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ABSTRACT

One of the main scientific goals of the TESS mission is the discovery of transiting small planets around the closest and brightest
stars in the sky. Here, using data from the CARMENES, MAROON-X, and HIRES spectrographs together with TESS, we report the
discovery and mass determination of a planetary system around the M1.5 V star GJ 806 (TOI-4481). GJ 806 is a bright (V ⇡ 10.8 mag,
J ⇡ 7.3 mag) and nearby (d = 12 pc) M dwarf that hosts at least two planets. The innermost planet, GJ 806 b, is transiting and has
an ultra-short orbital period of 0.93 d, a radius of 1.331 ± 0.023 R�, a mass of 1.90 ± 0.17 M�, a mean density of 4.40 ± 0.45 g cm�3,
and an equilibrium temperature of 940 ± 10 K. We detect a second, non-transiting, super-Earth planet in the system, GJ 806 c, with an
orbital period of 6.6 d, a minimum mass of 5.80 ± 0.30 M�, and an equilibrium temperature of 490 ± 5 K. The radial velocity data also
shows evidence for a third periodicity at 13.6 d, although the current dataset does not provide sufficient evidence to unambiguously
distinguish between a third super-Earth mass (M sin i = 8.50 ± 0.45 M�) planet or stellar activity. Additionally, we report one transit
observation of GJ 806 b taken with CARMENES in search of a possible extended atmosphere of H or He, but we can only place upper
limits to its existence. This is not surprising as our evolutionary models support the idea that any possible primordial H/He atmosphere
that GJ 806 b might have had would be long lost. However, the bulk density of GJ 806 b makes it likely that the planet hosts some
type of volatile atmosphere. With transmission spectroscopy metrics (TSM) of 44 and emission spectroscopy metrics (ESM) of 24,
GJ 806 b is to date the third-ranked terrestrial planet around an M dwarf suitable for transmission spectroscopy studies using JWST,
and the most promising terrestrial planet for emission spectroscopy studies. GJ 806b is also an excellent target for the detection of radio
emission via star–planet interactions.

Key words. planetary systems – planets and satellites: detection – planets and satellites: terrestrial planets –
planets and satellites: fundamental parameters – planets and satellites: atmospheres

1. Introduction

The TESS mission (Ricker et al. 2015) is conducting an all-sky
survey to find transiting planets around the brightest and closests
stars to the Solar System. Given that the majority of stars in the
solar neighbourhood are M dwarfs, and the bandpass in which
it observes covers red-optical wavelengths, TESS is especially
suited for the detection of short-period transiting planets around
these star types. This is important, as planets found orbiting
M dwarfs offer a unique opportunity for the future exploration
of the atmospheric composition of small rocky planets, with the
recently launched JWST and the upcoming ELTs (Snellen et al.
2013).

Since the start of operations in mid-2018, TESS has released
over 5000 planet candidates, known as TESS Objects of Interest
(TOIs)1. The large majority of these TOIs require ground-based

1
https://tess.mit.edu/toi-releases/

follow-up to confirm their planetary nature, and radial velocity
measurements in particular to measure the planetary masses.
This confirmation process is carried out by an international
and coordinated effort, involving a large fleet of professional
and amateur observatories, known as the TESS Official Follow-
up Program (TFOP). Among the many facilities that can carry
out precise radial velocity measurements, here we make use of
data from the High-Resolution Echelle Spectrometer (HIRES;
Vogt et al. 1994), CARMENES (Quirrenbach et al. 2014),
and MAROON-X spectrographs (Seifahrt et al. 2018). HIRES
is a visible (0.3–1µm; R = 85 000) slit echelle spectrograph
mounted on the Keck Telescope in Hawaii. CARMENES at
Calar Alto observatory is a visible (0.52–0.96µm; R = 94 600)
and near-infrared (0.96–1.71µm; R = 80 400) fibre-fed spec-
trograph, well-suited to measuring radial velocities and con-
firming planets around M dwarf stellar hosts. The synergy
between TESS and CARMENES has already lead to the dis-
covery of several small transiting planets around M dwarfs
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(Luque et al. 2019; Kemmer et al. 2020; Nowak et al. 2020;
Trifonov et al. 2021; Soto et al. 2021; González-Álvarez et al.
2022; Luque & Pallé 2022). Finally, MAROON-X is an opti-
cal (0.5–0.92µm; R = 85 000) fibre-fed echelle spectrograph
mounted on the Gemini telescope in Hawaii. The instrument
was designed to detect Earth-sized planets in the habitable zones
of mid- to late-M dwarfs, and provides extremely precise radial
velocity measurements (Trifonov et al. 2021). Here we make
use of all three instruments to confirm the planetary nature
of GJ 806 b (TOI-4481.01), an ultra-short-period (USP) planet
candidate around an M1.5V dwarf star.

Ultra-short period planets planets are arbitrarily defined as
those having periods shorter than 1 d (Sahu et al. 2006). Given
their short distance to their host stars, these planets are sub-
ject to strong stellar irradiation, which translates into a lack
of intermediate-mass planets at short orbital periods, the so-
called Neptunian desert (Szabó & Kiss 2011; Mazeh et al. 2016;
McDonald et al. 2019). Smaller USP planets are more com-
mon and typically rocky in nature. The Neptunian desert can be
explained by photoevaporation mechanisms leading to the loss
of primordial H/He atmospheres, leaving behind the rocky cores
(Valsecchi et al. 2014; Königl et al. 2017; Owen & Lai 2018),
but other mechanisms such as high-eccentricity migration, disc-
driven migration or in situ formation have also been proposed
(Sanchis-Ojeda et al. 2014; Mazeh et al. 2016; Lundkvist et al.
2016; Lopez 2017).

It is thus of particular interest to accurately measure the
mass, radius, and density of these small USP planets in order
to understand the mechanisms that govern their formation and
evolution. This is especially important for USP planets around
M dwarfs that are accessible to further characterization of their
atmospheres, which can in turn inform us in more detail about
the formation and evolutionary history of the system.

2. Observations

2.1. TESS photometry

The TESS satellite observed GJ 806 during its primary mission
in Sector 15, with a cadence of 30 min, and observed it again in
Sector 41, with a cadence of 2 min. While the planet candidate
went originally unnoticed in Sector 15, it was announced as a
TESS object of interest (TOI) on the public TESS data website of
the Massachusetts Institute of Technology (MIT)2 on October 7,
2021. TOI-4481.01 was announced as a potential 1.4 R� planet
candidate with an ultra-short orbital period of 0.93 days around
a bright (Tmag = 8.73) M dwarf.

We downloaded the official Sector 15 and 41 light curves
generated by the Science Processing Operations Center (SPOC;
Jenkins et al. 2016) at NASA Ames Research Center from the
Mikulski Archive for Space Telescopes3 (MAST), and used the
systematic error-corrected Pre-search Data Conditioning pho-
tometry (PDC-SAP; Smith et al. 2012; Stumpe et al. 2012, 2014)
for Sector 41 and the TESS-SPOC HLSP project light curve for
Sector 15 (Caldwell et al. 2020) in our photometric analyses. The
SPOC pipeline determined low third-light contamination levels
of 3% and 1% for Sectors 15 and 41, respectively. Figure 1 shows
a TESS image of the target star with its surroundings, which sup-
ports the low contamination levels. The field is not crowded, and
all the nearby stars are significantly fainter than the target star
(�mag > 4).

2
https://tess.mit.edu/toi-releases/

3
https://mast.stsci.edu

Fig. 1. TESS target pixel file for Sector 41 showing GJ 806 as a
red circle with a white x, nearby stars as red circles, and the pixels
included into the photometry aperture in red. The figure was created
with tpfplotter (Aller et al. 2020).

2.2. Ground-based transit photometry with MuSCAT2

Transits of GJ 806b were observed with the MuSCAT2 multi-
imager instrument (Narita et al. 2019) at the Telescopio Car-
los Sánchez (TCS) located at the Teide Observatory (Spain).
MuSCAT2 observes simultaneously in four bands (g0, r0, i0, and
z0). Data reduction is performed using a custom Python pipeline
developed specifically for MuSCAT2 (Parviainen et al. 2019).
Each night a set of different aperture sizes is extracted for the
target and the comparison stars, and the combinations that pro-
vide the most accurate photometry are selected to compute the
light curves.

Three full transits were observed on the nights of 10, 21, and
22 October 2021, with typical exposure times of 20, 14, 5, and
4 s for the g0, r0, i0, and z0 bands, respectively.

2.3. Seeing-limited ground photometry

Ground-based seeing-limited observations were taken from a
series of observatories in order to determine the rotational period
of the host star.

The T150 telescope (Quirrenbach et al. 2022) is a 150 cm
Ritchey-Chrètien telescope equipped with a CCD camera Andor
Ikon-L DZ936N-BEX2-DD 2k⇥2k, with a resulting field of view
(FOV) of 7.92⇥7.92 arcmin2. Our set of observations, collected
in Johnson V and R filters, consists of 27 epochs obtained dur-
ing the period October–December 2021. Each epoch typically
consisted of 20 exposures of 50 s and 30 s in V and R fil-
ters, respectively. All CCD measurements were obtained by the
method of fixed aperture photometry using a 1 ⇥ 1 binning (no
binning). Each CCD frame was corrected in a standard way for
bias and flat-fielding. Different aperture sizes were also tested in
order to choose the best one for our observations.

GJ806 was monitored in the V-band filter with the 40 cm
telescopes of the Las Cumbres Observatory Global Telescope
(LCOGT) network (Brown et al. 2013). We obtained 48 epochs
between October 8 and December 17, 2021, with the IAC2021B-
002 programme (IP: V. Béjar). The instrument mounted on the
40 cm telescopes is a 3k⇥2k SBIG CCD camera with a pixel
scale of 0.571 arcsec providing a FOV of 29.2⇥19.5 arcmin2.
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Weather conditions at the observatories were mostly clear during
our observations, and the average seeing varied between 1 and
2 arcsecs. Raw data were processed using the BANZAI pipeline
(McCully et al. 2018), which includes bad pixel, bias, dark and
flat-field corrections for each individual night. Differential aper-
ture photometry of our target with respect to several reference
stars were done using AstroImageJ (Collins et al. 2017). We
selected the optimal aperture that provides the lower dispersion
of the light curves.

GJ806 was also observed from November 2021 to May 2022
with the 0.8 m Joan Oró Telescope (TJO) at the Observatori
Astronòmic del Montsec (OAdM), Sant Esteve de la Sarga, Cat-
alonia, using the LAIA 4k⇥4k CCD camera, which provides
a FOV of 30 arcmin with a pixel scale of 0.4 arcsec, and the
Johnson R filter. The raw images were reduced with the icat
pipeline of the TJO (Colome & Ribas 2006), using dark, bias,
and flat-fields images for calibration. We performed differen-
tial photometry with AstroImageJ (Collins et al. 2017), using
the aperture size that minimized the rms of the resulting rela-
tive fluxes, and a selection of the brightest reference stars in the
field that did not show variability.

Finally, GJ806 was observed from Entre Encinas y Estrellas4

(e-EYE) in southern Spain. Observations in the B, V , and R fil-
ters were taken between October 2021 and May 2022 using a 1600
ODK Corrected-Dall-Kirkham reflector with 16803 CCD chip
on an ASA DDM85 mount. The CCD camera is equipped with
Astrodon filters. The effective pixel scale is 2.0400 pixel�1 with
3⇥3 binning. Reduction of images and differential aperture pho-
tometry of the target and several reference stars were performed
using the Lesve photometry package5.

2.4. Spectroscopic observations

2.4.1. CARMENES

The CARMENES6 instrument at the 3.5 m telescope at the Calar
Alto Observatory in Almería, Spain, is a dual-channel spec-
trograph that operates at both the optical (0.52–0.96 µm) and
near-infrared (0.96–1.71 µm) wavelengths. The average resolv-
ing power for the two wavelength regions is R= 94 600 and
R= 80 400, respectively.

GJ 806 was part of the original CARMENES survey of
300 M dwarfs in search of planetary companions, and thus
observations started several years prior to the TESS candidate
announcement. CARMENES obtained 67 spectra for GJ 806
between 23 April 2016 and 28 October 2021, with a total base-
line spanning about 5.5 yr. The exposure times were set to 900 s.
CARMENES data reduction was performed uniformly using
the CARACAL pipeline (Caballero et al. 2016), and radial veloc-
ity measurements were extracted using the SERVAL pipeline
(Zechmeister et al. 2018). SERVAL RVs were further corrected
using measured nightly zero point corrections, as discussed in
Trifonov et al. (2020).

The SERVAL pipeline also produces a series of spectral
activity indices that can be used to explore the stellar activity
signals (see Table D.1). Here we use only the RV data from the
CARMENES visible channel. The final CARMENES RV val-
ues, along with their uncertainties and BJD time stamp are given

4
https://www.e-eye.es/

5
http://www.dppobservatory.net

6 Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs: http://carmenes.
caha.es

in Table D.1. The average signal-to-noise ratio of the observa-
tions is 111 at 7370 Å and the average radial velocity precision is
1.5 m s�1.

In addition to the RV monitoring, a single transit of GJ 806b
was observed with the CARMENES spectrograph on the night
of 30 November 2021. We observed the target simultaneously
with the visible and near-infrared channels, collecting a total of
28 high-resolution spectra in each, 10 of them between the first
(T1) and fourth (T4) contacts covering the full transit, 8 of them
before transit, and 10 after transit. The spectra were taken in
good weather conditions with an exposure time of 300 s, ensur-
ing that any planetary absorption line was not spread over more
than ⇠2 pixels during any given exposure, and with a signal-to-
noise ratio that varied from 34 to 52 (median value of 44) around
6560 Å and from 73 to 101 (median value of 85) around 10 830 Å.

Fibre A was used to observe GJ 806, while fibre B was
placed on the sky in order to monitor the sky emission lines
(fibres A and B are permanently separated by 88 arcsec in the
east–west direction). The observations were reduced using the
CARMENES pipeline caracal, and both fibres were extracted
with the flat-optimized extraction algorithm (Zechmeister et al.
2014).

2.4.2. MAROON-X

MAROON-X7 is a stabilized fibre-fed high-resolution (R ⇡
85 000) spectrograph mounted at the 8.1-metre Gemini North
telescope on Mauna Kea, Hawaii, USA (Seifahrt et al. 2016,
2018, 2020). MAROON-X has a blue and a red arm, which
encompass 500–678 and 654–920 nm, respectively. During an
observation the two arms are exposed simultaneously.

We observed GJ 806 with MAROON-X a total of 37 times
between 27 October 2021 and 23 November 2021 as part of our
ongoing survey of transiting planets identified by TESS around
M dwarfs within 30 pc. Exposure times were typically set to
1200 s. When the weather permitted, the target was observed
twice a night to allow for precise characterization of the 0.93-day
transiting planet.

The data were reduced using a custom package, and
radial velocities were extracted using a version of the SERVAL
(Zechmeister et al. 2018) pipeline modified for use with
MAROON-X data. The red and blue arms were processed sep-
arately due to their different wavelength ranges. Thus, the two
arms are analysed as independent datasets. The spectra had a
peak S/N of around 450 in the red arm and 200 in the blue arm,
with accompanying RV precisions of 0.3 m s�1 and 0.4 m s�1,
respectively. The higher precision in the red arm is an expected
result given the cool host star. As with CARMENES, SERVAL
calculated a suite of line indices (H↵, NaD, and CaIRT) and
spectral activity indicators (CRX and dLW) to describe the
activity of the host star.

2.4.3. HIRES

HIRES obtained 86 spectra for GJ 806 between 2 June
1997 and 26 September 2012, with a total baseline spanning
about 15.3 yr. The HIRES RVs were originally published by
Butler et al. (2017), and were subsequently reprocessed by Tal-Or
et al. (2018), including some nightly zero-point corrections. This
last corrected dataset is the one used here (Tal-Or, priv. comm.).
The average radial velocity precision is 2.4 m s�1.

7 M dwarf Advanced Radial velocity Observer Of Neighboring eXo-
planets: https://www.gemini.edu/instrumentation/maroon-x
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Fig. 2. Time series of RV measurements by HIRES, CARMENES VIS, and MAROON-X Red and Blue.

The complete time series of the radial velocity measure-
ments used in this work, including HIRES, CARMENES, and
MAROON-X, is plotted in Fig. 2 and are given in Table D.1.

3. The star

3.1. Stellar parameters

The star GJ 806 was first tabulated in the Bonner Durch-
musterung astro-photometric star catalogue (Argelander 1903)
with the designation BD+44 3567. However, following the rules
of the International Astronomical Union, in this manuscript we
use the designation in the first Catalogue of Nearby Stars by
Gliese (1969). To avoid confusion with the character string ‘GI’,
here we use ‘GJ’ (Gliese & Jahreiß 1988) instead of ‘Gl’ (Gliese)
for the acronym.

Because of its relative brightness (V ⇠ 10.7 mag) and close-
ness (d ⇠ 12 pc), GJ 806 has been frequently investigated on
stellar radial velocities (Wilson 1953; Nidever et al. 2002), par-
allaxes (Strand & Hall 1951; Wagman 1967), magnitudes and
colours (Leggett 1992), multiplicity (Fischer & Marcy 1992;
Kervella et al. 2019), spectral typing (Kirkpatrick et al. 1991;
Rayner et al. 2009), activity (Hawley et al. 1996; Wright et al.
2004), kinematics (Reid et al. 1995; Montes et al. 2001), or char-
acterization in general (Lépine & Shara 2005; Mann et al. 2015;
Schweitzer et al. 2019), just to cite a few examples.

GJ 806 was one of the targets of the primary CARMENES
guaranteed time observations sample (Reiners et al. 2018), and
as such it has been well characterized in the past (e.g. Passegger
et al. 2019; Cifuentes et al. 2020). Table 1 summarizes the stel-
lar parameters of GJ 806. We compiled them from Gaia results
and preparatory works (Gaia Collaboration 2021; Soubiran et al.
2018) and from CARMENES publications (Fuhrmeister et al.
2020; Marfil et al. 2021; Reiners et al. 2022), or used those that
we computed. For simplicity, we refer to Caballero et al. (2022),
who exhaustively described each parameter. In the case of
log R0HK, we averaged 81 R0HK measurements with Keck/HIRES
compiled by Perdelwitz et al. (2021). The age and X-ray emis-
sion is discussed in Sect. 4.5, while we derived the rotation
period range from photometry, as described below. Additionally,
the log R0HK value of –4.92 and the log LCa/Lbol value of –4.92
(Reiners et al. 2022) are consistent with GJ 806 being a very
magnetically inactive star.

3.2. Stellar rotation from seeing-limited photometry

GJ 806 has a published rotation period of 19.9 days (Díez Alonso
et al. 2019); however, there are clear indications from the TESS
light curve, and from the magnetic field value (Reiners et al.
2022) that the rotation period might actually be substantially
longer. A quasi-periodic Gaussian process (GP) on the TESS
Sector 41 data, masking the transit periods returns a periodic-
ity of 53+21

�14 days, significantly longer than the 27-day duration
of the TESS sector.

In order to determine GJ 806’s rotational period, we started
a photometric follow-up campaign using ground-based tele-
scopes to measure periodic flux variations related to the stel-
lar rotation. We gathered seeing-limited data from the 1.5 m
Ritchey-Chrétien telescope at Sierra Nevada Observatory (V and
R Johnson filters), the e-EyE telescopes (B and R Johnson fil-
ters), the 0.4 m telescopes at Las Cumbres Observatory (V and
B Johnson filters), and the 0.8 m Telescopi Joan Oró (TJO) at
Observatori Astronòmic del Montsec (OAdM; R Johnson filter).
Details can be found in Sect. 2.3.

Each photometric dataset was fitted using a linear function
to model the mean value and slope of the measurements, and
GPs to model the periodic flux variations of the star. The linear
function was used to describe long term variations present in the
data while the GPs were used to model periodic variations. We
used the GP package celerite (Foreman-Mackey et al. 2017),
and chose the kernel

ki j Phot =
B

2 +C
e�|ti�t j |/L

"
cos

 
2⇡|ti � t j|

Prot

!
+ (1 +C)

#
, (1)

where |ti � t j| is the difference between two epochs or observa-
tions; B, C, and L are positive constants; and Prot is the stellar
rotational period (see Foreman-Mackey et al. 2017 for details).
We performed a joint fit of all the photometry available. For each
dataset the zero point, we set the slope value of the linear func-
tion and the GP kernel constants B, C, L as free parameters. With
this approach we can model the different long-term trends seen
in the photometry (likely instrumental) and the different sensi-
tivities to the stellar activity of the observed bands. We also note
that we allowed the amplitude of the periodic kernel to go to
zero for the cases where little to no photometric variations were
detected. To constrain the rotation of the star we set the rotational
period Prot as a common parameter for all the datasets.
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Table 1. Stellar parameters of GJ 806.

Parameter Value Reference

Basic identifiers and data
GJ 806 Gli69
BD +44 3567 Arg1903
Karmn J20450+444 AF15, Cab16a
TOI 4481 ExoFOP-TESS
TIC 239332587 Sta18
Sp. type M1.5 V PMSU
T [mag] 8.7276 ± 0.0073 ExoFOP-TESS(a)

Astrometry and kinematics
↵ (J2016.0) 20:45:04.10 Gaia EDR3
� (J2016.0) +44:29:56.6 Gaia EDR3
µ↵ cos � [mas yr�1] +434.028 ± 0.018 Gaia EDR3
µ� [mas yr�1] +271.022 ± 0.020 Gaia EDR3
$ [mas] 82.890 ± 0.017 Gaia EDR3
d [pc] 12.0641 ± 0.0024 Gaia EDR3
� [km s�1] �24.694 ± 0.0023 Sou18
�̇ [m s�1 yr�1] +0.07250 ± 0.00035 This work
U [km s�1] �29.9631 ± 0.0041 This work
V [km s�1] �21.5366 ± 0.0023 This work
W [km s�1] �10.2250 ± 0.0045 This work
Galactic population Young disc This work

Fundamental parameters
L? [10�6 L�] 25985 ± 98 This work
Te↵ [K] 3600 ± 16 Mar21
log gspec 4.98 ± 0.12 Mar21
[Fe/H] �0.28 ± 0.07 Mar21
R? [R�] 0.4144 ± 0.0038 This work
M? [M�] 0.413 ± 0.011 This work

Activity and age
v sin i? [km s�1] <2.0 Rei18, Mar21
Prot,phot [d] 34.6–48.1 This work(d)

pEW(He I D3) [Å] �0.019 ± 0.010 Fuh20
pEW(H↵) [Å] +0.311 ± 0.012 Fuh20
pEW(Ca II IRT1) [Å] +0.742 ± 0.009 Fuh20
pEW(He I IR) [Å] +0.132 ± 0.009 Fuh20
log R0HK �4.923+0.052

�0.059 This work(c)

hBi [G] 170 ± 60 Rei22
log LCa/Lbol –4.92 Rei22
Age [Gyr] 1–8 This work(d)

Notes. (a)See Table A.1 for multi-band photometry different from TESS
T . (b)See Sect. 3.3 for the Prot determination from ground photometry.
(c)From data compiled by Perdelwitz et al. (2021). (d)Passegger et al.
(2019) assumed a mean age of 0.6 Gyr.
References. AF15: Alonso-Floriano et al. (2015); Arg1903:
Argelander (1903); Cab16a: Caballero et al. (2016); ExoFOP-TESS:
https://exofop.ipac.caltech.edu/tess/; Fuh20: Fuhrmeister
et al. (2020); Gaia EDR3: Gaia Collaboration (2021); Gli69: Gliese
(1969); Lin21: Lindegren et al. (2021); Mar21: Marfil et al. (2021);
PMSU: Reid et al. (1995); Rei18: Reiners et al. (2018); Rei22: Reiners
et al. (2022); Sou18: Soubiran et al. (2018).

We started the fit with a global optimization of a log posterior
function using PyDE8. Then we used the results of the opti-
mization to sample the posterior distribution of the parameters
using an Markov chain Monte Carlo (MCMC) procedure with

8
https://github.com/hpparvi/PyDE

emcee (Foreman-Mackey et al. 2013). The MCMC procedure
consisted of 150 chains. We first ran 2000 iterations as a burn-
in. The PyDE optimization and this burn-in run were aimed at
ensuring convergence. We then ran the MCMC for 10 000 more
iterations to properly sample the posterior parameter space. The
final parameter values and their respective uncertainties were
computed using the percentiles of the posterior distributions: the
median values were taken from the 50th percentile and the lower
and upper uncertainties were computed using the 16th and 84th
percentiles, respectively.

Figure 3 shows all the photometric datasets analysed here
and the best-fit model for each time series. Using the pro-
cedure described before we find a stellar rotation period of
Prot = 33.6+1.5

�1.0 days. This is in clear disagreement with the value
from Díez Alonso et al. (2019). It is noteworthy, however, that
a significant peak near 13.6 days appears in the LCO B-band
photometric time series, and in the e-EYE R band with sightly
shorter periodicity. The period is discussed in the following
sections.

3.3. Activity indicators

As mentioned in Sect. 2 the SERVAL analysis of the CARMENES
data provides a set of activity indices (see Jeffers et al. 2022 for
a full description and discussion of the different indices). Gen-
eralized Lomb-Scargle (GLS) periodograms for some of these
indices, derived individually for the visible and the near-infrared
spectra, are plotted in Fig. 4. Also labelled are some of the peri-
odicities discussed in the data analysis section of this paper that
we attribute to planetary signals.

It is clearly seen in Fig. 4 that none of the indices presents
significant periodic signals (false alarm probability, FAP < 0.1%)
at either the rotation or planetary signals, which are discussed
later in this paper. Only the D1 and the Ca II IRT3 indices present
a significant periodicity at 39.5 days, which does not have a
counterpart in the analysis of the radial velocity values.

To explore these periodicities in more detail, we used the
pseudo equivalent width (pEW) of H↵ and the two bluer Ca II
infrared triplet (IRT) lines as chromospheric indicators, follow-
ing (Fuhrmeister et al. 2019; see their Table 2 for the used
integration bands). Additionally, we used a TiO bandhead index
at 7050 Å, defined as the ratio of the integrated flux density in
two wavelength bands on both sides of the bandhead. There we
followed (Schöfer et al. 2019; see their Table 3 for the wave-
length bands used). To each time series of these chromospheric
indicators a 3� clipping was applied to omit outliers due to flar-
ing or weather and instrumental issues. Afterwards we detrended
each time series with a polynomial of grade three and then
used the GLS periodogram (Zechmeister & Kürster 2009) as
implemented in PyAstronomy9 (Czesla et al. 2019) to search for
periods in the undetrended and detrended time series. For the
67 usable (of 68 total) spectra of GJ 806 we find a period of
38.629 to 38.996 days in the undetrended data of the four indi-
cators with FAP lower than 0.0036, and a period of 38.690 to
38.934 days in the detrended data with FAP lower than 0.0007.
The mean of all eight computed periods (for the four indicators
in the undetrended and detrended case) is 38.8 ± 0.2 days (see
Fig. B.2).

Finally, to determine the stellar rotation period in a third
independent way, we also used the R0HK measurements published
by Perdelwitz et al. (2021), which are based on spectra acquired
with HIRES (Vogt 1992). The data reduction is also described in

9
https://github.com/sczesla/PyAstronomy
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Fig. 3. Ground-based photometric observations (left) and generalized Lomb-Scargle (GLS, Zechmeister & Kürster 2009) periodograms (right) for
each dataset of GJ 806. Fitting a linear function and a kernel with a periodic term to all the datasets using GPs, we find a stellar rotation period of
33.6+1.5

�1.0 days. The dashed vertical blue line marks the 13.6-day period discussed in later sections. The horizontal dotted red line is the 10% false
alarm probability level.

Perdelwitz et al. (2021). The 81 values with sufficient signal-to-
noise values (S/N > 5 at the Ca II H&K lines) were analysed with
a GLS approach (Zechmeister & Kürster 2009) with a period
range of 1–1000 days and an oversampling of 1000. The GLS
periodogram (see Fig. 5) yields a clear detection at a period of
48.1 d, with a FAP below 10�6.

In summary, using different approaches, we find evidence for
GJ 806’s rotation period to be at ⇠34.6, ⇠38.8, and ⇠48.1 days.
Unfortunately, even considering the large error bars in these
period determinations, the results are not compatible. We have to
conclude that while the rotation period of GJ 806 is most likely
in the range 30–50 days, its true value remains undetermined.

4. Analysis

4.1. Transit photometry

We modelled the transits for the innermost planet (GJ 806 b)
using the TESS Sector 15 light curve observed in 30 min
cadence, the TESS Sector 41 light curve observed in 2 min

cadence, and the MuSCAT2 four-colour light curves from three
nights together using PYTRANSIT (Parviainen 2015, 2020;
Parviainen & Korth 2020), and show the photometry with the
fitted transits models in Fig. 6. The model was parametrized
using the mid-transit time at epoch zero, the orbital period, the
stellar density, the impact parameter, and the planet-star area
ratio (independent of passband or light curve), two quadratic
limb darkening coefficients for each passband, an average white
noise estimate for each light curve, and a set of linear model
covariate coefficients for each light curve10. The limb darkening
coefficients were constrained using priors calculated with LDTK
(Parviainen & Aigrain 2015), the zero epoch and orbital period
had wide normal priors centred around the TESS TOI announce-
ment values11, and the rest of the parameters had uninformative

10 The linear model represents the baseline flux as a weighted sum of
auxiliary variables measured simultaneously with the photometry, such
as the airmass, x- and y-centroid shifts, and the point spread func-
tion (psf) width. The coefficients equal the weights of the auxiliary
variables.
11
https://tev.mit.edu/data/
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Fig. 4. Generalized Lomb-Scargle periodograms of the activity indices
derived from SERVAL for the CARMENES data. In all panels, the
broken magenta lines indicate the planetary periodicities of 0.96, 6.6,
and 13.6 days, and the broken red lines indicate the 19.9-, 34.6-, and
48.1-day possible rotation periods discussed here. In the top two panels,
the GLS for the CRX and dLW indices are given independently for the
visible and infrared channel spectra. The 10%, 1%, and 0.1% FAP levels
are indicated by grey dotted, dash-dotted, and dashed horizontal lines,
respectively.
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Fig. 5. GLS periodogram of R0HK values from the HIRES spectra. The
dashed lines in the GLS panel represent the 10%, 1% and 0.1% signifi-
cance levels.

priors obtained after checking that the posterior estimation did
not constrain the parameter posteriors. The parameter posteriors
agree well with the joint analysis combining photometry and RV
information in Sect. 4.3.

4.2. Radial velocities

We searched for planetary signals in the different RV datasets
using a GLS approach and computing the theoretical FAP as
described in Zechmeister & Kürster (2009). Furthermore, we

used juliet12 (Espinoza et al. 2019) to model the detected sig-
nals. This Python code is based on other public packages for
transit light curves (batman; Kreidberg 2015) and RV (radvel;
Fulton et al. 2018) modelling and allows the inclusion of GPs
(george, Ambikasaran et al. 2014; celerite, Foreman-Mackey
et al. 2017) to model the presence of systematic effects in the
data. Instead of using MCMC techniques, juliet uses a nested
sampling algorithm to explore all the parameter space and also
computes the Bayesian model log-evidence (ln Z). This is per-
formed using the MultiNest algorithm (Feroz et al. 2009) via
its Python implementation PyMultinest (Buchner et al. 2014).
We considered sinusoidal signals with normal priors for the
period (P) and uniform priors for the central time of transit (t0)
and the semi-amplitude (Kp) to fit the periodicities found in the
RVs. We included an instrumental jitter and systemic velocity
terms for each of the individual RV datasets.

4.2.1. HIRES RVs

Despite the relatively large number of HIRES measurements,
and the long baseline of the dataset, the GLS periodogram does
not show significant peaks (FAP 10%) at periods greater than
1 d. There is a significant peak (FAP⇠1%) near 0.92 d, but it is
too far away in period to be associated with the signal from the
transiting planet GJ 806 b (Fig. 7). We forced a fit to the tran-
siting planet using the parameters from the photometry, but the
retrieved model does not recover any significant planet signal.
Thus, the HIRES RVs alone do not allow us to characterize the
transiting planet, nor do they contain any indication of additional
signals.

Although the HIRES data alone cannot find significant plan-
etary signals, two signals at 6.6 and 13.6 days are found when
using the other datasets discussed later in this work. If we per-
form a specific fit for these two signals, with two Keplerians
centred around these periods, we find significant detections with
semi-amplitudes of 2.7+0.6

�1.1 m s�1 and 3.20± 0.60 m s�1, respec-
tively. Using one Keplerian only for either of the periods or
three Keplerians including the transiting planet does not change
the results, and the inner transiting planet is not detected (see
Table 3).

4.2.2. CARMENES RVs

The GLS of CARMENES RVs presents a very significant peak
(FAP⌧0.1%) at ⇠13.6 d and a significant peak (FAP⇠1%) near
0.92 d (Fig. 7). Because the periodogram region near the tran-
siting planet may be affected by the alias of other signals, we
studied the signals in order of significance. We fitted the sig-
nal at 13.6 d with a period normal prior (N(13.608, 0.05) [d]).
Due to the dispersion in RV, we always used a semi-amplitude
uniform prior between 0 and 20 m s�1 (U(0, 20) [m s�1]) for the
fitted signals. For the 6.6 d signal, we also used a period nor-
mal prior (N(6.64, 0.1) [d]). The prior used to fit the transiting
planet signal was a period normal prior (N(0.92632, 0.001) [d]).
After fitting the signal at 13.6 d, the most significant signal of the
residuals is at ⇠6.6 d and the 0.92 d decreases its significance.
Thus, we simultaneously fitted the signals at 6.6 d and 13.6 d.
The residuals still present a peak near ⇠13 d, but the signal of the
transiting planet is clearly detected (FAP⌧ 0.1%). After simul-
taneously fitting the transiting planet and the 6.6 d and 13.6 d
signals, the GLS periodogram of the residuals is mainly flat with
only a non-significant peak near 39 d (FAP⇠ 10%). This fitting

12
https://juliet.readthedocs.io/en/latest/index.html
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Fig. 6. Phase-folded TESS and MuSCAT2 photometry with the median posterior model. The small dots show the original data and the larger dots
show data binned to 5 min (TESS) and 10 min (M2) resolution for visualization. The black line shows the posterior median transit model for each
passband and dataset. The model for 30 min cadence TESS QLP light curve is supersampled with ten samples per exposure.

Fig. 7. Radial velocity analysis of CARMENES, HIRES, and MAROON-X data. Left: generalized Lomb-Scargle (GLS) periodograms of the
HIRES (top), CARMENES (middle), and the two MAROON-X channels (bottom) radial velocity time series. The vertical dotted lines indicate the
highest peaks at 13.6 d (magenta), 6.6 d (green), and 0.92 d (orange). The 10%, 1%, and 0.1% FAP levels are indicated by grey dotted, dash-dotted,
and dashed lines, respectively. Right: window functions of the HIRES, CARMENES, and MAROON-X channels time series. The vertical dotted
lines indicate the 13.6 d (magenta), 6.6 d (green), and 0.92 d (orange) periods.

process is illustrated in Fig. 8. Compared with the other models,
the three-planet model is preferred for the CARMENES data in
terms of Bayesian log-evidence (see Table 2) and minimizes the
squared sum of the residuals and the jitter term contribution.

Because the 6.6 d and 13.6 d periods are close to a 1:2 ratio,
we explored the hypothesis that one signal is a harmonic of
the other. However, in the CARMENES RV analysis, and in the
rest of datasets we analyse in the next sections, we found that
in general when fitting either of the signals, the other becomes
stronger, indicating that we are in fact dealing with either
two outer planets in near-resonance or a planet signal and a
stellar signal.

4.2.3. MAROON-X RVs

The GLS periodograms of the MAROON-X RVs from the
red arm, the blue arm, and their combination are similar.
They clearly present the transiting planet signal (FAP⇠ 0.1%)
and well-defined peaks at ⇠6.6 d (FAP⌧ 0.1%) and ⇠13.6 d
(FAP⇠ 0.1%) (Fig. 7). In this section we used the follow-
ing period priors to fit the 0.9 d, 6.6 d, and 13.6 d signals:
N(0.9263, 0.001) [d], N(6.6, 0.1) [d], and N(13.6, 0.1) [d].

In that case, we first fitted the ⇠6.6 d as it is the strongest
signal. In the GLS periodogram of the residuals, the transiting
planet then became the biggest peak, followed by the ⇠13.6 d
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Fig. 8. Generalized Lomb-Scargle (GLS) periodograms of CARMENES (left) and MAROON-X (right) RV measurements and the residual RVs
after subtraction of different models. In all panels, the 10%, 1%, and 0.1% FAP levels are indicated by grey dotted, dash-dotted, and dashed lines,
respectively. Left panels: a) GLS of RV dataset. b) GLS of the RV residuals after fitting the 13.6 d signal (vertical magenta line). c) GLS of the
RV residuals after simultaneously fitting the 6.6 d (vertical green line) and 13.6 d signals. d) GLS of the RV residuals after simultaneously fitting
the transitting planet (P = 0.926 d, vertical red line), 6.6 d, and 13.6 d signals. Right panels: a) GLS of RV dataset. b) GLS of the RV residuals after
fitting the 6.6 d signal (vertical green line). c) GLS of the RV residuals after simultaneously fitting the transiting planet (P = 0.926 d, vertical red
line) and 6.6 d signals. d) GLS of the RV residuals after simultaneously fitting the 6.6 d and 13.6 d (vertical magenta line) signals. e) GLS of the
RV residuals after simultaneously fitting the transiting planet, 6.6 d, and 13.6 d signals. f ) Window function.

Table 2. Comparative Bayesian log-evidence.

RV dataset 13.6 d 6.6 d+13.6 d 0.92 d+6.6 d+13.6 d

CARMENES 0.0 6.8 19.8
CARMENES+HIRES 0.0 9.6 23.6
CARMENES+HIRES+MAROON-X 0 41 102

Notes. Comparison between Bayesian log-evidence (� ln Z) for the
13.6 d (1 pl), 6.6 d+13.6 d (2 pl), and 0.92 d+6.6 d+13.6 d (3 pl) models
using CARMENES+HIRES and CARMENES+HIRES+MAROON-
X RVs datasets. We used the simplest model, the one-planet model, as
a reference.

signal, both with FAP⌧0.1%. Then, we simultaneously fit-
ted the 0.92 d and 6.6 d signal. However, after fitting those
signals, the 13.6 d signal completely disappeared in the GLS
periodogram of the residuals. There is only a long trend that
peaks at near ⇠30 d. On the contrary, if we fit the 6.6 d and
13.6 d periods simultaneously, the transiting planet signal dis-
appears in the GLS periodogram of the residuals. When forcing
the models to simultaneously fit the 0.92 d, 6.6 d, and 13.6 d sig-
nals, the 13.6 d signal is not significantly recovered. While we
have no clear explanation for these results, it is possible that the
1-day-alias of the 13.6-day signal (at P ' 0.931 d) affects the
MAROON-X planet signal detections when the transiting planet
at 0.92d is fitted. Again our fitting process is illustrated in Fig. 8.

4.2.4. CARMENES + HIRES RVs

We tried to improve our results by combining the CARMENES
and HIRES measurements. The GLS approach combining both

RV datasets presents peaks near the transiting planet period with
FAP lower than 1%. However, the most significant peak is at
13.6 d and also displays a significant peak at 6.6 d (FAP⇠ 0.1%).
The GLS is shown in Fig. 9.

Following the same steps as in the CARMENES RV-only
analysis, we fitted the 13.6 d periodicity with a period normal
prior (N(13.6, 0.1) [d]) and, after subtracting this signal, the
signal at 6.6 d increased its significance. Thus, we simultane-
ously fitted a period normal prior (N(6.64, 0.1) [d]) and the
13.6 d signal, leading to a refinement of the 6.6 d signal proper-
ties and constraining the results for the 13.6 d periodicity. When
the three periods are simultaneously fitted, using a period nor-
mal prior (N(0.9263, 0.000032) [d]) for the transiting planet, the
RV residuals are mainly flat without significant peaks. Compared
with the other models, the three-Keplerian signal model is pre-
ferred in terms of Bayesian log-evidence (Table 2), and because
it minimizes the squared sum of the residuals and the jitter term
contribution.

We also tested the significance of the 0.92 d, 6.6 d, and
13.6 d periods fitting sequentially the three signals, but chang-
ing the fitting order. We obtained consistent results in all the
cases, enhancing the planetary origin of the signals. Clearly the
joint analysis of the combined CARMENES and HIRES data is
dominated by the CARMENES signals, and is not significantly
different from using CARMENES data alone.

4.2.5. CARMENES + HIRES + MAROON-X RVs

Finally, we analysed the RV measurements from the
CARMENES, HIRES, and MAROON-X red and blue arms
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Table 3. Retrieved semi-amplitudes of the three radial velocity signals obtained with each analysis of the different datasets.

Instrument � ln Z K0.92 d [m s�1] K6.6 d [m s�1] K13.6 d [m s�1]

CARMENES 3.30 ± 0.45 3.30 ± 0.45 3.65 ± 0.42
MAROON-X (a) 2.48 ± 0.15 3.45 ± 0.15 –
MAROON-X red (a) 2.47 ± 0.20 3.53 ± 0.18 –
MAROON-X blue (a) 2.38 ± 0.25 3.57 ± 0.21 –
HIRES (b) – 2.7+0.6

�1.1 3.20 ± 0.60
CARMENES+HIRES 2.65 ± 0.35 3.00 ± 0.35 3.77 ± 0.32

CARMENES+HIRES+MAROON-X
2pl (0.92d + 6.6d) –20.4 2.20 ± 0.21 3.60 ± 0.19 –
3pl 0.0 3.36 ± 0.25 3.17 ± 0.18 1.77 ± 0.30
2pl ((CARM+HIRES)-13.6d) + MAROON-X (c) 23.5 2.38 ± 0.18 3.45 ± 0.16 4.10 ± 0.20
M2: 2pl+GPQP(CARM) –8.2 2.10 ± 0.20 3.63 ± 0.18 6.26+2.2

�1.6
M4: 2pl+GPQP(CARM,HIRES) 3.3 2.20 ± 0.21 3.63 ± 0.18 6.26+2.2

�1.6 , 8.7±2.8
M6: 2pl+GPQP(CARM+HIRES) 7.2 2.18 ± 0.21 3.61 ± 0.18 7.6+1.8

�1.4
M3: 2pl+GPExpSinSq(CARM) –3.4 2.22 ± 0.20 3.54 ± 0.17 4.8+8

�1.8
M5: 2pl+GPExpSinSq(CARM,HIRES) 10.5 2.30 ± 0.20 3.55 ± 0.18 4.7+7.5

�1.8 , 4.2 ± 0.5
M7: 2pl+GPExpSinSq(CARM+HIRES) 8.1 2.26 ± 0.20 3.56 ± 0.18 3.6 ± 0.8

Notes. For the different CARMENES+HIRES+MAROON-X models, the � ln Z values are also given. The priors used in these models are
described in Table C.1. The numbers in italics were not determined by a Keplerian fit, but are the semi-amplitudes derived from the GP fitting.
(a)The 13.6 d signal is not detected in the MAROON-X data. (b)HIRES GLS does not show significant signal at 0.92, 6.6, or 13.6 d. (c)Reference
Model: 2pl ((CARM+HIRES)-13.6d) + MAROON-X.

Fig. 9. Generalized Lomb-Scargle (GLS) periodograms of the com-
bined CARMENES and HIRES RVs measurements and the residual
RVs after subtraction of different models. a) GLS of RV dataset. b) GLS
of the RV residuals after fitting the 13.6 d signal (vertical magenta line).
c) GLS of the RV residuals after simultaneously fitting the 6.6 d (vertical
green line) and 13.6 d signals. d) GLS of the RV residuals after simul-
taneously fitting the transitting planet (P = 0.926 d, vertical red line),
6.6 d, and 13.6 d signals. e) Window function. The 10%, 1%, and 0.1%
FAP levels are indicated by grey dotted, dash-dotted, and dashed lines,
respectively.

together. For a quick inspection of the three datasets combined,
we used the following period priors to fit the 0.9 d, 6.6 d, and
13.6 d signals: N(0.9263, 0.0001) [d], N(6.64, 0.05) [d], and

N(13.60, 0.05) [d], respectively. The GLS periodogram of the
full combined dataset clearly shows the three signals under
study: the transiting planet at 0.93 d, and the 6.6 d and 13.6 d
planet candidates. Figure 10 displays the GLS periodograms.

After fitting the three signals under study in the same way as
in previous section, the GLS periodogram peaks in the residu-
als remain under FAP  10%. The three-Keplerian signal model
is still the preferred choice in terms of Bayesian log-evidence
(Table 2).

Thus, it would seem that we obtain a consistent picture of
the three planetary candidates orbiting GJ 806. A closer inspec-
tion of our analysis, however, shows some inconsistencies in
the results. The top section in Table 3 summarizes the fitted
semi-amplitude (ultimately mass) to each of the three planet can-
didates. The table shows that the semi-amplitude of the 6.6-day
signal is statistically constant no matter what dataset or analysis
methods are used. However, the semi-amplitude for the transit-
ing inner planet varies substantially (> 2�) depending on how
many datasets are used, and the third signal at 13.6 days varies its
amplitude widely. One would expect a priori that MAROON-X
is the best instrument to capture precisely the semi-amplitude
of GJ 806b, but the value of the fit to all datasets deviates sig-
nificantly from the MAROON-X-only fit as a consequence of
a possible overestimation of this amplitude in the CARMENES
and HIRES data. Moreover, it is possible that the 13.6-day sig-
nal, which is detected in the CARMENES and HIRES data, can
be of stellar origin, and related to stellar activity (possibly time-
varying). Because we were unable to unambiguously determine
the rotation period of the host star, as shown in previous sections,
this possibility cannot be disregarded.

To account for this possible flaw in our analysis we under-
took a series of additional modelling. For a better comparation
between datasets and models, and to avoid influences from the
used priors, we used the same priors to fit the same signal in
all the models showed in Table 3. The priors used in each sig-
nal are shown in Table C.1. Furthermore, the priors for the GP
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Fig. 10. Generalized Lomb-Scargle (GLS) periodograms of
CARMENES, HIRES, and MAROON-X red and blue arm RV
measurements and the residual RVs after subtraction of different
models. a) GLS of RV datasets. b) GLS of the RV residuals after
fitting the 13.6 d signal (vertical magenta line). c) GLS of the RV
residuals after simultaneously fitting the 6.6 d (vertical green line) and
13.6 d signals. d) GLS of the RV residuals after simultaneously fitting
the transiting planet (P = 0.926 d, vertical red line), 6.6 d, and 13.6 d
signals. e) Window function. The 10%, 1%, and 0.1% FAP levels are
indicated by grey dotted, dash-dotted, and dashed lines, respectively.

kernels are also shown in Table C.1. Those GP prior distribu-
tions are the same when the GP is applied to the three different
datasets: CARMENES, CARMENES and HIRES individually,
and the combined CARMENES+HIRES dataset. In Table 3 we
also report the planetary semi-amplitudes reported by a series of
models, all including the CARMENES+MAROON-X+HIRES
data. The first two models contain simple two- and three-
Keplerian signal fits following the same procedures as described
in previous sections. In the rest of the models we remove
the 13.6-day signal from the CARMENES and/or the HIRES
data in different ways, namely: In the reference model, which
we name this way as it will be our final adopted model, we
removed the 13.6-day signal by fitting a Keplerian signal to the
CARMENES+HIRES data and combined the residuals with the
MAROON-X data to fit for the 0.9 and 6.6 d signals. In the rest
of the models, we fitted the 13.6-day signal using Gaussian pro-
cesses (GPs). The fit is performed using two different kernels
(Quasi-periodic and Exponential Sinus Squared), and applying
them to the CARMENES-only data, to the CARMENES and
HIRES data individually sharing the GP Prot hyperparameter,
and to the combined CARMENES+HIRES dataset. The differ-
ent combinations give rise to models 2 to 7. The � ln Z values of
each model is also given in Table 3.

4.2.6. Floating chunk offset analysis

As an independent method of deriving the K-amplitude of the
transiting USP planet we applied the floating chunk offset (FCO)
method (Hatzes 2014). This method is relatively insensitive to
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Fig. 11. Periodogram of FCO dataset showing reduced �2 as a func-
tion of input period. The vertical dashed line indicates the period of
TOI 4481b.

the presence of other long-period signals, and it serves as a check
on the K-amplitude found by our previous analyses.

Basically, FCO treats measurements taken on different nights
as independent datasets with different zero-point offsets. These
nightly datasets are then fit using a fixed period and phase of
the transiting planet, but allowing the K-amplitude and nightly
zero-point to vary until the �2 is minimized. FCO acts as a high-
pass filter that removes the underlying long-period signals. It also
assumes that stellar activity is ‘frozen’ over a single night. In
order to apply FCO, two criteria must be met: 1) the periods of
other signals must be much longer than that of the short-period
transiting planet, and 2) several nights of data are necessary with
at least two RV measurements with good time separation.

There were seven nights of CARMENES data with three to
four measurements, and only two nights of MAROON-X mea-
surements with good time separation. For the FCO method the
number of measurements is relatively sparse, so it is wise to
check that the signal of the USP can be detected in the data. To
do this we applied an FCO periodogram. The data were fit using
a range of trial input periods and allowing the K-amplitude and
phase to vary. Figure 11 shows the resulting �2 fit as a function
of trial input period. Although there are a large number of ‘alias’
periods present, the best fit is found at the period of the transiting
planet.

Applying the FCO method results in an RV amplitude for
the USP of Kb = 3.05 ± 0.32 m s�1. However, the presence of
additional periods (6.6 d, 13.6 d) found in our previous analyses
are short enough that they may introduce a systematic error in
the FCO K-amplitude. To check this possibility, we generated a
synthetic dataset consisting of the orbit of the USP planet with
Kb = 3 m s�1 and including the periodic signals (6.6 d and 13. 6 d)
found by the other analyses. The 13.6-day signal was only added
to the synthetic CARMENES dataset. For all input signals the
data were sampled using the same time stamps as the observa-
tions. No noise was added in this simulation in order to assess
a possible offset in the ‘perfect’ case. The simulation resulted
in Kb = 3.5 m s�1 implying a systematic offset of +0.5 m s�1 in
the FCO value. Applying this correction would result in a final
FCO amplitude of Kb = 2.55 ± 0.32 m s�1. However, given that
this offset is comparable to the error in the FCO K-amplitude, all
that can be said with certainty is that the FCO amplitude recovers
the true amplitude within the errors and that the value is entirely
consistent with the result derived in Sect. 4.2.5.
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4.2.7. Best model adoption

As we discuss above, while the CARMENES data alone suggests
a three-planet solution, we have reasonable doubts on the nature
of the 13.6-day signal. First, MAROON-X data cover nearly two
cycles of the 13.6-day signal and the data have enough precision
to confidently detect it, but does not retrieve this signal if the
transiting planet signal is fitted. We did not find a fully satisfying
explanation for this. A first hypothesis was that the 1-day alias
of the 13.6-day signal at P = 0.931 d affected the MAROON-X
planet signal detection as it is extremely close to the transiting
planet period. A second hypothesis is that the 13.6-day sig-
nal originates from transient stellar activity in the CARMENES
data. Future longer-term RV monitoring observations of the
system may solve this issue.

Taking all this in consideration, here we adopted the refer-
ence model (2pl ((CARM+HIRES)-13.6 d) + MAROON-X) in
Table 3 as our final solution of the RV analysis based on its
� ln Z value and its simplicity over the use of GPs. This model’s
solution is also consistent with the GJ 806b semi-amplitude
solution from MAROON-X data, and has a semi-amplitude for
the 13.6-day signal that is close to that from the CARMENES-
only data. However we note that, due to the way this model is
constructed, it does not fully reflect the degeneracy that might
exist in the current dataset between the 13.6 and the 0.92 days
signal (due to aliases).

4.3. Joint fit

We simultaneously modelled the TESS and MuSCAT2 photom-
etry and CARMENES, HIRES, and MAROON-X RVs using
juliet to obtain the most precise parameters of the GJ 806
planetary system. For the joint fit we adopted the reference model
from the RV analysis in Sect. 4.2.5 and only considered transits
for planet b. In the process, we took into account the error prop-
agation from the 13.6 d signal subtraction into the CARMENES
and HIRES data.

To fit the photometric datasets with juliet, we adopted a
linear limb darkening law for the MuSCAT2 photometry and a
quadratic limb darkening law for the TESS light curve. The limb
darkening coefficients were parametrized with a uniform sam-
pling prior (q1, q2), introduced by Kipping (2013). Additionally,
rather than fitting directly the impact parameter of the orbit (b)
and the planet-to-star radius ratio (p=Rp/R?), we considered
the uninformative sample (r1,r2) parametrization introduced in
Espinoza (2018). The parameters r1 and r2 ensure a full explo-
ration of the physically plausible values of p and b, with uniform
prior sampling. We fixed all the photometric dilution factors to 1
and we added a relative flux offset and a jitter term to the TESS
data and for each filter of MuSCAT2.

To save computational time, we narrowed our priors based
on the results from the photometry and RV models, but we kept
them wide enough to ensure a full exploration of the posterior
distribution. The priors used in the joint fit are listed in Table C.2.
The median and 68.3% credible intervals of the posterior dis-
tributions and the derived planetary parameters are reported in
Table 4. Figure C.2 presents the corner plot of the posterior dis-
tributions. Figure 12 displays the phase-folded RVs models for
the to planets and Fig. C.1 displays the RV time series together
with the model. The rms of the residuals is 2.9 m s�1 and the
error bar’s median error is 2.7 m s�1. We also explored an eccen-
tric solution for planet c; however, this solution is statistically
indistinguishable from the circular model (� logZ⇠ 1), with an
eccentricity value that is not well constrained (eccc = 0.07±0.05),

Table 4. Parameters and 1� uncertainties for the juliet joint fit model
for GJ 806 planetary.

Parameter b c

Stellar parameters

⇢? [kg m�3] 8600+450
�460

Planet parameters

P [d] 0.9263237 (9) 6.64064 (25)
t0 (a) 2445.57371 (15) 2422.182±0.050
K [m s�1] 2.25±0.20 3.55±0.17
r1 0.53+0.04

�0.05 –
r2 0.0295±0.0004 –

Photometry parameters

q1,TESS 0.31+0.20
�0.13

q2,TESS 0.30+0.30
�0.20

MTESS [ppm] �4±4
�TESS [ppm] 207±7
q1,MuSCAT2-g 0.83+0.11

�0.20
MMuSCAT2-g [ppm] 16±40
�MuSCAT2-g [ppm] 4+40

�3
q1,MuSCAT2-r 0.80+0.15

�0.25
MMuSCAT2-r [ppm] �2±60
�MuSCAT2-r [ppm] 5+50

�4
q1,MuSCAT2-i 0.88+0.08

�0.13
MMuSCAT2-i [ppm] 70±30
�MuSCAT2-i [ppm] 7+70

�6
q1,MuSCAT2-z 0.38±0.22
MMuSCAT2-z [ppm] 6±35
�MuSCAT2-z [ppm] 12+170

�11

RV parameters

�CARMENES [m s�1] 0.35±0.35
�CARMENES [m s�1] 0.40+0.55

�0.21
�HIRES [m s�1] 0.45±0.45
�HIRES [m s�1] 3.05±0.40
�MAROON�Xred [m s�1] �0.30±0.20
�MAROON�Xred [m s�1] 1.05+0.15

�0.12
�MAROON�Xblue [m s�1] �0.30±0.18
�MAROON�Xblue [m s�1] 0.98+0.14

�0.12

Derived parameters

p = Rp/R? 0.0294±0.0004 –
b = (a/R?) cos ip 0.300+0.060

�0.070 –
a/R? 7.30±0.13 27.13+0.45

�0.50
ip (deg) 87.7+0.6

�0.5 –
tT [h] 0.930±0.010 –
Rp [R�] 1.331±0.023 –
Mp [M�] (b) 1.90±0.17 >5.80±0.30
⇢p [g cm�3] 4.40±0.45 –
gp [m s�2] 10.4±1.0 –
ap [AU] 0.01406±0.00030 0.0523±0.0011
Teq [K] (c) 940±10 490±5
S [S �] 130±6 9.5±0.4

Notes. Priors and description for each parameter are presented in
Table C.2. The adopted stellar properties used to derive the planetary
parameters are the ones from Table 1. (a)Central time of transit (t0) units
are BJD� 2457000. (b)The mass for planet c is a lower limit (Mp sin ip)
since it is only detected in the RV data. (c)Equilibrium temperatures were
calculated assuming zero Bond albedo.
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Fig. 12. Radial velocities phase-folded to the period and central time of transit (shown above each panel, period units are days and central time of
transit t0 units are BJD� 2 457 000) for b (left) and c (right) planets along with the best-fit model (black line) and 3� confidence intervals (shaded
light blue areas). RVs from CARMENES (orange), HIRES (green), and MAROON-X red channel (red) and blue channel (blue) and binned RV
(white dots with black error bars) are also shown. The instrument error bars include the extra jitter term added in quadrature.

Table 5. Planetary parameters and 1� uncertainties for the 13.6 d signal.

Signal parameter Value

P [d] 13.60588 (65)
t0 (a) 2417.23±0.12
K [m s�1] 4.10±0.20

a/R? 48.8±0.8
Mp [M�] (b) >8.50±0.45
ap [AU] 0.0844±0.0017
Teq [K] (c) 385±4
S [S �] 3.6±0.15

Notes. The adopted system properties used to derive the planetary
parameters are those from Tables 1 and 4. (a)Central time of transit (t0)
units are BJD� 2457000. (b)The mass is a lower limit (Mp sin ip) since
it is only detected in the RV data. (c)Equilibrium temperatures were
calculated assuming zero Bond albedo.

and with model parameters consistent within the uncertainties of
the values reported in Table 4.

The final analysis result in an inner ultra-short-period planet
with a radius of 1.331 ± 0.023 R� and a mass of 1.90 ± 0.17 M�,
and an outer planet with minimum mass of 5.80 ± 0.30 M�.

4.4. The 13.6-day signal as a planet

In our joint fit we determine the planetary nature of GJ 806b
and GJ 806c, but we cannot validate the 13.6-day signal as a
planet. However, if in the future this signal can be validated, the
derived parameters from our reference model in Sect. 4.2.5 are
given in Table 5, and the phase-folded CARMENES and HIRES
RVs are shown in Fig. 13. The planet would likely be a temperate
sub-Neptune, with a minimum mass of 8.50 ± 0.45 M�.

4.5. A search for an extended atmosphere

GJ 806b is so far the second ultra-short period planet (P < 1 d)
with lower than Earth’s mean density discovered around an
M dwarf. It joins OI-1685 b in this special category (Bluhm et al.
2021) although GJ 806 is about 2 mag brighter than TOI-1685.
As we discuss in the next section, this implies that GJ 806b
might posses some type of volatile envelope, either possible
remnants of a primordial atmosphere (Howe et al. 2020) or a
secondary atmosphere formed through outgassing (Swain et al.
2021). We used a conservative rotational period of the star of
48.1 days to estimate the expected high-energy emission and sub-
sequently the mass loss rate expected in the planet (a shorter
rotation period would lead to a larger extreme ultraviolet (XUV)
flux estimate). The stellar relation between rotation and X-ray
activity by Wright et al. (2011) is used to calculate an X-ray
(5–100 Å) luminosity of LX = 2.1 ⇥ 1027 erg s�1. The relations
in Sanz-Forcada et al. (2011) yield a GJ 806 extreme ultravio-
let (XUV, 100–920 Å) luminosity of LEUV = 2.0 ⇥ 1028 erg s�1,
and a expected mass loss rate in GJ 806 b of 1.5 ⇥ 1011 g s�1.
This X-ray emission is consistent with an age of ⇠4 Gyr. Thus,
with the aim of detecting a possible extended atmosphere, as
described in Sect. 2.4.1, we took transit observations of GJ 806b
with CARMENES on 30 November 2021 to measure the H↵ and
He I planetary absorption.

The transmission spectroscopy data analysis was performed
following the same methodology previously employed for
CARMENES M dwarf planets in Palle et al. (2020) and
Orell-Miquel et al. (2022). The resulting transmission spectrum
centred on the spectral regions of the H↵ and He I triplet is
shown in Fig. 14. The He I triplet transmission spectrum shows
a flat spectrum, while the H↵ transmission spectrum has an
emission-like feature that is a result of stellar variability during
the transit. Overall, we found no significant absorption in either
of the two line tracers, and we could only place a 3� upper limit
on the excess absorption of 1.5 % and 0.7 % for H↵ and He I,
respectively.
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Fig. 13. Radial velocities phase-folded to the period and central time
of transit (shown above each panel, period units are days and central
time of transit t0 units are BJD� 2 457 000) for the 13.6 d signal along
with the best-fit model (black line) and 3� confidence intervals (shaded
light blue areas). RVs from CARMENES (orange) and HIRES (green)
and binned RVs (white dots with black error bars) are also shown. The
instrument error bars include the extra jitter term added in quadrature.

5. Discussion

5.1. GJ 806b planet properties

As established in previous sections, the GJ806 system is com-
posed of an inner ultra-short period planet with a radius of
1.331 ± 0.023 R� and a mass of 1.90 ± 0.17 M�, and at least
one outer planet with a 6.6-day period and with minimum mass
of 5.80 ± 0.30 M�. No signs of transits for this outer planet were
detected in the TESS light curves (not shown). It is the transit-
ing USP inner planet, however, that makes this system especially
interesting.

Figure 15 shows a mass–radius diagram for all know plan-
ets with precise mass and radius determinations, where planets
around M dwarf stellar types (Te↵ < 4000 K) are colour-coded.
With a mean density of 4.40 ± 0.45 g cm�3 GJ806b lies in the
pure MgSiO3 model. Thus, GJ806b belongs to the growing pop-
ulation of rocky planets in the mass regime of 1–3 M�, the
majority of which have been discovered orbiting M dwarf stars.
GJ806b is nearly the same size as two other benchmark targets
discovered by CARMENES, GJ 357 b (Luque et al. 2019) and
GJ 486 b (Trifonov et al. 2021), although with a much lower
density and higher equilibrium temperature.

Focusing on the USP population, as previously mentioned
GJ 806b is to date the second ultra-short-period planet (P < 1 d)
with a mean density lower than Earth’s discovered around an
M dwarf (the third considering the full population of USPs),
and the one with the lowest mass (second considering all USPs).
Although for the lowest density M dwarf planet, TOI-1685 b,
there are some conflicting reports on its final density value
(Bluhm et al. 2021; Hirano et al. 2021).

The comparison with planetary models including a light
envelope of H/He (Zeng et al. 2019; Fig. 15, left) indicate that
such an envelope is very unlikely, well below the 0.1% mass
fraction. This is in agreement with our estimation of a very high
mass loss rate and the non-detection of an extended atmosphere
in Sect. 4.5. It seems that if GJ 806b ever had a primordial H/He
atmosphere it was lost a long time ago.

Consistent with this hypothesis is a comparison to syn-
thetic planets computed with the Generation III Bern model
of planet formation (Emsenhuber et al. 2021a; Schlecker et al.
2021a,b; Mishra et al. 2021). The population of M dwarf planets
with 0.5 M� host stars presented in Burn et al. (2021) contains
ultra-short-period planets (P . 2 d) that are typically of either
Earth-like, purely rocky composition or contain ⇠50% water ice
(see Fig. 16), which is supported by the observational popula-
tion studies of small planets around M dwarfs (Luque & Pallé
2022). Due to atmospheric photoevaporation by their host star,
these planets never retain their atmospheres.

GJ 806b’s location in the mass–radius diagram strongly sug-
gests that it is a planet devoid of any extended atmosphere. It
further occupies a region that is completely unpopulated by syn-
thetic USPs, which may imply that it is a bare core with an
intermediate volatile content. If it has accreted all its solids in
the form of planetesimals, such an outcome is most likely to
occur when the growing planetary core has accreted both inside
and outside the water ice line (Burn et al. 2021). This suggests
that the planet has migrated inwards significantly during the disc
phase, although a giant impact event offers a valid alternative
explanation (Emsenhuber et al. 2021b).

Simulations of multi-planet systems with N-body interac-
tions show that a GJ 806-like orbit configuration commonly
originates from resonant migration during the disc phase. Once
planets lock into a mean-motion resonance, the innermost planet
is pushed inside the disc cavity by inward migration of the exter-
nal planet (Ataiee & Kley 2021; Schlecker et al. 2022). GJ 806 b
adds to a small sample of USP planets around mid- and early
M dwarfs, contributing to constraints on the scaling of migration
traps with stellar host mass.

Turbet et al. (2020) discussed the possibility that planets with
a substantial water envelope can develop a supercritical steam
atmosphere, which would translate into a slightly larger plan-
etary radius and a slightly lower bulk density than Earth-like
planets. Figure 15 (right) indicates that in such a case, GJ806b
would contain a water mass fraction between 0.1 and 0.01%.

On the other hand, Dorn et al. (2019) discuss how differences
in the observed bulk density of small USP planets may occur
as a function of radial location and time of planet formation,
leading to a class of super-Earths that would have no core and
be rich in Ca and Al. This class of planets would have densi-
ties 10–20% lower than Earth’s and have very different interior
dynamics, outgassing histories, and magnetic fields compared to
the majority of super-Earths. This scenario is also compatible
with the observed properties of GJ 806b.

With an equilibrium temperature of 940 K, well above the
T = 880 K boundary in which rocks start to melt (Mansfield
et al. 2019), GJ806b is probably a lava world, at least in parts
of its surface. Dorn & Lichtenberg (2021) demonstrated how the
storage capacity of volatiles in magma oceans has significant
implications for the bulk composition. They found that models
with and without rock melting and water partitioning lead to
deviations in planet radius of up to 16% for fixed bulk compo-
sitions and planet mass. While GJ 806b is not a water world,
accurate modelling of the mantle melting and volatile redistribu-
tion will be needed in order to accurately estimate the bulk water
content.

5.2. Atmospheric characterization prospects

We computed the transmission spectroscopy metric (TSM)
and emission spectroscopy metric (ESM), as defined by
Kempton et al. (2018), to evaluate the prospects for atmospheric
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Fig. 14. Residuals maps and transmission spectra around the H↵ line (left) and He I triplet lines (right). Top panels: residual maps in the stellar
rest frame. The planet orbital phase is shown on the vertical axis, the wavelength is on the horizontal axis, and the relative absorption is colour-
coded. The dashed white horizontal lines indicate the first and fourth contacts. The cyan lines show the theoretical trace of the planetary signals.
Bottom panels: transmission spectra obtained combining all the spectra between the first and fourth contacts. All the wavelengths in this figure are
referenced in a vacuum.

Fig. 15. Mass–radius diagrams of all known planets (left) and ultra-short-period planets only (right). Only planets with mass determination better
than 30% and radius determination better than 10%, according to the TEPCat database (Southworth 2011), are shown. The orange dots represent
the known planets orbiting M dwarfs (Te↵ < 4000 K) and the grey dots represent those orbiting other stellar types. Overplotted are theoretical
models for the planet’s internal composition from Zeng et al. (2019; left) and Turbet et al. (2020; right). GJ 806b is shown as a red dot, while the
radius band that GJ 806c occupies is shaded in red.

Fig. 16. Mass–radius diagram of simulated ultra-short-period planets
with periods <2 d (from Burn et al. 2021) and GJ 806. Most planets
simulated in a core accretion framework (colour-coded by water ice
fraction in their cores), are either purely rocky or contain about 50%
ice. None of them has an extended atmosphere. GJ 806 b (blue sym-
bol with error bars) is located in the unpopulated space between the two
synthetic groups. The radius of GJ 806 c is not constrained (blue stripe).

characterization of the innermost planet GJ 806 b. Using the
stellar and planetary parameters reported in Tables 1 and 4, we
obtained TSM = 44.3+5.1

�4.3 and ESM = 24.1 ± 1.0. Both metric
values are well above the respective thresholds of 10 and 7.5
suggested by Kempton et al. (2018) for terrestrial planets, hence
classifying GJ 806 b as a high-priority target for transit and
eclipse spectroscopic observations. Compared to all confirmed
planets with radius Rp < 1.5 R� and given mass measurements
from the NASA Exoplanet Archive13, GJ 806 b has the third
highest TSM and the highest ESM values (see Fig. 17).

Competing targets for transmission spectroscopy value are
L98-59 b (TSM = 51.2; Kostov et al. 2019; Demangeon et al.
2021), LTT 1445 c (TSM = 45.6, Winters et al. 2022), GJ 367 b
(TSM = 39.2, Lam et al. 2021), GJ 486 b (TSM = 35.2, Trifonov
et al. 2021), and L98-59 c (TSM = 33.9, Demangeon et al. 2021).
For emission spectroscopy they are GJ 486 b (ESM = 21.3),
GJ 367 b (ESM = 17.2), GJ 1252 b (ESM = 16.5, Shporer et al.
2020), and TOI-431 b (ESM = 15.9, Osborn et al. 2021).

13
https://exoplanetarchive.ipac.caltech.edu/
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Fig. 17. Plot of the TSM and ESM values vs. planetary radius for Earth-sized planets (R < 1.5 R�. Red dots correspond to planets orbiting M dwarfs
(Te↵ < 4000 K), while blue dots correspond to all other spectral type hosts. Planet parameters are from the NASA Exoplanet Archive as of 30 March
2022. GJ806b is shown as a red star.

Fig. 18. Synthetic JWST transmission atmospheric spectra of GJ 806 b. Left panel: fiducial models with solar abundance and clear atmo-
sphere (solid red line) or haze (solid blue line), and simulated spectral measurements after one transit observation with JWST NIRISS-SOSS,
NIRSpec-G395M, and MIRI-LRS configurations. Middle panel: analogous models with metallicity enhanced by a factor of 100. Right panel: fidu-
cial model for a secondary atmosphere made of water, and simulated spectral measurements after combining four transits for each observing mode.

We made use of the online Exoplanet Characterization
Toolkit (ExoCTK, Bourque et al. 2021)14 and of the JWST
Exposure Time Calculator (ETC)15 to assess the observability of
GJ 806 with various spectroscopic modes. The largest spectral
coverage can be achieved by combining NIRISS-SOSS (0.6–
2.8µm), NIRSpec-G395H (2.87–5.27µm), and MIRI-LRS (5–
12µm) instrumental modes. We generated synthetic JWST spec-
tra for a range of atmospheric scenarios using the photo-chemical
model ChemKM (Molaverdikhani et al. 2019b,a, 2020), the
radiative transfer code petitRADTRANS (Mollière et al. 2019),
and ExoTETHyS16 (Morello et al. 2021) to incorporate the instru-
mental response, including realistic noise and error bars. We
considered four models with a H/He gaseous envelope, 1⇥ or
100⇥ solar abundance, without or with haze, and a fifth model

14
https://exoctk.stsci.edu

15
https://jwst.etc.stsci.edu

16
https://github.com/ucl-exoplanets/ExoTETHyS

with H2O-dominated atmosphere. The models are shown in
Fig. 18. The spectroscopic modulations are of several hundred
parts per million (ppm) for the cases of H/He-dominated atmo-
spheres, mostly attributable to H2O and CH4 absorption. The
spectral features are dampened by a factor of ⇠2 in the cases with
100⇥ solar metallicity. The presence of haze significantly damp-
ens the spectral features at wavelengths shorter than 2 µm, but
some features remain detectable with just one transit observa-
tion, even in the presence of enhanced metallicity and haze. Sim-
ilar trends with enhanced metallicity or haze were also observed
in simulations made for other planets (e.g. Espinoza et al. 2022).
Interestingly, the spectrum for the H2O-dominated atmosphere
presents absorption features of ⇠60 ppm, that might be detected
with high significance by combining a few visits. For reference,
we report here our one-visit estimated error bars of 18–22 ppm
for the JWST NIRISS-SOSS and NIRSpec-G395H modes with
median spectral resolution of R ⇠ 50, and 42–45 ppm for the
MIRI-LRS with wavelength bin sizes of 0.1–0.2µm.
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Owing to the brightness of the host star GJ 806, the near-
IR atmospheric features could also be explored with the Hubble
Space Telescope (HST) Wide Field Camera 3 (WFC3). In par-
ticular, we report one-visit estimated error bars of 21–25 ppm
for the HST WFC3-G141 scanning mode (1.075–1.7µm) using
18 bins, and 27–30 ppm for the WFC3-G102 scanning mode
(0.8–1.15µm) using 12 bins.

5.3. Radio emission detection perspectives

The ground-based detection of direct radio emission from Earth-
sized exoplanets is not possible as the associated frequency falls
below the '10 MHz Earth’s ionosphere cutoff. However, in the
case of star-planet interaction, the radio emission arises from the
magnetosphere of the host star, induced by the exoplanet cross-
ing the star magnetosphere, and the relevant magnetic field is
that of the star, B?, not the exoplanet magnetic field. Since M-
dwarf stars have magnetic fields ranging from about 100 G to
above 2–3 kG, their auroral emission falls in the range from a
few hundred MHz to a few GHz. This interaction is expected to
yield detectable auroral radio emission via the cyclotron emis-
sion mechanism (e.g. Turnpenney et al. 2018; Vedantham et al.
2020; Pérez-Torres et al. 2021).

We followed the prescriptions in Appendix B of Pérez-Torres
et al. (2021) to estimate the flux density expected to arise from
the interaction between the planet GJ 806b and its host star, at a
frequency of ⇠380 MHz, which corresponds to the cyclotron fre-
quency of the star magnetic field of 135 G, taken from Reiners
et al. (2022). We show here the radio emission expected to arise
from star-planet interaction for a closed dipolar magnetic field
geometry, where the interaction between the planet and its host
star happens in the sub-Alfvénic regime. Figure 19 shows the
predicted flux density as a function of the planet orbital distance,
assuming it is not magnetized. The yellow shaded area encom-
passes the range of values from 0.005 to 0.05 for the efficiency
factor, ✏, in converting Poyinting flux into electron cyclotron
maser (ECM) radio emission. The flux density arising from star-
planet interaction is expected to be from ⇠160µJy up to ⇠25 mJy
for the assumed parameters. Thus, radio observations from this
system look very promising to probe sub-Alfvénic interaction
and, eventually, independently detect radio emission from it.
Given the peak frequency, observations at 400 MHz, or even at
lower frequencies, would be ideal to probe those scenarios.

6. Conclusions

In this work we presented the discovery of a multi-planetary
system around the bright and nearby M1.5 V star GJ 806,
using ground-based photometric observations and radial veloc-
ity measurements from CARMENES, MAROON-X, and HIRES
spectrographs. The star hosts at least two planets. The first is
GJ 806b, an ultra-short-period (0.93 d) rocky super-Earth with a
radius of 1.331 ± 0.023 R�, a mass of 1.90 ± 0.17 M�, a mean
density of 4.40± 0.45 g cm�3, and an equilibrium temperature of
940 ± 10 K. The second is GJ 806c, a non-transiting super-Earth
with an orbital period of 6.6 d, a mass of 5.80 ± 0.30 M�, and an
equilibrium temperature of 490 ± 5 K. The radial velocity data,
the CARMENES data in particular, show evidence of what could
be a third super-Earth mass planet (M = 8.50 ± 0.45 M�) with a
period of 13.6 days, but we are unable to unambiguously discard
that this signal could be induced by stellar activity, and are thus
unable to confirm its planetary nature at this time.

We also estimated the extreme ultraviolet luminosity of
GJ 806, and the inferred expected mass loss rate of GJ 806b.

Fig. 19. Expected flux density for auroral radio emission arising from
star-planet interaction in the system GJ 806 as a function of orbital dis-
tance. The interaction is expected to be in the sub-Alfvénic regime (i.e.
MA = vrel/vAlfv  1; top panel) at the location of the planet GJ 806b
(vertical dashed line).

We report the results of a primary transit observation, taken
with CARMENES, in search of a possible extended atmosphere
focusing on the H↵ and He I absorptions lines. We found no sig-
nificant absorption in either of the two line tracers, but we could
set a 3� upper limit to on the excess absorption of 1.5% and 0.6%
for H↵ and He I, respectively.

GJ 806b’s relatively low bulk density makes it likely that the
planet hosts some type of volatile atmosphere or relatively large
water mass fraction, and makes it a very suitable target for atmo-
spheric exploration with JWST and the upcoming ELTs. With
a TSM of 43 and an ESM of 24, GJ 806b is the third-ranked
terrestrial planet (R < 1.5 R�) around an M dwarf suitable for
transmission spectroscopy studies using the JWST, and the most
promising terrestrial planet for emission spectroscopy studies.
We provide simulations of the characterization prospects with
the JWST and the HST space telescopes. Additionally, GJ 806b
is an excellent target for the detection of radio emission via
star-planet interactions.
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Appendix A: Additional stellar parameters

Table A.1. Multi-band photometry of Gl 806a.

Band Magnitude Reference
[mag]

BT 12.370 ± 0.154 TYC
B 12.495 ± 0.010 UCAC4
g0 11.610 ± 0.010 UCAC4
GBP 11.0059 ± 0.0029 Gaia EDR3
VT 10.974 ± 0.061 TYC
V 10.704 ± 0.010 UCAC4
r0 10.137 ± 0.010 UCAC4
G 9.8287 ± 0.0028 Gaia EDR3
i0 9.127 ± 0.010 UCAC4
GRP 8.7507 ± 0.0038 Gaia EDR3
J 7.329 ± 0.018 2MASS
H 6.769 ± 0.023 2MASS
Ks 6.533 ± 0.016 2MASS
W1 6.409 ± 0.075 AllWISE
W2 6.169 ± 0.027 AllWISE
W3 6.239 ± 0.016 AllWISE
W4 6.296 ± 0.052 AllWISE

References. TYC: Tycho-2, Høg et al. (2000); 2MASS: Two Micron
All-Sky Survey, Skrutskie et al. (2006); UCAC4: The Fourth US Naval
Observatory CCD Astrograph Catalog, Zacharias et al. (2013); All-
WISE: Wide-field Infrared Survey Explorer, Cutri et al. (2021); Gaia
EDR3: Gaia Collaboration et al. (2018).
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Appendix B: TESS individual transit light curves

Fig. B.1. All individual transits from TESS
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Fig. B.2. GLS periodogram of GJ 806 for different detrended time series. The black line (top panel) denotes the GLS of pEW(H↵); the blue and
the green line (second panel from top) denote respectively the bluest and the middle line of the Ca II IRT; the violet line (third panel from top)
denotes the TiO index; and the red line (bottom panel) denotes the window function. In all panels, the dashed horizontal line marks the FAP of
0.01, above which signals are rated as significant.
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Appendix C: Joint fit additional material

Table C.1. Parameter prior functions used in the models shown in Table 3. The prior labels F ,U,N , and J represent fixed, uniform, normal, and
Jeffreys distributions, respectively. Central time of transit (t0) units are BJD� 2457000.

Parameter Prior Description

Planet parameters

Pb [d] N(0.926323, 10�5) Period of planet b
t0,b (a) N(2445.5737, 0.0005) Central time of transit of planet b
Kb [m s�1] U(0.0, 20.0) RV semi-amplitude of planet b
eb F (0.0) Eccentricity of planet b
!b F (90.0) Argument of periastron of planet b
Pc [d] U(5, 7) Period of planet c
t0,c (a) U(2420.5, 2424.0) Central time of transit of planet c
Kc [m s�1] U(0.0, 20.0) RV semi-amplitude of planet c
ec F (0.0) Eccentricity of planet c
!c F (90.0) Argument of periastron of planet c
P13d [d] U(12, 14) Period of 13 d signal as a planet
t0,13d

(a) U(2414.0, 2420.0) Central time of transit of 13 d signal
K13d [m s�1] U(0.0, 20.0) RV semi-amplitude of 13 d signal
e13d F (0.0) Eccentricity of 13 d signal
!13d F (90.0) Argument of periastron of 13 d signal

Quasi-periodic GP parameters
Prot [d] U(12, 14) GP rotational period
BGP [m s�1] J(0.1, 100) GP hyperparameter B
CGP [m s�1] J(10�10, 100) GP hyperparameter C
LGP [d] J(10�10, 100) GP hyperparameter L

Exponential Sinus Squared GP parameters
Prot [d] U(12, 14) GP rotational period
�GP [m s�1] J(0.1, 100) GP hyperparameter �
↵GP [d�2] J(10�10, 100) GP hyperparameter ↵
�GP J(10�3, 100) GP hyperparameter �

Instrument parameters

�CARMENES [m s�1] U(�10.0, 10.0) Systemic velocity for CARMENES
�CARMENES [m s�1] J(0.1, 10) Extra jitter term for CARMENES
�HIRES [m s�1] U(�10.0, 10.0) Systemic velocity for HIRES
�HIRES [m s�1] J(0.1, 10) Extra jitter term for HIRES
�MAROON�Xred [m s�1] U(�10.0, 10.0) Systemic velocity for MAROON-X red arm
�MAROON�Xred [m s�1] J(0.1, 10) Extra jitter term for MAROON-X red arm
�MAROON�Xblue [m s�1] U(�10.0, 10.0) Systemic velocity for MAROON-X blue arm
�MAROON�Xblue [m s�1] J(0.1, 10) Extra jitter term for MAROON-X blue arm

Notes. (a)Central time of transit (t0) units are BJD� 2457000.
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Fig. C.1. RV results from the joint fit. CARMENES (orange), HIRES (green), and MAROON-X red channel (red) and blue channel (blue) along
with the best-fit model (black line) and the 3� confidence interval (shaded light blue area).
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Fig. C.2. Corner plot for the orbital parameters fitted with juliet using the joint fit model. The plot makes use of corner.py package (Foreman-
Mackey 2016).
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Table C.2. Parameter prior functions used in the juliet joint fit model for GJ 806.

Parameter Prior Description

Stellar parameters

⇢? [kg m�3] N(8200, 500) Stellar density

Planet parameters
Pb [d] N(0.9263, 0.001) Period of planet b
t0,b (a) N(2445.57, 0.1) Central time of transit of planet b
Kb [m s�1] U(0.0, 20.0) RV semi-amplitude of planet b
eb F (0.0) Eccentricity of planet b
!b F (90.0) Argument of periastron of planet b
r1,b U(0.0, 1.0) Parametrization for p and b for planet b
r2,b U(0.0, 1.0) Parametrization for p and b for planet b
Pc [d] N(6.6, 0.1) Period of planet c
t0,c (a) U(2420.5, 2424.0) Central time of transit of planet c
Kc [m s�1] U(0.0, 20.0) RV semi-amplitude of planet c
ec F (0.0) Eccentricity of planet c
!c F (90.0) Argument of periastron of planet c

Photometry parameters
D (ppm) F (1.0) Dilution factor for TESS and MuSCAT2
q1,TESS U(0.0, 1.0) Quadratic limb darkening parametrization for TESS
q2,TESS U(0.0, 1.0) Quadratic limb darkening parametrization for TESS
MTESS (ppm) N(0.0, 0.1) Relative flux offset for TESS
�TESS (ppm) J(0.1, 103) Extra jitter term for TESS
q1,MuSCAT2-g U(0.0, 1.0) Linear limb darkening parametrization for MuSCAT2-g
MMuSCAT2-g (ppm) N(0.0, 0.1) Relative flux offset for MuSCAT2-g
�MuSCAT2-g (ppm) J(0.1, 103) Extra jitter term for MuSCAT2-g
q1,MuSCAT2-r U(0.0, 1.0) Linear limb darkening parametrization for MuSCAT2-r
MMuSCAT2-r (ppm) N(0.0, 0.1) Relative flux offset for MuSCAT2-r
�MuSCAT2-r (ppm) J(0.1, 103) Extra jitter term for MuSCAT2-r
q1,MuSCAT2-i U(0.0, 1.0) Linear limb darkening parametrization for MuSCAT2-i
MMuSCAT2-i (ppm) N(0.0, 0.1) Relative flux offset for MuSCAT2-i
�MuSCAT2-i (ppm) J(0.1, 103) Extra jitter term for MuSCAT2-i
q1,MuSCAT2-z U(0.0, 1.0) Linear limb darkening parametrization for MuSCAT2-z
MMuSCAT2-z (ppm) N(0.0, 0.1) Relative flux offset for MuSCAT2-z
�MuSCAT2-z (ppm) J(0.1, 103) Extra jitter term for MuSCAT2-z

RV parameters

�CARMENES [m s�1] U(�10.0, 10.0) Systemic velocity for CARMENES
�CARMENES [m s�1] J(0.1, 10) Extra jitter term for CARMENES
�HIRES [m s�1] U(�10.0, 10.0) Systemic velocity for HIRES
�HIRES [m s�1] J(0.1, 10) Extra jitter term for HIRES
�MAROON�Xred [m s�1] U(�10.0, 10.0) Systemic velocity for MAROON-X red arm
�MAROON�Xred [m s�1] J(0.1, 10) Extra jitter term for MAROON-X red arm
�MAROON�Xblue [m s�1] U(�10.0, 10.0) Systemic velocity for MAROON-X blue arm
�MAROON�Xblue [m s�1] J(0.1, 10) Extra jitter term for MAROON-X blue arm

Notes. The prior labels F , U, N , and J represent fixed, uniform, normal, and Jeffreys distributions, respectively. The parametrization for (p, b)
using (r1, r2) (Espinoza 2018) and (q1, q2) quadratic limb darkening (Kipping 2013) are both explained in Sect. 4.3. Central time of transit (t0) units
are BJD� 2457000. (a) Central time of transit (t0) units are BJD� 2457000.
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Appendix D: RV data

Table D.1. CARMENES radial velocity measurements and spectroscopic activity indicators for GJ 806 from optical spectra.

BJD RV CRX dLW H↵ Na I D1 Na I D2 Ca II IRT
(m s�1) (m s�1 Np�1) (m2 s�2) (m s�1) (m s�1) (m s�1) (m s�1)

2457501.67419 1.5 ± 2.4 35.0 ± 12.0 �9.2 ± 1.4 0.8246 ± 0.0016 0.1616 ± 0.003 0.1704 ± 0.0031 0.559 ± 0.0014
2457535.64118 0.9 ± 1.6 40.0 ± 17.0 �14.1 ± 2.0 0.8234 ± 0.002 0.1638 ± 0.0038 0.1716 ± 0.0039 0.5593 ± 0.0017
2457564.63377 �1.7 ± 1.4 31.0 ± 12.0 3.9 ± 1.7 0.8244 ± 0.0012 0.1869 ± 0.0017 0.1819 ± 0.0017 0.5741 ± 0.0012
2457587.47999 �0.4 ± 1.5 24.0 ± 10.0 1.4 ± 1.2 0.8176 ± 0.0011 0.1732 ± 0.0018 0.1743 ± 0.0018 0.56998 ± 0.0009
2457605.4934 2.2 ± 1.5 17.0 ± 14.0 �11.1 ± 1.7 0.8346 ± 0.0019 0.1719 ± 0.0035 0.1718 ± 0.0035 0.5685 ± 0.0016
2457617.45895 �0.5 ± 1.7 �18.0 ± 15.0 �18.0 ± 1.8 0.8196 ± 0.0024 0.15 ± 0.0047 0.1664 ± 0.0048 0.5583 ± 0.0022
2457652.49537 �9.3 ± 1.6 8.0 ± 15.0 �10.0 ± 1.8 0.829 ± 0.0019 0.1638 ± 0.0033 0.1753 ± 0.0033 0.562 ± 0.0018
2457655.36104 3.4 ± 2.7 �18.0 ± 27.0 �24.6 ± 3.9 0.8269 ± 0.0034 0.1766 ± 0.0083 0.1671 ± 0.0085 0.5651 ± 0.0029
2457678.30743 �9.2 ± 1.4 9.0 ± 12.0 �11.7 ± 2.8 0.826 ± 0.0019 0.157 ± 0.0035 0.1585 ± 0.0036 0.5712 ± 0.0017
2457709.38972 0.3 ± 1.4 �4.0 ± 12.0 �0.1 ± 1.6 0.8215 ± 0.0016 0.1999 ± 0.0029 0.1872 ± 0.0029 0.5699 ± 0.0014
2457754.29392 1.1 ± 1.1 32.0 ± 10.0 �3.0 ± 1.9 0.8252 ± 0.0014 0.1829 ± 0.0029 0.1707 ± 0.0028 0.5735 ± 0.0013
2458093.39094 �0.3 ± 1.1 3.9 ± 9.4 8.14 ± 0.83 0.82167 ± 0.00095 0.187 ± 0.0018 0.1881 ± 0.0017 0.56646 ± 0.00083
2458205.69105 3.9 ± 1.2 �102.0 ± 75.0 �22.8 ± 8.3 0.812 ± 0.01 0.103 ± 0.044 0.155 ± 0.042 0.5633 ± 0.0085
2458263.52974 �3.5 ± 2.0 �2.0 ± 8.8 5.3 ± 0.98 0.816 ± 0.0011 0.167 ± 0.0016 0.1774 ± 0.0016 0.5648 ± 0.00098
2458295.60007 3.1 ± 1.3 12.0 ± 13.0 4.5 ± 1.4 0.8298 ± 0.0012 0.1939 ± 0.0018 0.184 ± 0.0018 0.5634 ± 0.0011
2458322.48587 �2.4 ± 1.2 2.0 ± 11.0 6.3 ± 1.5 0.8425 ± 0.0011 0.1912 ± 0.0017 0.1868 ± 0.0017 0.57471 ± 0.00099
2458349.41466 �1.9 ± 1.2 10.5 ± 9.1 4.2 ± 1.1 0.8201 ± 0.0011 0.1768 ± 0.0017 0.1762 ± 0.0017 0.56799 ± 0.00098
2458392.39999 �0.5 ± 1.2 �9.0 ± 12.0 3.5 ± 1.5 0.8364 ± 0.0011 0.1783 ± 0.0017 0.1848 ± 0.0017 0.57408 ± 0.00098
2458537.7464 �2.2 ± 1.1 11.0 ± 10.0 5.8 ± 1.2 0.834 ± 0.0011 0.1766 ± 0.0016 0.1879 ± 0.0016 0.56599 ± 0.001
2458619.65315 �7.6 ± 1.2 1.9 ± 8.8 17.8 ± 2.1 0.8361 ± 0.0011 0.1988 ± 0.0018 0.1964 ± 0.0018 0.5758 ± 0.001
2458644.60548 �0.0 ± 1.7 15.0 ± 12.0 8.7 ± 1.7 0.8239 ± 0.0012 0.1893 ± 0.0018 0.1826 ± 0.0018 0.5712 ± 0.001
2458664.51735 8.0 ± 1.2 5.0 ± 15.0 �5.0 ± 2.0 0.8213 ± 0.0021 0.1684 ± 0.0041 0.1729 ± 0.0041 0.5693 ± 0.0018
2458678.54766 2.3 ± 2.0 29.0 ± 10.0 6.9 ± 1.2 0.8134 ± 0.0011 0.1814 ± 0.0018 0.1784 ± 0.0017 0.5682 ± 0.001
2458681.49083 0.2 ± 1.1 �4.0 ± 11.0 �2.0 ± 1.5 0.8323 ± 0.0015 0.175 ± 0.0026 0.1773 ± 0.0026 0.5729 ± 0.0013
2458686.64815 �4.0 ± 1.9 �22.1 ± 7.7 7.9 ± 1.3 0.8189 ± 0.0011 0.177 ± 0.0017 0.1805 ± 0.0017 0.5684 ± 0.001
2458690.44247 11.7 ± 1.3 �6.6 ± 9.2 7.7 ± 1.5 0.8248 ± 0.0011 0.1867 ± 0.0016 0.1863 ± 0.0016 0.57308 ± 0.00098
2458694.38266 0.5 ± 1.3 11.0 ± 11.0 5.3 ± 1.9 0.8376 ± 0.0011 0.1935 ± 0.0018 0.1935 ± 0.0018 0.5702 ± 0.001
2458697.61517 5.9 ± 1.3 �9.0 ± 11.0 6.9 ± 1.8 0.8486 ± 0.0011 0.1986 ± 0.0017 0.1933 ± 0.0017 0.57839 ± 0.00096
2458700.46186 �4.1 ± 1.1 18.2 ± 9.0 6.4 ± 1.7 0.846 ± 0.0011 0.1986 ± 0.0017 0.1953 ± 0.0016 0.57662 ± 0.00098
2458706.46897 �3.5 ± 1.5 5.2 ± 7.6 6.8 ± 1.5 0.8436 ± 0.0011 0.1887 ± 0.0017 0.1878 ± 0.0017 0.57566 ± 0.00098
2458710.42108 �2.8 ± 1.2 �5.0 ± 11.0 7.2 ± 1.2 0.8169 ± 0.0011 0.1726 ± 0.0016 0.1784 ± 0.0016 0.55978 ± 0.00097
2458710.54438 �0.4 ± 1.3 �10.7 ± 9.3 7.07 ± 0.98 0.8328 ± 0.0011 0.1822 ± 0.0017 0.1896 ± 0.0017 0.57106 ± 0.00099
2458714.37356 �3.7 ± 1.6 13.0 ± 10.0 7.5 ± 1.3 0.8153 ± 0.001 0.1733 ± 0.0015 0.1795 ± 0.0015 0.56709 ± 0.00097
2458904.74432 �9.4 ± 1.7 �11.0 ± 11.0 6.5 ± 1.1 0.829 ± 0.0011 0.1767 ± 0.0018 0.1797 ± 0.0018 0.5702 ± 0.001
2458921.68833 6.1 ± 1.4 21.0 ± 15.0 38.9 ± 2.4 0.8356 ± 0.0016 0.1893 ± 0.0029 0.1911 ± 0.0029 0.5758 ± 0.0014
2459064.49425 �3.4 ± 1.1 �4.0 ± 11.0 4.2 ± 1.4 0.8567 ± 0.0011 0.1818 ± 0.0018 0.1903 ± 0.0018 0.5757 ± 0.001
2459065.52916 �5.0 ± 1.2 �12.7 ± 7.5 5.4 ± 1.2 0.8249 ± 0.0011 0.1697 ± 0.0016 0.1801 ± 0.0016 0.56627 ± 0.00095
2459103.41552 3.4 ± 1.5 �2.8 ± 8.4 1.8 ± 1.4 0.8235 ± 0.0011 0.1687 ± 0.0016 0.1766 ± 0.0017 0.55952 ± 0.00097
2459147.29728 0.2 ± 1.2 �2.2 ± 9.6 1.3 ± 1.2 0.82597 ± 0.00099 0.1614 ± 0.0014 0.1778 ± 0.0014 0.56499 ± 0.00088
2459414.61833 8.3 ± 1.3 �1.6 ± 9.2 2.8 ± 1.2 0.82827 ± 0.001 0.179 ± 0.0015 0.19 ± 0.0015 0.56804 ± 0.00092
2459425.53878 0.3 ± 1.5 25.5 ± 9.2 �3.3 ± 1.4 0.8283 ± 0.001 0.1539 ± 0.0015 0.1671 ± 0.0015 0.56217 ± 0.00092
2459469.40333 5.5 ± 1.5 �1.0 ± 12.0 �6.0 ± 1.3 0.8232 ± 0.0014 0.1617 ± 0.0022 0.1683 ± 0.0021 0.5564 ± 0.0012
2459490.43845 �8.7 ± 1.7 �10.0 ± 12.0 4.1 ± 1.4 0.82253 ± 0.00097 0.1765 ± 0.0014 0.1797 ± 0.0014 0.57058 ± 0.00088
2459495.31045 6.3 ± 1.3 17.0 ± 11.0 �12.3 ± 1.8 0.8348 ± 0.0014 0.1583 ± 0.0022 0.1656 ± 0.0022 0.5644 ± 0.0013
2459495.40711 6.2 ± 1.4 13.0 ± 9.5 1.0 ± 1.1 0.82395 ± 0.00082 0.1612 ± 0.0011 0.1691 ± 0.0011 0.56218 ± 0.00074
2459495.56347 4.2 ± 1.5 10.0 ± 11.0 �0.2 ± 1.0 0.82128 ± 0.00088 0.1642 ± 0.0012 0.1681 ± 0.0012 0.56283 ± 0.00081
2459501.32239 �2.0 ± 1.5 �3.0 ± 13.0 �6.3 ± 1.3 0.8265 ± 0.001 0.1737 ± 0.0019 0.1764 ± 0.0019 0.565 ± 0.00094
2459501.41235 �2.8 ± 1.4 5.5 ± 9.2 �0.8 ± 1.2 0.83275 ± 0.001 0.169 ± 0.0014 0.1797 ± 0.0015 0.56613 ± 0.00088
2459501.49202 �1.1 ± 1.5 8.0 ± 8.0 2.5 ± 1.1 0.82788 ± 0.00087 0.1762 ± 0.0012 0.1808 ± 0.0012 0.56605 ± 0.0008
2459502.29233 �7.1 ± 1.2 21.8 ± 9.3 �4.0 ± 1.1 0.8299 ± 0.0011 0.1766 ± 0.0018 0.1778 ± 0.0018 0.56618 ± 0.00097
2459503.29509 �9.8 ± 1.6 2.6 ± 7.5 4.43 ± 0.98 0.82592 ± 0.0009 0.173 ± 0.0013 0.1776 ± 0.0013 0.56558 ± 0.0008
2459503.39991 �7.5 ± 1.6 �3.0 ± 8.5 2.2 ± 1.2 0.82809 ± 0.00098 0.1723 ± 0.0014 0.1766 ± 0.0014 0.56707 ± 0.00086
2459503.48331 �4.4 ± 1.6 �1.8 ± 8.7 2.4 ± 1.2 0.82656 ± 0.00096 0.1715 ± 0.0013 0.1792 ± 0.0014 0.56895 ± 0.00089
2459505.29227 �1.2 ± 2.0 �11.8 ± 8.3 �4.2 ± 1.6 0.8296 ± 0.0013 0.186 ± 0.0021 0.1892 ± 0.0021 0.5674 ± 0.0011
2459505.38371 �1.0 ± 1.9 13.9 ± 9.5 0.2 ± 1.4 0.8206 ± 0.001 0.175 ± 0.0015 0.1874 ± 0.0016 0.56845 ± 0.00089
2459505.45737 3.8 ± 2.0 16.4 ± 7.7 2.2 ± 1.1 0.82318 ± 0.00092 0.1821 ± 0.0013 0.1937 ± 0.0013 0.56131 ± 0.00084
2459506.28726 4.1 ± 1.6 �26.0 ± 8.7 0.7 ± 1.1 0.8189 ± 0.00098 0.1779 ± 0.0015 0.1869 ± 0.0015 0.55876 ± 0.00091
2459506.43675 6.1 ± 1.6 6.8 ± 9.1 2.8 ± 1.2 0.83573 ± 0.00093 0.1788 ± 0.0014 0.1919 ± 0.0014 0.56093 ± 0.00082
2459506.49778 8.0 ± 1.6 0.8 ± 7.8 3.5 ± 1.2 0.83057 ± 0.0009 0.1753 ± 0.0013 0.1857 ± 0.0013 0.55936 ± 0.00083
2459509.3356 8.0 ± 1.6 �2.5 ± 9.0 1.3 ± 1.3 0.83074 ± 0.00096 0.1849 ± 0.0016 0.1908 ± 0.0016 0.56743 ± 0.00086
2459509.41194 7.9 ± 1.5 �19.0 ± 12.0 �3.7 ± 1.1 0.8343 ± 0.0012 0.1809 ± 0.0019 0.1887 ± 0.0019 0.5682 ± 0.0011
2459509.4965 5.7 ± 1.6 �14.0 ± 9.1 3.2 ± 1.2 0.82631 ± 0.00091 0.1826 ± 0.0013 0.1948 ± 0.0013 0.56783 ± 0.00083
2459512.36055 �6.2 ± 1.9 �16.0 ± 12.0 �1.7 ± 1.3 0.8299 ± 0.0012 0.2013 ± 0.0021 0.2001 ± 0.002 0.5609 ± 0.0011
2459512.44856 �0.2 ± 1.9 �30.8 ± 8.2 �2.4 ± 1.3 0.8271 ± 0.0012 0.172 ± 0.0018 0.1757 ± 0.0018 0.5606 ± 0.0011
2459512.53415 1.0 ± 2.2 �10.7 ± 8.9 �5.0 ± 1.1 0.8281 ± 0.0011 0.1831 ± 0.0018 0.1809 ± 0.0018 0.5607 ± 0.001
2459514.28808 �2.9 ± 3.0 �45.0 ± 15.0 �8.7 ± 1.5 0.8321 ± 0.0015 0.2521 ± 0.004 0.2208 ± 0.0038 0.5598 ± 0.0013
2459516.38193 �9.3 ± 2.9 �9.0 ± 17.0 �19.0 ± 2.5 0.8291 ± 0.0024 0.2102 ± 0.005 0.1894 ± 0.005 0.5583 ± 0.002
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