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ABSTRACT

We present the confirmation and characterisation of GJ 3473 b (G 50–16, TOI-488.01), a hot Earth-sized planet orbiting an M4 dwarf star,
whose transiting signal (P = 1.198 003 5 ± 0.000 001 8 d) was first detected by the Transiting Exoplanet Survey Satellite (TESS). Through a joint
modelling of follow-up radial velocity observations with CARMENES, IRD, and HARPS together with extensive ground-based photometric
follow-up observations with LCOGT, MuSCAT, and MuSCAT2, we determined a precise planetary mass, Mb = 1.86 ± 0.30 M⊕, and radius,
Rb = 1.264 ± 0.050 R⊕. Additionally, we report the discovery of a second, temperate, non-transiting planet in the system, GJ 3473 c, which has
a minimum mass, Mc sin i = 7.41 ± 0.91 M⊕, and orbital period, Pc = 15.509 ± 0.033 d. The inner planet of the system, GJ 3473 b, is one of the
hottest transiting Earth-sized planets known thus far, accompanied by a dynamical mass measurement, which makes it a particularly attractive
target for thermal emission spectroscopy.

Key words. planetary systems – techniques: radial velocities, photometric – stars: individual: GJ 3473 – stars: late-type – planets and satellites:
detection

1. Introduction

The detection of transiting planets with the radial velocity (RV)
method enables us to derive a comprehensive characterisation
of their properties. In particular, it permits the measurement of
a dynamical planetary mass and, hence, a measurement of the
planetary mean density when combined with the planetary ra-
dius derived from the transit light curve. From comparisons with
theoretical models, the density of a planet provides information
about its composition and structure and, therefore, it plays a key
role in understanding planet formation and evolution (e.g. South-
worth 2010; Marcy et al. 2014; Rogers 2015; Fulton et al. 2017;

∗ RV data are only available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.
u-strasbg.fr/cgi-bin/qcat?J/A+A/
† Fellow of the International Max Planck Research School for As-

tronomy and Cosmic Physics at the University of Heidelberg (IMPRS-
HD).

Bitsch et al. 2019; Zeng et al. 2019). Furthermore, additional
non-transiting planets in the system can be detected with the RV
method. Such multi-planetary systems hold valuable informa-
tion because the dynamical interaction between the planets can
have a significant influence on their formation and evolution, as
well as shaping the currently observed architecture of the sys-
tem (e.g. Lissauer 2007; Zhu et al. 2012; Anglada-Escudé et al.
2013; Mills & Mazeh 2017; Morales et al. 2019).

A significant fraction of the over 3000 transiting exoplanets
known today1 were discovered by the Kepler satellite (Borucki
et al. 2010; Borucki 2016). However, Kepler’s focus on faint
stars (Kp>12 mag) impeded detailed follow-up studies of those
planets using ground-based facilities. In contrast, the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2015) is now fill-
ing in this gap. To date, TESS has already found more than 50
confirmed transiting planets, and many more candidates, orbiting

1On 26 August 2020, 3189 transiting exoplanets were listed by
exoplanetarchive.ipac.caltech.edu/
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bright, nearby stars (G ∼ 6–13 mag, d ∼ 10–340 pc). One of its
level-one science requirements is to measure the masses for 50
transiting planets with radii smaller than 4 R⊕ by RV follow-up
observations2. What is particularly interesting in this regime are
planets that are orbiting M dwarf stars. The relative transit depth,
and thus the detection probability of rocky planets around M
dwarfs, is much higher compared to larger stars of earlier spec-
tral types. Still, despite M dwarfs being the most common stars
in our Galaxy (e.g. Chabrier 2003; Henry et al. 2006) and the
fact that small planets are more abundant around later type stars
(Howard et al. 2012; Bonfils et al. 2013; Mulders et al. 2015;
Dressing & Charbonneau 2015; Gaidos et al. 2016; Hardegree-
Ullman et al. 2019), only a few precise dynamical masses of
such planets have currently been determined. Prior to the TESS
mission, only 12 planets with radii smaller than R = 2 R⊕ and dy-
namical mass measurements to a precision better than 30 % were
known to orbit stars with temperatures, Teff < 4000 K. Thanks to
the intensive RV follow-up of TESS planet candidates, this num-
ber already increased by seven new planets (see Table A.1 for
the full list). The brightness of these cool TESS host stars, com-
bined with their small size, makes many of them ideal targets for
atmospheric characterisation by transmission or thermal emis-
sion spectroscopy with upcoming space-borne or ground-based
instruments (Kempton et al. 2018; Batalha et al. 2018).

Here, we report the discovery of a planetary system around
the intermediate M dwarf GJ 3473. The inner, Earth-sized planet
was first detected as a transiting planet candidate by TESS. Our
extensive RV monitoring campaign, using CARMENES, IRD,
and HARPS, confirms its planetary nature and reveals a second,
more massive, non-transiting planet on a wider orbit. This paper
is structured as follows: Sect. 2 describes the data used in this
study. In Sect. 3, the properties of the host star are presented.
The analysis of the data is set out in Sect. 4 and the results are
discussed in Sect. 5. Finally, we give our conclusions in Sect. 6.

2. Data

2.1. TESS

GJ 3473 (TIC 452866790) was observed by TESS with a two-
minute cadence in Sector 7 (Camera #1, CCD #3) between 7
January and 2 February 2019 and is listed to have a transiting
planet candidate on the TESS releases website (TOI–488.01).
Due to its proximity to the ecliptic plane, it will not be ob-
served again by TESS during its primary mission, but will be
revisited in Sector 34 of the TESS extended mission in the third
year3. The time series had a gap between BJD = 2458503.04 and
BJD = 2458504.71 because of the data downlink and telescope
re-pointing (see Fig. 2). The light curves produced by the Sci-
ence Processing Operations Center (SPOC; Jenkins et al. 2016)
are available on the Mikulski Archive for Space Telescopes4. For
our analysis, we used the systematics-corrected simple aperture
photometry (PDC-SAP) light curve (Smith et al. 2012; Stumpe
et al. 2012, 2014). A plot of the target pixel file (TPF) and the
aperture mask that is used for the simple aperture photometry
(SAP), generated with tpfplotter5, is shown in Fig. 1. The
TESS data have a median internal uncertainty of 2.35 ppt (parts
per thousand) and root mean square (rms) of 2.2 ppt around the

2https://heasarc.gsfc.nasa.gov/docs/tess/
primary-science.html, visited on 28 June 2020

3https://heasarc.gsfc.nasa.gov/cgi-bin/tess/
webtess/wtv.py?Entry=452866790, visited on 28 April 2020

4https://mast.stsci.edu
5https://github.com/jlillo/tpfplotter
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Fig. 1. TESS TPF of GJ 3473. The planet-host star is marked by a
white cross and the pixels of the aperture mask used for the retrieval
of the light curve are highlighted with orange borders. Sources listed
in the Gaia DR2 catalogue (Gaia Collaboration et al. 2018) are indi-
cated by red circles (size proportional to their brightness difference with
GJ 3473). Source #3 is LP 544–12, the common proper motion compan-
ion to GJ 3473.

mean. See Luque et al. (2019), Dreizler et al. (2020), Nowak
et al. (2020), and Bluhm et al. (2020) for further details on the
applied methodology.

2.2. High-resolution spectroscopy

High-resolution follow-up spectroscopy of the TESS planet can-
didates is arranged by the TESS follow-up programme (TFOP),
‘Precise Radial Velocities’ SG4 subgroup6. The goal is to
achieve a full validation of the candidates and to ultimately pro-
vide their mass measurement.

CARMENES. As part of the CARMENES guaranteed time ob-
servation programme to search for exoplanets around M dwarfs
(Reiners et al. 2018), we observed GJ 3473 with CARMENES
(Calar Alto high-Resolution search for M dwarfs with Exoearths
with Near-infrared and visible Echelle Spectrographs; Quirren-
bach et al. 2014). CARMENES is a high-resolution spectrograph
at the 3.5 m Calar Alto telescope that consists of two cross-
dispersed echelle channels operating in the spectral ranges of
0.52 µm to 0.96 µm in the visible light (VIS, R = 94 600) and
0.96 µm to 1.71 µm in the near infrared (NIR, R = 80 400), re-
spectively. The observations began at the end of March 2019, just
after the announcement of the transiting planet candidate, and
ended in January 2020. In this period, we collected 67 pairs of
VIS and NIR spectra with exposure times of about 30 min each.
Within the standard CARMENES data flow, the spectra are cal-
ibrated using CARACAL (Caballero et al. 2016b), while the RVs
are calculated using SERVAL (Zechmeister et al. 2018). The RVs
are corrected for barycentric motion, secular perspective acceler-
ation, as well as instrumental drift. To reconstruct small system-
atic radial-velocity variations, so called nightly zero-point off-
sets, we use the measured RVs of all other stars with only small
intrinsic RV variations from the respective observing nights (see
Trifonov et al. 2018; Tal-Or et al. 2019; Trifonov et al. 2020,

6https://tess.mit.edu/followup/
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