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ABSTRACT

We report the discovery of a super-Earth orbiting at the inner edge of the habitable zone of the star GJ 625 based on the analysis of
the radial-velocity (RV) time series from the HARPS-N spectrograph, consisting of 151 HARPS-N measurements taken over 3.5 yr.
GJ 625 b is a planet with a minimum mass M sini of 2.82 + 0.51 M, with an orbital period of 14.628 + 0.013 days at a distance of
0.078 AU from its parent star. The host star is the quiet M2 V star GJ 625, located at 6.5 pc from the Sun. We find the presence of a
second radial-velocity signal in the range 74—85 days that we relate to stellar rotation after analysing the time series of Ca Il H&K and
Ha spectroscopic indicators, the variations of the FWHM of the CCF, and the APT2 photometric light curves. We find no evidence
linking the short-period radial-velocity signal to any activity proxy.

Key words. planetary systems — techniques: radial velocities — stars: activity — stars: chromospheres — stars: individual: GJ 625 —

planets and satellites: detection

1. Introduction

The detection rate of potentially habitable Earth-like planets
around M dwarfs is rapidly increasing (Wrightet al. 2016;
Anglada-Escudé et al. 2016; Jehinetal. 2016; Gillon et al.
2017; Astudillo-Defru et al. 2017). For many years it has been

* Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG), operated on the island of La Palma by the INAF — Fun-
dacién Galileo Galilei at the Roche de Los Muchachos Observatory
of the Instituto de Astrofisica de Canarias (IAC); photometric obser-
vations made with the robotic telescope APT2 (within the EXORAP
programme) located at Serra La Nave on Mt. Etna; and lucky imag-
ing observations made with the Telescopio Carlos Sdnchez operated on
the island of Tenerife by the Instituto de Astrofisica de Canarias in the
Spanish Observatorio del Teide.

** Tables A.1-A.5 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/605/A92

Article published by EDP Sciences

clear that M dwarfs are a shortcut to finding earth-like plan-
ets and therefore several surveys have attempted to take
advantage of their low masses and closer habitable zones
(Quirrenbach et al. 2012; Bonfilsetal. 2013; Howard et al.
2014; Irwinetal. 2015; Berta-Thompson etal. 2015; Affer
et al. 2016; Sudrez Mascarefio et al. 2017a; Perger et al. 2017b).
M dwarfs have also proven to be difficult targets because of
their stellar activity. The signals induced by the stellar rotation
can easily mimic those of planetary origin (Queloz etal.2001;
Bonfils et al. 2007; Boisse et al. 2011; Robertson et al. 2014;
Sudarez Mascarefio et al. 2015, 2017a,b; Newton et al. 2016;
Vanderburg et al. 2016). For the case of M dwarfs, these sig-
nals tend to be comparable to those of rocky planets close
to the habitable zone of their stars (Howardetal. 2014,
Robertson et al. 2014; Suarez Mascarefio et al. 2015, 2017b;
Newton et al. 2016). The interpretation of the radial-velocity
curves of M dwarfs is usually complicated even in the quietest
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of stars. Low mass stars are the most common type of stars;
they offer valuable complementary information on the forma-
tion mechanisms of planetary systems. For instance, giant plan-
ets at close orbits are known to be rare around M dwarfs
(Endl et al. 2006), while low mass rocky planets appear to
be more frequent (Bonfils et al. 2013; Dressing & Charbonneau
2013; Dressing et al. 2015).

Even with the large number of confirmed exoplanets
(Howard et al. 2009, 2012; Mayor et al. 2011) the number of
rocky planets remains comparably small with only about a hun-
dred known around M dwarfs. This is mostly because most
surveys — including the Kepler survey — have focused pri-
marily on solar-type and K-type stars. In recent years many
planetary systems hosting Neptune mass planets and super-
Earths have been reported (Udry et al. 2007; Delfosse et al.
2013; Howard et al. 2014; Astudillo-Defru et al. 2015), and
a rapidly increasing number of Earth-mass planets as well
(Mayor et al. 2009; Berta-Thompson et al. 2015; Wright et al.
2016; Affer et al. 2016; Anglada-Escudé et al. 2016; Jehin et al.
2016; Suarez Mascarefio et al. 2017a; Gillon et al. 2017). How-
ever, the frequency of Earth-sized planets around M dwarfs is
still not well established. Several studies have attempted to quan-
tify the abundance of rocky planets in close orbits and in the
habitable zones of M dwarfs, but the uncertainties are still large,
making it important to continue adding new planets to the sam-
ple (Bonfils et al. 2013; Gaidos 2013; Kopparapu 2013).

We report the discovery of a super-Earth orbiting the nearby
star GJ 625 on the inner edge of its habitable zone. The discovery
is part of the HADES (HArps-n red Dwarf Exoplanet Survey) ra-
dial velocity (RV) programme with HARPS-N at the Telescopio
Nazionale Galileo in La Palma (Spain). The HADES RV pro-
gramme is the result of a collaborative effort between the Italian
Global Architecture of Planetary Systems (GAPS, Covino et al.
2013; Poretti et al. 2016) Consortium, The Institut de Ciencies
de I’Espai de Catalunya (ICE), and the Instituto de Astrofisica
de Canarias (IAC). The HADES team has previously discov-
ered two super-Earth exoplanets of minimum masses of ~6.3 and
~2.5 Mg orbiting the early-type M dwarf GJ 3998 (Affer et al.
2016).

GJ 625 is abright (V = 10.17 mag) low activity (log;o(Ry) ~
—5.5) M dwarf located at a distance of 6.5 pc from the Sun
(van Leeuwen 2007; Gaia Collaboration 2016). Table 1 shows
the stellar parameters. Its low activity combined with its long ro-
tation period of more than 70 days makes it a very interesting
candidate to search for rocky planets.

2. Data and observations
2.1. Spectroscopy

The star GJ 625 is part of the HADES RV programme
(Affer et al. 2016) and has been extensively monitored since
2013. We used 151 HARPS-N spectra taken over 3.5 yr.
HARPS-N (Cosentino et al. 2012) is a fibre-fed high resolu-
tion echelle spectrograph installed at the Telescopio Nazionale
Galileo in the Roque de los Muchachos Observatory (Spain).
The instrument has a resolving power greater than R ~ 115000
over a spectral range from ~380 to ~690 nm and has been de-
signed to attain very high long-term radial-velocity precision.
It is contained in a vacuum vessel to avoid spectral drifts due
to temperature and air pressure variations, thus ensuring its
stability. HARPS-N is equipped with its own pipeline provid-
ing extracted and wavelength-calibrated spectra, as well as RV
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Table 1. Stellar parameters of GJ 625.

Parameter GJ 625 Ref.
RA (J2000) 16:25:25.36 1
Dec (J2000) +54:18:12.19 1
e (mas yr!) 432.13 1
s (mas yr!) -171.48 1
Distance [pc] 6.49 1
mg 11.80 + 0.16 2
my 10.17 + 0.04 2
Spectral Type M2 3
T [K] 3499 + 68 3
[Fe/H] -0.38 = 0.09 3
M, (M) 0.30 = 0.07 3
R, [Ro] 0.31 +£0.06 3
log g (cgs) 4.94 + 0.06 3
log(L/Lo) -1.894 +0.170 3
log,o(Ryk) -55+0.2 0
P (days) 77.8+5.5 0
vsini (kms™!) <0.2* 3
Secular acc. (m s~ yr™')  0.03 4

Notes. ™ Calculated using the radius estimated by Maldonado et al.
(2017) and our period determination.

References. (0) — This work; (1) — Gaia Collaboration (2016); (2) —
Hgg et al. (2000); (3) — Maldonado et al. (2017); (4) — Calculated fol-
lowing Montet et al. (2014).

measurements and other data products such as cross-correlation
functions (CCF) and their bisector profiles.

Most of the observations were carried out using the Fabry
Perot (FP) interferometer for simultaneous calibration. The FP
offers the possibility of monitoring the instrumental drift with a
precision of 10 cms™! without the risk of contamination of the
stellar spectra by the ThAr saturated lines (Wildi et al. 2010).
While this is not usually a problem in G and K stars, the small
amount of light collected in the blue part of the spectra of
M dwarfs might compromise the quality of the measurement of
the Ca Il H&K flux. The FP allows a precision of ~1 ms~! in
the determination of the radial velocities of the spectra with the
highest signal-to-noise ratios while assuring the quality of the
spectroscopic indicators even in those spectra with low signal-
to-noise ratios. Those observations taken without the FP were
taken without simultaneous lamp reference.

2.2. EXORAP photometry

Along with the HARPS-N spectra we have 2.6 yr of B, V, R, and
I-band photometric data collected at the INAF-Catania Astro-
physical Observatory with an 80 cm f/8 Ritchey-Chretien robotic
telescope (APT2) located at Serra la Nave on the Mt. Etna. The
data is reduced by overscan, bias, dark subtraction, and flat field-
ing with IRAF! procedures and visually inspected to check the
quality (see Affer et al. 2016 for details). Errors in the individual
measurements are the quadratic sum of the intrinsic noise (pho-
ton noise and sky noise) and the RMS of the ensemble stars used
for the differential photometry.

! IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.
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Fig. 1. Diffraction-limited image of GJ 625 after lucky imaging process-
ing with a selection of the 30% best individual TCS/FastCam frames.

2.3. FastCam lucky imaging observations

On June 6, 2016, we collected 50000 individual frames of
GJ 625 in the I band using the lucky imaging FastCam instru-
ment (Oscoz et al. 2008) at the 1.5 m Carlos Sanchez Telescope
in the Observatorio del Teide, Tenerife, with 30 ms exposure
time for each frame. FastCam is an optical imager with a low
noise EMCCD camera which allows to obtain speckle-featuring
not saturated images at a fast frame rate (Labadie et al. 2011).

In order to construct a high resolution, diffraction lim-
ited, long-exposure image, the individual frames were bias
subtracted, aligned, and co-added using our own lucky imag-
ing algorithm (Velasco et al. 2016). Figure 1 presents the high
resolution image constructed by co-addition of the best percent-
age of the images using lucky imaging and shift-and-add algo-
rithms. Owing to the atmospheric conditions of the night, the
selection of 30% of the individual frames was found to be the
best solution to produce a deep and diffraction limited image of
the target, resulting in a total integration time of 450 s. The com-
bined image achieved Am; = 4.5-5.0 at 1””. We find no bright
contaminant star in the diffraction limited image.

3. Determination of stellar activity indicators
and radial velocities

3.1. Activity indicators

For the activity analysis we use the extracted order-by-
order wavelength-calibrated spectra produced by the HARPS-
N pipeline. For a given star, the change in atmospheric trans-
parency from day to day causes variations in the flux distribution
of the recorded spectra that are particularly relevant in the blue,
where we intend to measure Ca II lines. In order to minimize
the effects related to these atmospheric changes we create a
spectral template for each star by de-blazing and co-adding ev-
ery available spectrum, and use the co-added spectrum to cor-
rect the order-by-order fluxes of the individual ones. We also
correct each spectrum for the Earth’s barycentric radial veloc-
ity and the radial velocity of the star using the measurements

Ca, Kline Ca, Hline
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Fig. 2. Ca II H&K filter of the spectrum of the star GJ 625 with the
same shape as the Mount Wilson Ca II H&K passband.

given by the standard pipeline, and re-binned the spectra into a
wavelength-constant step. Using this HARPS-N dataset, we ex-
pect to have high quality spectroscopic indicators to monitor tiny
stellar activity variations with high accuracy.

Suw index

We calculate the Mount Wilson § index and the log;q(Rj,,)
by using the original Noyes et al. (1984) procedure, following
Lovis et al. (2011) and Sudrez Mascareiio et al. (2015, 2017a).
We define two triangular-shaped passbands with full width half
maximum (FWHM) of 1.09 A centred at 3968.470 A and
3933.664 A for the Ca II IOJ&K line cores, and for the co@ntin-
uum we use two bands 20 A in width centred at 3901.070 A (V)
and 4001.070 A(R), as shown in Fig. 2.
Then the S -index is defined as
P A Y )
NR + NV

where Ny, Nk, Ng, and Ny are the mean fluxes per wavelength
unit in each passband, while @ and g are calibration constants
fixed as @ = 1.111 and 8 = 0.0153. The S index (S yw)
serves as a measurement of the Ca II H&K core flux normal-
ized to the neighbour continuum. As a normalized index for
comparison to other stars, we compute the log,,(Ry;, ) following
Sudrez Mascareiio et al. (2015).

Ha index

We also use the Ha index, with a simpler passband follow-
ing Gomes da Silvaet al. (2011) and Sudrez Mascarefio et al.
(2017a). It consists of a rectangular bandpass with a width of
1.6 A and centred at 6562.808 A (core), and two continuum
bands of 10.75 A and 8.75 A in width centred at 6550.87 A (L)
and 6580.31 A (R), respectively, as seen in Fig. 3.

Thus, the Ha index is defined as

ﬁacore
@

Halndex = ==
Ha; + Hag
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Fig. 3. Spectrum of the M-type star GJ 625 showing the Ha region of
the spectrum. The light red shaded regions show the filter passband and
continuum bands.

where Haore, Harp, and Harg are the mean fluxes per wavelength
unit in each of the previously defined passbands.

3.2. Radial velocities

The radial-velocity measurement in the HARPS-N standard
pipeline is determined by a Gaussian fit of the CCF of the
spectrum with a synthetic stellar template (Baranne et al. 1996;
Pepe et al. 2000) that consists of a series of delta functions at
the positions of isolated stellar lines at wavelengths longer than
4400 A. In the case of M dwarfs, due to the huge number of
line blends, the CCF is not Gaussian, resulting in a less precise
Gaussian fit which might cause distortions in the radial-velocity
measurements and decrease the sensibility in the measurement
of the variations in the full width half maximum (FWHM) of the
CCF. To deal with this issue we tried two different approaches,
as in Sudrez Mascarefo et al. (2017a).

The first approach consisted in using a slightly more complex
model for the CCF fitting, a Gaussian function plus a second-
order polynomial using only the central region of the CCF func-
tion. We use a 15 kms~!' window centred at the minimum of the
CCF. This configuration provides the best stability of the mea-
surements. Along with the measurements of the radial velocity,
we obtain the FWHM of the CCF which we also use to track
variations in the activity level of the star. A second approach
to the problem was to recompute the radial velocities using the
TERRA pipeline (Anglada-Escudé & Butler 2012), which is a
template-matching algorithm with a high signal-to-noise stellar
spectral template. Every spectrum is corrected for both barycen-
tric and stellar radial velocity to align it to the frame of the solar
system barycentre. The radial velocities are computed by mini-
mizing the y? of the residuals between the observed spectra and
shifted versions of the stellar template, where all the elements
contaminated by telluric lines are masked. In this case we use
the Doppler information at wavelengths longer than 4550 A. All
radial-velocity measurements are corrected from the secular ac-
celeration of the star.

For the bisector span measurement we rely on the pipeline
results as it does not depend on the fit but on the CCF itself.
The bisector has been a standard activity diagnostic tool for
solar-type stars for over 10 yr. Unfortunately, its behaviour in
slow rotating stars is not as informative as it is for fast rota-
tors (Saar & Donahue 1997; Bonfils et al. 2007). We report the
measurements of the bisector span (BIS) for each radial-velocity
measurement, but we do not find any meaningful information in
its analysis.
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3.3. Quality control of the data

As the sampling rate of our data is not well suited for modelling
fast events like flares, and their effect on the radial velocity is not
well understood, we identify and reject points likely affected by
flares by searching for an abnormal behaviour of the activity in-
dicators (Reiners 2009). The process rejected 11 spectra that cor-
respond to flare events of the star with obvious activity enhance-
ment and line distortion, which leaves us with 140 HARPS-N
spectroscopic observations taken over 3.3 yr with a typical ex-
posure of 900 s and an average signal-to-noise ratio of 56 at
5500 A. All measurements and their uncertainties are listed in
Table A.1.

4. Analysis

In order to properly understand the behaviour of the star, our
first step is to analyse the different modulations present in the
photometric and spectroscopic time series.

We search for periodic variability compatible with both stel-
lar rotation and long-term magnetic cycles. We compute the
power spectrum using a generalized Lomb-Scargle periodogram
(Zechmeister & Kiirster 2009) and if there is any significant pe-
riodicity we fit the detected period using a sinusoidal model or a
double harmonic sinusoidal model to account for the asymmetry
of some signals (Berdyugina & Jarvinen 2005) with the MPFIT
routine (Markwardt 2009). The model used for the preliminary
analysis is chosen based on the reduced x? of the fit.

The significance of the periodogram peak was evalu-
ated using both the Cumming (2004) modification of the
Horne & Baliunas (1986) formula to obtain the spectral density
thresholds for a desired false alarm probability (FAP) level and
the bootstrap randomization (Endl et al. 2001) of the data. We fi-
nally opted for the power spectral density (PSD) levels given by
the bootstrap process because they were the most conservative.

Radial velocities. For the analysis of the radial velocities we
use the measurements given by the CCF and by the TERRA
pipeline. We have 140 measurements distributed over 3.3 yr. The
star shows a mean RV of —12.850 km s~!. The CCF RV measure-
ments show an RMS of 2.56 ms~! with a typical uncertainty of
1.32 ms~!, while the TERRA RV measurements show an RMS
of 2.57 ms~! with a typical uncertainty of 1.24 ms~!. Figure 4
shows both time series of RVs. The two sets show a very similar
scatter, but the TERRA data have slightly smaller error bars.

We find a clear dominant signal in the data in both series with
a FAP < 0.1% (although more significant in the TERRA data).
The signal has a period of 14.629 + 0.069 days in the CCF series
and 14.629 + 0.077 days in the TERRA series, a semi-amplitude
of 1.85 + 0.13 ms~! in the CCF data, and a semi-amplitude of
1.65 + 0.18 ms~! in the TERRA data. Figure 5 shows the com-
bined periodograms of the two data series, and Fig. 6 shows the
phase-folded fits of both series. When analysing the residuals we
see a structure of different signals between ~65 and ~100 days
(see Fig. 5). Of these signals, the most significant one is not
the same in the CCF and TERRA data. The CCF data shows a
74.7 + 1.9 d signal with a semi-amplitude of 1.64 + 0.18 ms~!,
while the TERRA data shows a 85.9 + 2.8 d signal with a semi-
amplitude of 1.58 + 0.18 ms~!. Figure 7 shows the phase-folded
curves for those signals. No other significant signals are found
in the RV data. The RMS of the remaining residuals is 2.0 ms™!
in both cases.
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Fig. 4. Radial-velocity time series for the CCF RVs (top panel) and the
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Fig. 5. Periodograms of the radial-velocity time series. Top panel: peri-
odogram of the raw RVs for the CCF (black line) and the TERRA (red
dotted line). Bottom panel: periodogram of the residuals for both the
CCF (black line) and TERRA (red dotted line). The light red shaded
regions show the detected periodicities.

Spectroscopic indicators. Figure 8 shows the time series for
the four spectroscopic indicators used for the activity analysis:
S mw index, H, index, FWHM, and bisector span time series.
For the four quantities we have 140 measurements distributed
over 3.3 yrs. For the Sy index data we measure a mean value
of 0.735 (corresponding to a log,(Ry;,) of =5.5) with an RMS
of the data of 0.094 and a typical uncertainty of the individ-
ual measurement of 0.012. Using the activity relationships of
Sudrez Mascarefio et al. (2015, 2016) we come to expect a rota-
tion period of around 80 + 20 days. For the H,, index we measure
amean value of 0.41607 with an RMS of the data of 0.00729 and
a typical uncertainty of 0.00070. For the case of the FWHM time
series we measure a mean FWHM of 3.83 kms™! with an RMS
of the data of 5.32 ms~! and a typical uncertainty of 2.0 ms~".
For the bisector span we measure a mean span of —6.72 ms™!
with an RMS of the data of 2.28 ms~! and a typical uncertainty
of 20 ms~!.

Figure 9 shows the periodograms for the four spectroscopic
indicators. We see an indication of a long-term signal in the S yw
and H, indexes. In the S yw index periodogram it appears as a
double peak at ~1.7 yr and ~3.2 yr, with large uncertainties in
both cases. In the H, index periodogram there is a single peak at
~3.4 yr. These signals would be compatible with short magnetic
cycles, either flip-flop or global cycles (Berdyugina & Usoskin
2003; Moss 2004; Sudrez Mascarefio et al. 2016). The longer
period peaks in both indexes seem to be the mark of the same
~3.4 yr signal, while the shorter period peak in the S 5, index
might be an artefact caused by the extremely asymmetric sig-
nal. It might also be a flip-flop cycle combined with a 3.4 yr
global cycle. More observations will be needed to confirm and
constrain the cycle length and nature. Our 3.3 yr baseline of ob-
servations is too short to reach a unique conclusion on the nature
of these long-term signals. In addition to the long-term signals,
three shorter period signals appear in the S yw, H,, and FWHM
time series of 74, 85, and 82 days, respectively. These signals
are consistent with the expected rotation period of the star. The
S yw index signal is a 73.7 + 2.2 d signal with a semi-amplitude
of 0.0413 + 0.0020 detected with a FAP < 1%. The signal in
the H, index is a 85.2 + 2.2 d signal with a semi-amplitude
of 0.00217 + 0.00014 detected with a FAP < 10%. Finally the
FWHM signal has a period of 82.0 + 3.1 days, a semi-amplitude
4.03 +0.38 ms~!, and a FAP < 0.1%. Figure 10 shows the phase-
folded curves of the three signals.

No other significant signals are found in any of the time se-
ries after subtracting these signals.

Photometry. In order to confirm the possible activity-induced
signals present in the RV time series and in the time series of
spectroscopic indicators we analyse the BVRI photometric time
series. Figure 11 and Table 2 show the available data. All the
series show the presence of some long-term evolution, which is
still not well covered by our observation baseline.

We subtract the long-term evolution using a polynomial fit
and analyse the residuals of the fit for periodic signals. Figure 12
shows the periodograms of the time series for the four filters.
Several significant signals appear in the periodograms of the dif-
ferent time series, but we find one common periodicity for the
mp, my, and myg series at ~74 d. We do not find any significant
signal in the m; series periodogram; the I/ band is the small-
est dataset, so this is not surprising. We find a very significant
(FAP < 0.1%) signal at 73.9 + 3.4 days with a semi-amplitude
of 12.1 + 0.3 mmag in the B-band time series (Fig. 13, left
panel), a significant (FAP < 1%) signal at 73.9 + 3.7 days with
a semi-amplitude of 8.2 + 0.3 mmag in the V-band time series
(Fig. 13, middle panel), and a less significant (FAP < 10%) sig-
nal at 73.6 + 2.8 days with a semi-amplitude of 7.8 + 0.3 mmag
for the R-band time series (Fig. 13, right panel). No other sig-
nificant signals are found in the V- and R-band series after sub-
tracting the detected signals. For the case of the B band there is
a remaining signal at ~1 yr with a second peak at ~0.5 yr which
seem to be an artefact.

5. Interpretation of the detected signals

The previous analysis unveiled several signals at different
timescales. Some of them are common among different datasets.
Table 3 shows the measured signals for the different datasets of
GJ 625. We can identify six different signals: at ~3 yr, at ~1.6 yr,
at ~85 day, at ~82 day, at ~74 day, and at ~14.6 day.

A92, page 5 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730957&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730957&pdf_id=5

A&A 605, A92 (2017)

Fo- Botelia " R-10s g Josy o 1 R Jnetig TR 107 -4 0TG-

T -

:

100 ] 1oF
s : Z st
@) L
A |_
[ -
IS r @
S , g
5 ] >nc
0L ] :
10E 3 10F
55 3 5
? 0EB 8.8 s 00 % s mtng: 4000 B 1080 Lo T o 2 gion 405 B Q 0
© sk E ©
-10 E 5F
0.0 05 1.0 15 2.0 00

Phase

0.5 1.0

Phase

1.5

2.0

Fig. 6. Phase-folded curve of the raw RV data using the 14.6-day periodicity. Left panel: CCF measurements; right panel: TERRA measurements.
The red dots are the same points binned in phase with a bin size of 0.1. The error bar of a given bin is estimated using the weighted standard
deviation of binned measurements divided by the square root of the number of measurements included in this bin. The blue solid line shows the

best fit to the data using a sinusoidal fit.

w o IE
S ]
© :
F OW
€ [ ]
[ L 4
> L ]
St ]
5E

Q 0},,.,,,t,.,,n,,,,a,,.,,o,,,.,,.,t,.,,o,,,,o,,.,,,;
° st
0.0 0.5 1.0 1.5 2.0

Phase

< 5[ .
e f ;
ol '
,'7_0, Ty Ty

2 | R A
[ ]
> o ]

g 0 a,,,@g,,.,,',,04,,,.,,.,,Q,Q,,,ig,,.,,f,a,l,,,‘,,.,,nr
0.0 0.5 1.0 1.5 2.0
Phase

Fig. 7. Phase-folded curve of the RV data using the 74-day periodicity for the CCF data (left panel) and the 86-day periodicity for the TERRA data
(right panel) after subtracting the signals shown in Fig. 6. The red dots are the same points binned in phase with a bin size of 0.1. The error bar of
a given bin is estimated using the weighted standard deviation of binned measurements divided by the square root of the number of measurements
included in this bin. The blue solid line shows the best fit to the data using a double harmonic sinusoidal fit.

Spectroscopic indicators time series

wv—=O =N
) P
) | PR

AFWHM

ABIS
&

-10

6400 6600 6800 7000 7200 7400 7600
BJD - 2450000

Fig. 8. Time series of the spectroscopic indicators. From top to bottom:
S yw index, H, index, FWHM (in ms™!), and bisector span (in ms™)
time series.

The 3.4 yr signal appears as a significant peak in the H, index
time series and as a less significant peak in the S y;w index time
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series, indicating a probable common origin. This signal is prob-
ably the fingerprint of the magnetic cycle of the star. A 3.4 yr
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cycle is shorter than expected for solar-type stars, but is in the
range of previous measurements for M dwarfs (Robertson et al.
2013; Sudrez Mascarefio et al. 2016). The signal at 1.7 yr could
have different interpretations. On the one hand, we could be see-
ing the first harmonic of the 3 yr signal due to the non-sinusoidal
shape of the cycle (Waldmeier 1961; Baliunas et al. 1995). On
the other hand, it could be a flip-flop cycle, i.e. a cycle of spatial
rearrangement of active regions (Berdyugina & Usoskin 2003;
Moss 2004). The short baseline of observations proves to be a
problem for the correct interpretation of these signals. We could
be measuring the global cycle and a flip-flop cycle, or the global
cycle (3 yr) and its first harmonic, or even a flip-flop cycle and
its first harmonic. At this stage, with our baseline being so close
to the measured cycle length we cannot rule out the possibility
of having an artefact of a poorly constrained long-term signal.
Many years of data are probably needed before we can give a
definitive answer.

The group of signals at 74, 82, and 85 days that appear
in the different spectroscopic indicators, photometric series,
and radial-velocity series, are probably related to the stellar
rotation. Given the activity level of the star (log;,(Ri) =
-5.5 = 0.2) we expect the rotation period to be around
80 + 20 days (Sudrez Mascareno et al. 2015, 2016), and the
semi-amplitude of the induced radial-velocity signal to be
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Fig. 12. Periodograms for the BVRI photometry. From top to bottom:
mg, my, mg, and m, periodograms. The light red shaded regions show
the detected periodicities. The light green shaded region shows the po-
sition of the 14.6-day signal detected in RV.

~1.5 ms~! (Sudrez Mascarefio et al. 2017b). Scandariato et al.
(2017) found a similar periodicity using a pooled variance analy-
sis in the Ca Il H&K and H,, fluxes, and the V-band photometric
time series. The five signals around 74 days (RV, CCF, S yw,
mp, my, and mg) give us a strong indication of the stellar rota-
tion, probably in a region close to the equator. The decline in
amplitude when moving to redder bands in photometry might be
an indication that we are measuring a modulation based on pho-
tospheric inhomogeneities, for which the contrast gets reduced
when going to redder wavelengths. The signal at 85 days seen
in the H, index and RV TERRA time series probably shows the
rotation period at higher latitudes, giving us a hint regarding the
differential rotation of this star. Because the signal is only present
in the H, and RV variations, we are probably seeing a modula-
tion based only on chromospheric inhomogeneities. The 82-day
signal seen in the FWHM could be either a signal based on inho-
mogeneities in an intermediate latitude or an average of all the
measured inhomogeneities along all latitudes. The two different
RV induced signals for the two algorithms could imply that the
two different RV algorithms are sensitive to the effect of different
groups of inhomogeneities. While the CCF measurements seem
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Table 2. Available photometric measurements.

Band | Nops  Tspan (yr) RMS (mmag) o (mmag)
B 108 2.6 13.6 10.1
14 98 2.6 104 10.0
R 82 2.6 16.5 10.0
1 55 2.0 21.1 10.0

to be in line with the photometric and Ca IT H&K variations, the
TERRA measurements appear coherent the H, variations.

The signal at 14.6 days appears in both analyses of the
RV time series with parameters that are consistent with each
other. There is no evidence of signals at this period in any of
the available activity proxies (see Table 3).

As a second test we measured the Spearman correlation coef-
ficient between the S y;w, the H, index, the FWHM, the bisector
span, and the radial velocities. We do not find a strong correla-
tion between any of these quantities and the raw radial velocities;
the only significant correlation — especially for the CCF quanti-
ties — is between the FWHM and the RVs All the correlation
coefficients remain non-significant if we subtract the 74- and 85-
day signals, isolating the 14.6-day signal (see Table 4). For the
case of the FWHM vs. RV correlation, we see the coefficient go-
ing down significantly. When we subtract the 14.6 day signal,
isolating the 74 day or 85 day signals, we see the RV vs. § yw
correlation coefficients going up and the RV vs. FWHM corre-
lation coeflicient recovering the raw value. This constitutes new
evidence of the stellar origin of the 74 day and 85 day signals,
and of the planetary origin of the 14.6 day signal. Although the
correlation coefficients are not very high in any case, it seems
clear that isolating the 14.6 day signal reduces the correlation
between the different activity proxies and the RV measurements,
while isolating the 74 day or 85 day signal does not, and even
increases it for the S yw.

Following this idea, we subtract the linear correlation be-
tween the radial velocity and the two activity diagnostic indexes
that showed a significant correlation. When doing this we see
that the strength of the 14.6 day signal remains constant, or even
increases, while the significance of the 74 day and 85 day signals
decrease slightly in all cases (see Fig. 14).

Keplerian signals are deterministic and consistent in time.
When measuring one signal, we expect to find that the sig-
nificance of the detection increases steadily with the number
of observations, and that the measured period remains stable
over time. However, in the case of activity related signal this
is not necessarily the case. As the stellar surface is not static,
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relation with the different activity diagnostic tools that showed a sig-
nificant correlation coefficient. From left to right: periodogram for the
original data, periodogram after detrending against the FWHM, and pe-
riodogram after detrending against the S 5y index.

and the configuration of active regions may change with time,
changes in the phase of the modulation and in the detected period
are expected (Affer et al. 2016; Sudrez Mascarefio et al. 2017a;
Mortier & Collier Cameron 2017). Even the disappearance of
the signal at certain seasons is possible. To study the evolution
of both signals we perform a simultaneous fit of the detected pe-
riodicities in each of the time series, and then use the derived
parameters to subtract the contribution of one of them leaving
the other “isolated”. We then perform the stacked periodograms
using a very narrow frequency window around each of the sig-
nals. Figure 15 shows the evolution of the PSD of the detection
of both isolated signals. Once we gain a high enough signal-to-
noise ratio, the 14.6 day signal increases steadily with the num-
ber of measurements. On the other hand the behaviour of the 74
day and 85 day signals is more erratic, especially for the case
of the 85 day signal in the TERRA data. This is consistent with
the attributed stellar origin, although we cannot rule out that the
fluctuations are created by the lack of a sufficient signal-to-noise
ratio for those signals.

Of the different significant radial-velocity signals detected in
our data, it seems clear that the signal at 14.6 day has a planetary
origin, while those at 74 day and 85 day have stellar activity
origins.
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Table 3. Detected signals in the different datasets of GJ 625.

Dataset 14.6d Amp 74d Amp 82d Amp
RV CCF 14.629 £ 0.069d 1.85+0.13 ms™! 747+19d 1.64+0.18 ms™!
RV TERRA  14.629 £ 0.077d  1.65 +0.18 ms™!
S uw 73.7+22d 0.0413 £ 0.0020
H,
FWHM 820+3.1d 4.03+0.38ms™!
mp 739 +34d 12.1 +0.3 mmag
my 739 +3.7d 8.2 +0.3 mmag
mg 73.6+2.8d 7.8 0.3 mmag
Dataset 85d Amp 1.7 yr Amp 34yr Amp
RV CCF
RVTERRA 859+28d 1.58 £0.18 ms™'
S uw 1.7+£02yr 0.08162 +0.0024 32+1.0yr 0.05849 + 0.0024
H, 852+22d 0.00217 = 0.00014 34+1.6yr 0.00593 + 0.00017
FWHM
mp
my
mg
Notes. The parameters were calculated using least-squares minimization.
Table 4. Activity — radial-velocity correlations.
Parameter Raw data 14.6 d signal 74 d signal 85 d signal
S muw vs. VRCCF 0.08 (10) -0.05 (<lo)  0.14 (20)
S uw vs. VR-TERRA 0.09 (10) -0.01 (<1o0) 0.13 20)
H, vs. VRCCF -0.08 (10) -0.08 (1)  0.02 (<1o0)
H, vs. VRTERRA 0.01 (<lo) -0.03 (<10) 0.05 (<1o)
FWHM vs. VxCCF 0.23 20) 0.14 (1o) 0.22 20)
FWHM vs. VxTERRA 0.15 2o) 0.06 (<1o) 0.14 2o)
BIS vs. VkCCF 0.04(<10) 0.05 (<lo)  0.06 (<10)
BIS vs. VRTERRA -0.01 (<1lo)  0.01 (<1o) -0.01 (<1o)

Notes. The value in parentheses indicates the significance of the correlation. The long-term variations of activity indicators have been subtracted.
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Fig. 15. Evolution of the significance of the detections for the isolated
signals. The thick lines show the 14.6-day signal, dashed lines repre-
sent the 74-day and 85-day signals. The black lines represent the CCF
signals, red lines the TERRA signals.

Finally, an analysis of the spectral window ruled out that the
peak in the periodogram attributed to the Keplerian signal is an
artefact of the time sampling. No features appear at 14.6 day,

even after masking the oversaturated regions of the power spec-
trum. The region around 70-90 days is more complicated in the
HARPS-N spectral window, and casts some doubts on those pe-
riodicities, but that region is perfectly clean in the spectral win-
dow for the photometric time series. This suggests that the sig-
nals that we attributed to rotation in the RVs and spectroscopic
indicators are real, but it also might explain the differences be-
tween the various indicators and the two different RV time series
through spectral leakage of the real signal (Scargle 1982). We
also recognize a prominent feature at 36.8 days, which should
be treated with caution when searching for additional planets in
the future. Figure 16 shows the spectral windows of the HARPS-
N and photometric time series, along with a comparison between
the RV periodogram around the 14.6 day signal and the spectral
window in the same region. Following Rajpaul et al. (2016), we
tried to re-create the 14.6-day signal by injecting the Pgr, signal
along with a second signal at Pgy/2 at 1000 randomized phase
shifts with a white noise model. Additionally, we added a second
set of signals at 3 yr and 1.5 yr to account for the possible effect
of the magnetic cycle. We were not able to generate a signal at
14.6 days, or any significant signal at periods close to 14.6 days.
It seems very unlikely that any of the signals are artefacts of the
sampling. On the other hand, the process created many spurious
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Table 5. MCMC parameters and uncertainties.

TERRA CCF
Parameter Value Upper error  Lower error Value Upper error  Lower error Prior
Ppianc [d] 14.628 +0.012 -0.013 14.638 +0.012 -0.013 10.5-18.5
y [ms™' + 12850] -0.11 +0.18 —-0.18 -0.07 +0.19 —-0.20 -3.0-+3.0
e 0.13 +0.12 —-0.09 0.13 +0.13 —-0.09 0.0-0.99
w [deg] 343.1 +9.6 -14.8 240 +70 —-180 0.0-360.0
X 0.94+ +0.026 —-0.043 0.26 +0.45 —-0.18 0.0-0.99
Kpjanet [ms™'] 1.67 +0.29 -0.29 1.79 +0.29 —-0.30 0.0-3.0
a [AU] 0.078361  +0.000044  —0.000046 | 0.078399  +0.000042  —0.000045 -
mp sin i [Mgarm] 2.82 +0.51 -0.51 3.02 +0.49 —-0.50 -
Prot [d] 84.7 +1.3 -1.8 76.1 +8.9 -3.0 65.0-95.0
Kgot [ms™!] 1.41 +0.53 -047 1.25 +0.52 —-0.39 0.0-3.0
RV noise [ms™'] 1.61 +0.18 -0.18 1.48 +0.18 -0.17 0.0-3.0

Spectral Window (HARPS-N)

PSD
o
o

T

Spectral Window (Phot)

PSD
w
S

1 10

100
Period (day)

1000

Spectral Window
RV Periodogram

10

14 16
Period (day)

Fig. 16. Spectral windows for the HARPS data (top panel) and the
photometric data (middle panel). Bottom panel: radial-velocity peri-
odogram (red dotted line) compared to the spectral window (black solid
line) in the range of periods around the signal for the planet candidate.

peaks at periods between 35 and 120 days. Future observations
should take into account the possibility of having aliases and
artefacts of the rotation arising in a wide range of periodicities.

6. MCMC modelling of the GJ 625 b planet

The analysis of the radial-velocity time series and of the activity
indicators leads us to conclude that the best explanation of the
observed data is the existence of a planet orbiting the star GJ 625
at the period of 14.6 day. The best solution comes from a super-
Earth with a minimum mass of 2.8 My, orbiting at 0.078 AU from
its star.
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In order to quantify the uncertainties of the orbital pa-
rameters of the planet, we perform a Bayesian analysis us-
ing the code EXOFIT (Balan & Lahav 2009) as outlined in
Sudrez Mascarefio et al. (2017a). This code follows the Bayesian
method described in Gregory (2005), Ford (2005) and Ford
& Gregory (2007). A single planet can be modelled using the
formula

v; =y — K[sin(6(t; + yP) + w) + e sin w], 3)

where v is the system’s radial velocity; K is the semi-amplitude
of the velocity, equal to 27P~'(1 — ¢*)~'/2asini; P is the orbital
period; a is the semi-major axis of the orbit; e is the orbital ec-
centricity; i is the inclination of the orbit; w is the longitude of
periastron; y is the fraction of an orbit, prior to the start of data
taking, at which periastron occurs (thus, y P equals the number
of days prior to #; = 0 that the star was at periastron, for an or-
bital period of P days); and 8(¢; + x P) is the angle of the star in its
orbit relative to periastron at time #;, also called the true anomaly.

To fit the previous equation to the data we need to specify
the six model parameters: P, K, y, e, w, and y. Observed radial-
velocity data, d;, can be modelled by the equation d; = v; + € + 0
(Gregory 2005), where v; is the calculated radial velocity of the
star and ¢; is the uncertainty component arising from accountable
but unequal measurement errors, which are assumed to be nor-
mally distributed. The term ¢ contains any unknown measure-
ment error. Any noise component that cannot be modelled is de-
scribed by the term 6. The probability distribution of ¢ is chosen
to be a Gaussian distribution with finite variance s2. Therefore,
the combination of uncertainties ¢ + ¢ has a Gaussian distribu-
tion with a variance equal to o7 + s* (see Balan & Lahav 2009,
for more details).

In Table 5 we show the final parameters and uncertainties ob-
tained with the MCMC Bayesian analysis with the code EXOFIT.
We performed a a simultaneous fit of the planetary signal and the
activity-induced signal using both the CCF and the TERRA data.
The obtained parameters are compatible in both datasets, except
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for w and y. However, in those cases the uncertainties are large,
suggesting that more data might be needed to better define the
solution. Figures 17 and 18 show the probability densities for
all the parameters in both situations and Fig. 19 shows the best
fit to the data obtained for the RV signal attributed to the planet
candidate GJ 625 b. The TERRA data gives a smaller RV am-
plitude and smaller mass and a smaller RMS of the residuals.
The noise factor in both cases exceeds the typical uncertainties
of our data, indicating the presence of unaccounted signals in
the radial-velocity data. The smaller RMS of the residuals after
the fit of the TERRA data — even though they show a higher RV
noise factor — and the tighter parameter results lead us to favour
the model given by the TERRA data. The RMS of the remaining
residuals is 1.8 m s~!, smaller than the HADES noise contribu-
tion estimated in Perger et al. (2017a).

7. Discussion

We detect a planet with a semi-amplitude of 1.6 m s~'; given
the stellar mass of 0.3 Mo, this converts to m, sini of 2.75 Mg,
orbiting with a period of 14.6 d around GJ 625, an M2-type star
with a mean rotation period of around 78 day and an additional
activity signal compatible with an activity cycle of around 3 yr.
We have seen hints of differential rotation, with the difference
between the shortest and the longest period going up to 11 days.

The planet is a small super-Earth at the edge of the habit-
able zone of its star. Using a basic estimation of the equilib-
rium temperature, and a correction using the greenhouse calcu-
lated to estimate the surface temperature, we estimate a mean
surface temperature of 350 K for a Bond albedo A = 0.3 and
Earth-like greenhouse effect. Surface temperatures close to earth
surface temperature can be reached for many combinations of
albedo and greenhouse effect. Following Kasting et al. (1993)
and Selsis et al. (2007), we perform a simple estimation of the
habitable zone (HZ) of this star. The HZ would go from 0.099
to 0.222 AU in the narrowest case (cloud free model), and
from 0.057 to 0.305 AU in the broader case (fully clouded
model). Figure 20 shows the distribution of surface mean tem-
peratures for the different combination of bond albedo and green
house levels and the evolution of the habitable zone follow-
ing Selsis et al. (2007). The estimation of the habitable zone
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Fig. 20. Mean surface temperature of GJ 625 b as a function of albedo
and the fraction of radiation absorbed by the atmosphere (fop panel)
and change of the habitable zone as a function of cloud coverage of
the planet (bottom panel). The Earth symbol shows where it would be
with an Earth-like albedo and greenhouse effect (top panel), and with
an Earth-like cloud coverage (bottom panel).

performed by Kopparapu (2013) for a cloud-free model would
leave the most optimistic inner limit of the HZ at 0.088 AU. If
we assume that the HZ evolves with the cloud coverage of the at-
mosphere of the planet in the same way as in Selsis et al. (2007),
then the most optimistic limit of the inner HZ would move down
to 0.043 AU for a completely covered atmosphere, following al-
most exactly the same pattern as in Selsis et al. (2007). We find
that GJ 625 b might potentially host liquid water, depending on
its atmospheric conditions.

The habitability of planets in close orbits around low mass
stars is currently a subject of debate. Planets are probably tidally
locked and exposed to the strong magnetic field, flares, and
UV and X-ray irradiation of their parent stars. But even if
these are strong arguments against their habitability, none of
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comparison. The distribution for each parameter is shown at the edges of the figure.

them is definitive. Depending on the planet’s composition and
its own magnetic field, it might be able to prevent all but a
small atmospheric loss (Vidotto et al. 2013; Zuluaga et al. 2013;
Anglada-Escudé et al. 2016; Ribas et al. 2016; Bolmont et al.
2017).

GJ 625 b is in the lower part of the mass vs. period diagram
of known planets around M-dwarf stars with measured dynamic
masses (Fig. 21). The proposed projected mass would make it
the lightest planet found around an M2 star to date. Of all the
known planets around M dwarfs with dynamical masses deter-
mined ~52% are super-Earths or Earth-like planets (<10 M) at
periods shorter than 100 days. Figure 21 shows once more the
lack of massive planets in close orbits around M dwarfs, only
~9% of the detected planets at periods shorter than 10 days are
heavier than 10 Mg and only one goes over 1 My, as expected
by the core-accretion formation model (Laughlin et al. 2004).
There is also a lack of small planets (<3 Mg) in close orbits
(<10 days) around early M dwarfs (M0-M2); GJ 3998 is the only
one. At periods longer than 10 days, on the other hand, there is a
great abundance of planets with these characteristics.

The presence of one or more extra planets around the
star GJ 625 cannot yet be ruled out at longer orbital periods
and small RV amplitudes (<1.5 ms~! for periods shorter than
3 yr), but finding them will not be easy. The rotation period,
combined with the signs of differential rotation, would make the
detection of low amplitude planetary signals difficult in the range

of periods from 35 to 120 days, as stated at the end of Sect. 5.
Also, considering the detected magnetic cycle we would eventu-
ally expect to find a RV signal arising at 1.5 yr or 3 yr. The most
promising candidates to continue searching would be very small
mass planets at very close orbits, and small mass planets in the
habitable zone of the star, at periods shorter than 30 days.

The activity-induced RV variations measured using the CCF
fitting and using the TERRA pipeline are not consistent with
each other. With the CCF fitting favouring a signal at 74 days,
very similar to the ones measured in the B-, V-, and R-band pho-
tometry, and in the Ca II H&K variations, while the TERRA
pipeline favours an 85 day signal closest to the signal measured
in the H, index. Stellar induced signals are usually more com-
plicated than planetary signals, and the long period and low am-
plitude of the signals (~1.6 ms™!), combined with their non-
sinusoidal shape, could easily lead to an incorrect model. The
spectral window of the observation series might also be playing
a part here. The region around 70-100 days is a complicated one,
so it cannot be ruled out that it is affecting the 82- and 85-day
measurements. If we assume that this is not the case, it could
be that the change in the source of RV information (a selection
of lines in the CCF vs. the full spectrum in TERRA) is making
the two algorithms sensitive to different active regions or even
different depths of the stellar atmosphere. If this were the case,
using both algorithms for the same star could prove a very useful
tool for the diagnosis of activity-induced signals, maybe even for
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the case of earlier spectral types (G- and K-type stars). Further
investigation using data from different stars would be needed.

GIJ 625 has an estimated mass of 0.3 M, placing it close to
the theoretical limit at which a star becomes fully convective. If
the proposed 3 yr magnetic cycle could be confirmed it would
place GJ 625 in the small group of very low mass stars which
exhibit activity cycles despite theoretical predictions suggesting
they should not (Chabrier & Kiiker 2006; Robertson et al. 2014;
Sudrez Mascarefio et al. 2016; Wargelin et al. 2017). The grow-
ing number of detected cycles in stars that are expected to be
fully convective, and therefore without a tachocline, supports
the idea that the stellar dynamo might not be confined to the
tachocline, but instead that it is distributed across the convection
zone (Wright et al. 2016).

8. Conclusions

We have analysed 151 high resolution spectra along with photo-
metric observations in four different bands to study the presence
of planetary companions around the M-dwarf star GJ 625 and
its stellar activity. For the study of this system, we extracted the
information regarding radial velocity in two different ways, by
using the cross-correlation of the spectra with a numerical tem-
plate and by template matching the individual spectra with a high
S/N template.

We detected one significant radial-velocity signal at a period
of 14.6 day. A second signal arises at 74-85 days, with dif-
ferent periods for the different algorithms. From the available
photometric and spectroscopic information we conclude that the
14.6 day signal is caused by a planet with a minimum mass of
2.82 Mg in an orbit with a semi-major axis of 0.078 AU. The
planet is on the inner edge of the habitable zone and its mean
surface temperature is very dependent on the atmospheric pa-
rameters. The short period of the planet makes it a potential
transiting candidate. Following Winn (2010) we find the tran-
sit probability of GJ 625 b in the range of 1.5-2.5%. Detecting
the transits would give a new constraining point to the mass-
radius diagram and provide further opportunity for atmospheric
characterization.

The second radial-velocity signal of period 74-85 day and
semi-amplitude of 1.6 ms~! is a magnetic activity-induced sig-
nal related to the rotation of the star. Using the photometric
light curves and the time series of spectral indicators we con-
clude that the rotation period of the star is ~74 days; there
is evidence of differential rotation of up to ~85 days. We
have seen that the measured rotation period and the amplitude
of the rotation induced signal match the expected results of
Sudrez Mascarefo et al. (2015, 2016, 2017b). We also found ev-
idence of a magnetic cycle of ~3 yr, which would need future
observations to be better constrained.
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