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stars, ranging from dM0 to dM4 spectral type, selected from the
Lépine & Gaidos (2013) and Palomar/Michigan State University
(PMSU, Reid et al. 1995) catalogs, with the additional criterion
to be part of the APACHE catalog (Sozzetti et al. 2013), with a
visible magnitude lower than 12 and with a high number of Gaia
mission scans. The M stars are photometrically monitored also
by the EXORAP program at Serra La Nave. These selection cri-
teria are meant to reach a good characterization of the systems.
From the complete sample, 27 stars were rejected during the first
semester of observations (binary systems, fast rotators, peculiar
stars, high activity, earlier type stars and/or wrong spectral type).
Some of the targets (≈ 15% of the cleaned sample) have already
more than 80 RV points, with an excellent precision (1-1.8 m s−1

at V≈ 10-11). The star GJ 3998 emerged among several possible
candidates, since it shows clear periodic signals consistent with
the presence of planets.

GJ 3998 has been monitored from BJD = 2 456 439.6 (26th
of May 2013) to BJD = 2 457 307.8 (12th of October 2015). We
obtained a total of 136 data points spanning 869 days (Fig. 1).
The spectra were obtained at high resolution (R ∼ 115 000) with
the optical echelle spectrograph HARPS-N with exposure times
of 15 minutes and average signal-to-noise ratio (S/N) of 45 at
5500 Å. Of the 136 epochs, 76 were obtained within the GAPS
time and 60 within the Spanish time. Observations were gath-
ered without the simultaneous Th-Ar calibration, which is usu-
ally used to correct for instrumental drifts during the night. This
choice avoided the contamination of the Ca II H & K lines, which
are particularly important for the stellar activity analysis of M
dwarfs (Giampapa 1989; Forveille et al. 2009; Lovis et al. 2011).
The M-type stars were observed by the Italian team in conjunc-
tion with other GAPS targets, which used the Th-Ar simultane-
ous calibration, thus we estimated the drift data between the two
fibers (star and reference calibration) for each night from these
observations, and evaluated the interpolated drift for GJ 3998.

Data reduction and spectral extraction were performed us-
ing the the Data Reduction Software (DRS v3.7, Lovis & Pepe
2007). RVs were measured by means of a weighted cross-
correlation function (CCF) with the M2 binary mask provided
with the DRS (Baranne et al. 1996, Pepe et al. 2002). This ap-
proach however is not optimal for M-dwarf stars, since their
spectra suffer from heavy blends which can lead to the mis-
match of several features of the binary mask. As a result, the
CCF shows sidelobes that affect the RV precision and the asym-
metry indices of the CCF. A better alternative is to measure the
RVs by matching the spectra with an high S/N template obtained
by co-adding the spectra of the target, as implemented in the
TERRA pipeline (Anglada-Escudé & Butler 2012) which mea-
sures radial velocities by means of a match with a high S/N tem-
plate and possibly provides a better RV accuracy when applied
to M-dwarfs.

We list the data in Table A.1 including the observational
dates (barycentric Julian date or BJD), the signal-to-noise ratios
(S/Ns), the radial velocities (RVs) from the DRS and TERRA
pipelines and the Hα and S indices. We have an average S/N of
43, ranging from 18 to 65 and a mean RV of -44.81 km s−1. The
TERRA RVs show a root mean squares (rms) variation of 4.24
m s−1 and a mean error of 1.12 m s−1, whereas the DRS shows a
variation of 4.89 m s−1 and an error of 1.82 m s−1. The standard
deviation of the interpolated drift for GJ 3998 is 0.7 m s−1 which
is less than the typical DRS RV error of 1.8 m s−1 and TERRA
RV error of 1.1 m s−1. The analysis described in the next sections
has been performed on either the DRS and TERRA RVs and led
to the same global results, with the latter providing better preci-

Table 1. Stellar parameters for the star GJ 3998 from the analysis of
the HARPS-N spectra using the technique in Maldonado et al. (2015)
(in the upper part). In the lower part of the table coordinates, V and K
magnitudes, parallax, proper motions and space velocities are indicated.

Parameter(4) GJ 3998
Spectral Type M1

Teff [K] 3722±68
[Fe/H] [dex] -0.16±0.09
Mass [M⊙] 0.50±0.05
Radius [R⊙] 0.49±0.05
log g [cgs] 4.77±0.04

Luminosity [L∗/L⊙] 0.041±0.008
v sin i [km s−1] 0.93±0.55
α (J2000) 17h:16m:00.7s

δ (J2000) +11o:03′:30′′

Vmag
(1) 10.83

Kmag
(2) 6.82

π[mas](3) 56.20±2.26
µα[mas/yr](3) -136.21±2.30
µβ[mas/yr](3) -347.84±1.93

ULS R [km s−1](4) -26.7±1.1
VLS R [km s−1](4) -52.8±1.3
WLS R [km s−1](4) -28.8±0.6

S [km s−1](4) 65.8±1.2

References. (1) Koen et al. (2010); (2) Cutri et al (2003); (3) Van
Leeuwen (2007); (4) This work (see text).

sion. In the following, only the results obtained with the TERRA
RVs are listed.

3. Stellar properties of GJ 3998

GJ 3998 is a high proper motion early-M dwarf (spectral type
M1) at a distance of 17.8 pc from the Sun (π = 56.20±2.26 mas).
Accurate stellar parameters were determined using the empirical
relations by Maldonado et al. (2015)1 on the same spectra used
in the present work to derive RVs. This technique relies on ratios
of pseudo-equivalent widths of spectral features as a temperature
diagnostic, while combinations and ratios of features were used
to derive calibrations for the stellar metallicity. The derived tem-
perature and metallicity are used in association to photometric
estimates of mass, radius and surface gravity to calibrate empir-
ical relationships for these parameters. From the Maldonado et
al.’s study, typical uncertainties are in the order of 13.1% for the
stellar mass, 11.8% for the radius, 25% for luminosities, and 0.05
dex for log g. We note that these uncertainties were computed by
taking into account the σ of the corresponding calibration and
the propagation of the errors in Teff and [Fe/H].
GJ 3998 has a temperature Teff = 3722 ± 68 K and a surface
gravity log g = 4.77 ± 0.04.
Stars presently near the Sun may come from a wide range of
Galactic locations. Therefore, stellar space velocity, as a clue to
the origin of a star in the Galaxy, is very important. The accurate
distance and proper motion available in the Hipparcos Catalogue
(ESA 1997), combined with the stellar radial velocity, make it
possible to derive reliable space velocities for GJ 3998. The cal-
culation of the space velocity with respect to the Sun is based on
the procedure presented by Johnson & Soderblom (1987), cor-

1 http://www.astropa.inaf.it/~jmaldonado/Msdlines.html
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The homogeneous analysis of the 136 RV observations was carried out both with a 
frequentistic approach and by comparing models with a varying number of Keplerian 
signals and different models of the stellar activity noise. 
The analysis of the radial velocity time series unveiled the presence of at least four 
significant periodic signals, two of these are linked to the activity of the host star and two to 
orbital periods: 
P = 30.7 d, estimate of the rotational period of the star 
P = 42.5 d, modulation of the stellar variability, likely due to differential rotation 
P = 2.6 d, orbital period of GJ 3998b 
P = 13.7 d, orbital period of GJ 3998c 
 

We present here the detection of a system of two Super Earths orbiting at 0.029 AU and 0.089 AU from the central star, the early M dwarf  GJ 3998.  
The analysis is based on high-precision, high-resolution spectroscopic Doppler time-series, spanning ≈ 2.4 years, gathered with the HARPS-N 
spectrograph on the Telescopio Nazionale Galileo as part of an RV survey for low-mass planets around a sample of northern-hemisphere early-M dwarfs. 
The HADES (HArps-n red Dwarf Exoplanet Survey) observing programme is the result of a collaborative effort between the Italian Global Architecture of 
Planetary Systems (GAPS) Consortium, the Institut de Ciències de l'Espai de Catalunya (ICE), and the Instituto de Astrofisica de Canarias (IAC).  

The conclusions on activity-related periods are confirmed by the analyses of the Ca II H&K 
activity indicators and of the photometric light curves of two independent sets of 
observations. The time series of S-index and Hα show periodic variations around the 30.7 d 
and 42.5 d signals. The photometric results from both programs confirm the presence of 
variations in the period range 30 d -- 32 d, highlighting the strong connection of the long RV 
periods to chromospheric activity and to its rotational modulation.  

We run an MCMC simulation and use Bayesian model selection to determine the number of 
planets in the system and estimate their orbital parameters and minimum masses. We test 
several different models, varying the number of planets, eccentricity and treatment of stellar 
activity noise. We select a model involving two Keplerian signals, with a circular orbit for the 
inner planet and the eccentricity of the outer planet treated as a free parameter.  

(Upper Panel) Periodogram power of the inspected periods as a function of the number of 
observations. The most significant periods (the reddest ones) at 30.7 d and 13.7 d are 
clearly visible with a high power for Nobs > 60, as well as the period at 2.65 d, which 
increases for Nobs > 80 and the period at 42.5 d whose power increases for Nobs > 110. 

The two planets appear to have minimum masses compatible with those of super-Earths, the 
inner planet has a minimum mass of 2.47 ± 0.27 ME, at a distance of 0.029 AU from the host 
star, the outer has a minimum mass of 6.26  ± 0.79 ME and a semi-major axis of 0.089 AU.  

These close distances strongly call for a search of potential transits in the next months, in 
particular for the inner planet, through a proposal for observing time on the Spitzer Space 
Telescope. A potential transit could provide a constraining point in the mass-radius diagram of 
known planets, enabling also the determination of the mean density and a better 
characterization of the system architecture with future follow-up observations. The eventuality 
of a transit, given the small distance from the host and the brightness of GJ 3998 (V = 10.83), 
would make this star a natural target for follow-up observations with the ESA CHEOPS 
space telescope and also one of the most interesting M-dwarf targets for a detailed 
atmospheric characterization. 

(Right Panels) GLS periodograms of the radial 
velocities of GJ 3998, of the original data (upper 
panel) and after removing – from top to bottom – 
the 30.7 d (marked with the red dot), the 42.5 d 
(magenta dot), the 13.7 d (blue dot) and finally 
the 2.65 d (cyan dot) signals. The dashed lines 
indicate 0.1%, 1% and 10% level of false alarm 
probability. 

(Left Panels) RV data folded at the best-fit 
orbital period of inner (left panel) and outer 
planet (right panel). For each folding the 
signal of the other planet, the RV offset and the 
best-fit solution for the stellar activity noise 
have been subtracted. Blue dots are the mean 
values in bins of amplitude 0.05. The red solid 
line is the best-fit orbital solution. 
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