0.000059 0.938 0.011
4993.478922  0.063710 0.000096 0.04965  0.00020  0.10993  0.00051  0.010032 0.000061 0.926 0.012
5233.697882  0.065715 0.000096 0.05349  0.00022 0.11397  0.00055 0.010642 0.000063 0.996 0.013
Continued on next page
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Time Ha o(Ha) Hp o(HP) Hy o(Hy) NaD o(NaD) S ao(S)
5234.675358  0.06424  0.00014  0.05110  0.00031  0.11060  0.00080  0.010551 0.000096 0.905 0.025
8658.453921  0.06472  0.00011  0.05217  0.00026  0.11412  0.00081  0.010379 0.000071 0.813 0.029
8658.461142  0.06421  0.00011  0.05180  0.00025 0.11147  0.00078  0.010402 0.000070 0.8691 0.0293
8658.468654  0.06424  0.00012  0.05180  0.00026  0.11413  0.00084  0.010454 0.000073 0.813 0.033
8658.475609  0.06417  0.00011  0.05257 0.00025 0.11363  0.00078  0.010411 0.000067 0.944 0.029
8658.483201  0.06454  0.00012  0.05315 0.00028 0.11124  0.00088  0.010397 0.000077 0.930 0.036
8658.490238  0.06499  0.00012  0.05417  0.00027 0.11592  0.00086  0.010543 0.000074 0.934 0.034
8658.497610  0.06548  0.00012  0.05403  0.00027 0.11601  0.00088  0.010736 0.000074 0.912 0.035
8658.504844  0.06500  0.00012  0.05374  0.00029 0.11864 0.00092  0.010659 0.000079 0.933 0.037
8658.512158  0.06466  0.00012  0.05302  0.00028  0.11529  0.00091  0.010566 0.000076 0.876 0.038
8658.519681  0.06464  0.00011  0.05272  0.00026  0.11484  0.00085  0.010685 0.000071 0.912 0.033
8658.526845  0.06467  0.00012  0.05252  0.00028 0.11684  0.00092  0.010603 0.000073 0.947 0.039
8658.534217  0.06424  0.00011  0.05196  0.00027  0.11319  0.00088  0.010403 0.000069 0.889 0.038
8658.541242  0.06416  0.00011  0.05180  0.00028  0.11185  0.00093  0.010430 0.000072 0.839 0.043
8665.468148  0.06370  0.00014  0.05071  0.00033  0.1087 0.0011 0.010151 0.000095 0.529 0.054
8665.475520  0.06415  0.00015  0.05114  0.00034 0.1123 0.0011 0.010374 0.000097 0.661 0.058
8665482893  0.06411  0.00014  0.04907  0.00031 0.1131 0.0011 0.010136  0.000090 0.848 0.052
8665.489223  0.06360  0.00022  0.04962  0.00051  0.1079 0.0017 0.01029  0.00016  0.879 0.118
8665.498748  0.06376  0.00025  0.05134  0.00058  0.1200 0.0020 0.01016  0.00019  0.40 0.12
8665.504107  0.06464  0.00020  0.05415 0.00046  0.1115 0.0015 0.01034  0.00014  0.703 0.093
8665.512937  0.06464  0.00025  0.05231  0.00060  0.1068 0.0021 0.01039  0.00020  0.72 0.15
8665.518712  0.06484  0.00027  0.05145 0.00063  0.1051 0.0022 0.01068  0.00021  0.04 0.16
8665.526779  0.06441  0.00037  0.04787  0.00091  0.11223  0.0037 0.01120  0.00034  0.30 0.29
8665.533526  0.06399  0.00042  0.0543 0.0011 0.1183 0.0046 0.01101  0.00041  0.93 0.38
8665.541107  0.0654 0.0010 0.0607 0.0035 0.155 0.023 0.0177 0.0013 -1.12 0.91
8665.548063  0.0665 0.0015 0.0810 0.0068 -0.167 0.036 0.0171 0.0021 2.89 -1.93
8665.555852  0.0646 0.0026 0.049 0.018 -0.13 -0.11 0.0274 0.0041 -6.19 2.48
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Time Ha o(Ha) Hp o(HP) Hy o(Hy) NaD o(NaD) S ao(S)
8666.447238  0.06410  0.00010  0.05040  0.00024  0.11361 0.00078  0.010281 0.000066 0.711 0.029
8666.454414  0.06416  0.00012  0.05055  0.00026  0.11195  0.00085  0.010197 0.000076 0.798 0.034
8666.461716  0.06398  0.00012  0.05060  0.00027 0.11196  0.00087  0.010390 0.000077 0.781 0.036
8666.468811  0.06421  0.00014  0.05075  0.00031 0.11341 0.00099  0.010221 0.000088 0.759 0.044
8666.476253  0.06446  0.00014  0.05196  0.00031 0.11156  0.00099  0.010384 0.000090 0.878 0.044
8666.483764  0.06524  0.00016  0.05281  0.00035 0.1168 0.0011 0.01045  0.00010  0.749 0.052
8666.491136  0.06530  0.00015  0.05346  0.00035 0.1161 0.0011 0.01072  0.00010  0.874 0.052
8666.498300 0.06481  0.00015  0.05313  0.00034 0.1105 0.0011 0.010407 0.000099 0.757 0.051
8666.505464  0.06440  0.00017  0.05163  0.00039  0.1076 0.0012 0.01067  0.00012  0.632 0.065
8666.512558  0.06419  0.00018  0.05083  0.00041  0.1190 0.0014 0.01032  0.00013  0.776 0.073
8666.520625  0.06419  0.00019  0.05124  0.00043  0.1029 0.0013 0.01046  0.00013  0.799 0.078
8666.527511  0.06398  0.00018  0.05138  0.00042  0.1077 0.0014 0.01092  0.00013  0.711 0.077
8893.696511  0.06242  0.00017  0.04923  0.00034 0.10962  0.00081 0.01000  0.00013  0.779 0.030
8893.867338  0.062554 0.000081 0.05004  0.00021  0.11052  0.00064  0.009875 0.000055 0.782 0.032
8894.613088  0.06214  0.00011  0.04880  0.00023  0.10864  0.00061  0.009867 0.000074 0.783 0.022
8894.776553  0.062235 0.000098 0.04961  0.00021  0.11054  0.00058  0.009644 0.000064 0.769 0.022
8897.551695  0.061705 0.000082 0.04875  0.00018  0.10973  0.00048  0.009692 0.000052 0.784 0.016
8897.735461  0.062323 0.000096 0.04956  0.00020  0.11160  0.00053  0.010024 0.000063 0.819 0.018
8897.874307  0.06120  0.00010  0.04789  0.00026  0.10950  0.00078  0.009649 0.000073 0.757 0.041
8899.651734  0.062062 0.000081 0.04861  0.00016  0.10901  0.00041  0.009847 0.000052 0.783 0.013
8899.827699  0.062557 0.000083 0.04922  0.00019  0.11137  0.00053  0.010083 0.000057 0.785 0.023
8900.608214  0.062157 0.000076 0.04904  0.00016  0.10863  0.00042  0.009973 0.000050 0.796 0.013
8900.789827  0.062563 0.000082 0.04876  0.00019  0.10944  0.00054 0.010047 0.000057 0.782 0.025
8901.564102  0.061928 0.000077 0.04867 0.00016  0.10909  0.00041  0.009910 0.000050 0.815 0.013
8901.747775  0.062085 0.000072 0.04848  0.00016  0.10886  0.00046  0.009892 0.000048 0.819 0.019
8902.715503  0.063382 0.000071 0.05061  0.00015 0.11122  0.00041  0.010304 0.000046 0.862 0.014
8902.892382  0.061980 0.000094 0.04886  0.00025 0.11110  0.00079  0.010113 0.000072 0.832 0.047
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Time Ha cHa Hp oHp Hy oHy NaD oNaD S ¢S
8903.665580  0.061831 0.000062 0.04843  0.00012  0.10827  0.00033  0.009953 0.000039 0.8208 0.0092
8903.831659  0.06178  0.00010  0.04905  0.00025 0.10959  0.00074  0.009897 0.000077 0.775 0.039
8910.570792  0.062790 0.000077 0.04892  0.00016  0.10940  0.00041  0.009963 0.000049 0.834 0.012
8910.756709  0.062542 0.000076 0.04950  0.00018  0.10989  0.00052  0.010017 0.000050 0.786 0.023
8911.555966  0.062629 0.000071 0.04913  0.00015 0.11005  0.00040  0.009997 0.000045 0.829 0.012
8911.706685  0.063072 0.000074 0.04985  0.00015 0.11023  0.00041  0.010064 0.000047 0.832 0.014
8912.683790  0.062657 0.000085 0.04839  0.00019  0.10913  0.00052  0.009796 0.000057 0.799 0.022
8912.844429  0.06225  0.00010  0.04846  0.00026  0.10906  0.00081  0.009993 0.000079 0.767 0.046
8913.640698  0.062413 0.000095 0.04907  0.00020  0.10853  0.00053  0.009976 0.000066 0.783 0.021
8913.809287  0.063258 0.000099 0.05205 0.00024 0.11544 0.00074  0.010319 0.000074 0.872 0.039
8914.613600  0.062514 0.000074 0.04932  0.00014 0.11016  0.00040  0.010018 0.000049 0.822 0.012
8914.767351  0.06281  0.00024  0.04915  0.00058  0.1076 0.0022 0.010398 0.000244 0.611 0.158
8915.576246  0.062055 0.000083 0.04893  0.00016  0.10832  0.00048  0.009879 0.000056 0.823 0.015
8915.758562  0.062693 0.000090 0.04954  0.00019  0.10833  0.00063  0.009986 0.000063 0.773 0.027
8916.545998  0.062170 0.000083 0.04839  0.00015 0.10764  0.00046  0.009629 0.000055 0.769 0.014
8916.712967  0.062756 0.000073 0.05051  0.00015 0.11176  0.00048  0.009755 0.000047 0.804 0.017
8917.531733  0.062456 0.000073 0.04966  0.00014  0.11031  0.00042  0.009997 0.000048 0.826 0.012
8917.691595  0.062736 0.000079 0.04934  0.00015  0.10900  0.00050  0.009859 0.000052 0.804 0.018
8918.642028  0.063125 0.000067 0.05019  0.00012  0.11227  0.00038  0.010060 0.000043 0.833 0.010
8918.797607  0.06185  0.00011  0.04889  0.00024 0.10868  0.00081  0.009840 0.000086 0.811 0.039
8924.680842  0.063584 0.000077 0.04966  0.00015  0.10968  0.00049  0.009937 0.000051 0.791 0.019
8925.668849  0.064072 0.000079 0.05100  0.00016  0.11201  0.00050  0.010047 0.000053 0.819 0.019
8926.686577  0.063827 0.000078 0.05020  0.00016  0.11213  0.00051  0.009941 0.000053 0.816 0.021
8927.755751  0.063618 0.000089 0.04914  0.00021  0.10947  0.00070  0.009678 0.000064 0.739 0.036
8928.651591  0.063490 0.000084 0.04977  0.00016  0.11142  0.00049  0.009909 0.000056 0.789 0.018
8929.692985  0.06373  0.00012  0.05040  0.00025 0.11002  0.00075  0.009971 0.000089 0.854 0.035
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Time Ha cHa Hp oHp Hy oHy NaD oNaD S ¢S
8930.729065  0.06332  0.00013  0.05074  0.00029 0.11017  0.00094  0.00982  0.00010  0.750 0.051
8931.713246  0.06430  0.00012  0.05062  0.00025 0.11279  0.00080 0.010056 0.000088 0.816 0.039
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Table S3. Additional stellar data for GJ 367. Listed are the identifiers of this star in various catalogues, optical and near-infrared
photometry, proper motion, and systemic radial velocity. The systemic radial velocity listed is the same as the value quoted in Table 1.
The slight discrepancy between these values could have arisen from different instrument zero points, varying systematics present in
different instruments, etc.

Parameter (Unit) Value Source
Star: GJ 367b (TOI-731.01)
Identifiers GJ 367, LHS 2182, HIP 47780
2MASS J09442986-4546351
TIC 34068865, TOI 731.01 (125)

Gaia DR2 5412250540681250560 (8,82)

Photometric magnitudes

B band 11.617 £ 0.034 (125)
G band 9.1516 £ 0.0007 (8,82)

J band 6.632 £ 0.023 (126)
H band 6.045 £ 0.044 (126)
K band 5.780 £ 0.020 (126)
Proper motion, right ascension g4 (mas yr') -462.549 + 0.056 (125)
Proper motion, declination .. (mas yr'!) -582.814 + 0.058 (125)
Systemic radial velocity”, ¥ (km s™!) 46.96+0.37 (126)
47.740 £ 0.006 (8,82)
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Caption for Data S1: Machine-readable version of Table S1.

Caption for Data S2: Machine-readable version of Table S2.
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