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ABSTRACT

‘We present a magnetic activity study of GJ 436 using spectroscopic data from HARPS, spanning over 14 years, and additional
data from NARVAL, falling within the HARPS observations. We study the Call H&K, HelD3, Nal doublet, Ho and Call IRT
triplets lines and explore linear correlations between them. Using the full HARPS dataset, we found indices Ha vs Call H&K
& Ha vs Hel to correlate positively. From the NARVAL dataset covering one observing epoch we found CaII IRT3 Vs CaII
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IRTZ & Call IRT3 vs Ha index to correlate negatively.

cycle mechanism, in good agreement with the detec,
periods of 39.47*9-11d and 40.460-44d respectively,

ely, consistent with GJ 436’s photometric cycle of =
es, we found ~ 2500d to be the period of an activity
and Ha indices, we detect short-term
d. The stellar rotation is detected after

prewhitening the long-term periodicity. It is detected as well in the analysis of individual observing epochs.
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1 INTRODUCTION

M dwarfs, forming more than 75% of main sequence stars in the
solar neighbourhood (Henry et al. 2006), are ideal targets to search
for low mass, habitable exoplanets. Due to their low luminosity, the
habitable zone around them is close to their host star. In addition, their
low mass and small size make them suitable for exoplanet detection
(Dressing & Charbonneau 2013) using both the radial velocity and
the transit methods.

M dwarfs, however, exhibit a different level of magnetic activity,
which could affect the detection of exoplanets around them. Their
activity manifests itself from the photosphere all the way to the
corona, and thus can be studied from typical chromospheric activity
indices to flares (e.g., Murray et al. 2022; Raetz et al. 2021, 2020;
Rodriguez Martinez et al. 2020; Doyle et al. 2019; Diez Alonso
et al. 2019; Yang et al. 2017; Astudillo-Defru et al. 2017; Reiners
& Basri 2010). Large-scale magnetic fields of M dwarfs have been
studied thanks to spectropolarimetric campaigns (e.g., Kochukhov
2021; Morin 2012; Morin et al. 2010, 2008; Donati et al. 2008). In
fact, the Rotation-Activity relationship shows that M dwarfs activity
increases with the decrease of the rotation period, until they reach
the saturation regime (Newton et al. 2017; Reiners et al. 2014).
The large-scale magnetic field strength and topology varies with
stellar mass and rotation. Fully convective M dwarfs have different
properties from the partially convective ones. Large-scale magnetic
fields, stellar wind and flares affect the environment at planetary
orbits, as well as planetary emissions and atmospheres (Bogner et al.
2022; Barth et al. 2021; Atri & Mogan 2021; Vidotto & Cleary 2020;
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Yamashiki et al. 2019; Kavanagh et al. 2019; Vidotto & Bourrier
2017; Vidotto et al. 2015; Fares et al. 2010)

Stellar activity is a major source of noise in exoplanets detection
(Hébrard et al. 2016; Gomes da Silva et al. 2012; Dumusque et al.
2011). If the star exhibits an activity cycle, its activity level changes
with time. This makes the exoplanet radial velocity (RV) detection
a real challenge, since the cycle affects RV measurements and could
sometimes even conceal the RV signal (Lafarga et al. 2021; Sudrez
Mascarefio et al. 2018, 2016). Studying and modelling stellar activity
is thus a key element to detect small, earth-like planets (Dumusque
et al. 2021; Haywood et al. 2020, 2016). Sudrez Mascarefio et al.
(2016), studying photometric time series of a sample of early M-
dwarfs with rotation periods varying between 16.8d - 61.3d, found
that stars in their sample exhibit a mean activity cycle of 6.0 + 2.9
years.

GJ 436 (Ross 905) is a planet-hosting M2.5V dwarf. The star, a
faint V =10.61, has a stellar mass of 0.44 M. It is a slow rotator with
an estimated vsin(iy ) of 0. 33O+0 (())%16 km/s. It hosts a hot-Neptune GJ
436b (with 2 potential exoplanet candidates to be confirmed (Ma-
ciejewski et al. 2014)). The hot-Neptune orbits the host star at a
distance of 0.0285 AU (= 14.7 R4 ) with an orbital period of 2.644d
I Because of the close proximity to the star, GJ 436b is found to have
lost a substantial amount of its atmosphere and is trailed by a giant
exospheric cloud composed mainly of hydrogen atoms (Ehrenreich
et al. 2015; Bourrier et al. 2015; Kulow et al. 2014). This makes it
the first evaporating hot-Neptune discovered to date and an exciting
M dwarf to study.

Recently, this star has been found to exhibit a long-term magnetic

1 See Table 1 for the entire list of stellar and planetary parameters.
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activity cycle of ~ 7.4 years detected from 14 years of ground-based
photometry (Lothringer et al. 2018). This period is in good agreement
with the findings of Sudrez Mascarefio et al. (2016). The star is found
to have its Nal activity index variations, representative of the mid-
to-lower chromosphere, strongly correlate with its RV (Gomes da
Silva et al. 2012). Hence, a signal induced by stellar activity in
Nal indices will be present in the RV measurements too. But the
effect of stellar activity is not necessarily the same for all activity
indicators and to constructively investigate the origin of variability in
RV measurements, it is crucial to understand these different effects
(Lafarga et al. 2021).

In this paper, we study the chromospheric lines Call H&K, HelD3,
Nal, He, and Call infrared triplet (IRT) for the M dwarf GJ 436. We
calculate activity indices using these lines and study the stellar rota-
tion & long-term activity cycle periods detected from their variability.
Multiple activity indices are used in order to explore the differences
in their long-term variations with respect to one another. We explore
linear correlations between these activity indices and compare them
to previous activity correlation studies. We make use of all publicly
available spectroscopic data of GJ 436 from the HARPS archive
containing multiple observing epochs. Additionally, we use spectro-
scopic data from the échelle spectropolarimeter NARVAL, with its
observations filling a gap in the HARPS observations.

The paper is organised as follows. In Section 2, we describe the
data used for our analysis, and in Section 3 we describe the activity
indices calculation procedures. Correlations between the indices are
presented in Section 4, and their variability in Section 5. In Section
6, we summarise and discuss the results and we conclude in Section
7.

2 OBSERVATIONS
2.1 HARPS

We used a total of 192 high-resolution spectra of GJ 436 from the
European Southern Observatory (ESO) archive 2 spanning over 14
years from 25th January 2006 to 22nd March 2020. The spectra were
obtained using the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph (Mayor et al. 2003) installed at the 3.6m ESO
telescope in La Silla Observatory (Chile). HARPS has a high spectral
resolution of R = 115,000, and a wavelength coverage of 378 - 691
nm. HARPS reduced spectra were not continuum normalised by the
reduction pipeline 3 and their wavelengths refer to the Barycentric
rest frame. The exposure times of these spectra ranged from 200s to
2000s. The median signal-to-noise ratio (SNR) per spectra ranged
from 6.95 to 39.5. From these 192 observations, we note that 44
observations were taken in one single night on 10th May 2007 and
were primarily used for investigating the Rossiter-McLaughlin effect
(Lanotte et al. 2014).

2.2 NARVAL

In addition to the 192 HARPS spectra, we used 16 high-resolution
spectropolarimetric observations of GJ 436 obtained using NARVAL
(Auriere 2003), an échelle spectropolarimeter installed at the 2m tele-
scope Bernard Lyot (TBL) at Pic du Midi observatory in southwest
France. The data were accessed from the Polarbase database (Petit

2 http://archive.eso.org/wdb/wdb/adp/phase3_spectral/form
3 https://www.eso.org/sci/facilities/lasilla/instruments/
harps/doc/DRS.pdf
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Table 1. Stellar and planetary parameters of the GJ 436 system. The respective
references are mentioned in the last column.

Parameter Value Ref.
Star
M, (Mg) 0.441+0.009 Rosenthal et al. (2021)
R4 (Ro) 0.417+0.008 Rosenthal et al. (2021)
distance (pc) 9.76+0.01 Gaia Collaboration (2018)
Py (d) 44.09+0.08 Bourrier et al. (2018)
Ter 7 (K) 3586.10+36.37 Rosenthal et al. (2021)
Sp.T M2.5V Butler et al. (2004)
logg 4.84 Rosenthal et al. (2021)
Fe/H (dex) 0.099+0.078 Rosenthal et al. (2021)
ix (degree) 39f'93 Bourrier et al. (2018)
vsin(i )(km/s) 0.330*0-9L Bourrier et al. (2018)
Vrad(km/s) 9.609+0.001 Gaia Collaboration et al. (2018)
my 10.61+0.01 Zacharias et al. (2012)
B-V 1.447 £0.28 Hgg et al. (2000)
Planet
Mp, (Mg) 25.472:4 Bourrier et al. (2018)
Rp (Rg) 4.191+0.109 Turner et al. (2016)
T, (JD) 2455959 Maciejewski et al. (2014)
Teq(K) 68610 Turner et al. (2016)
P(d) 2.644+0.001 Trifonov et al. (2018)
e 0.152+0-009 Trifonov et al. (2018)
a(AU) 0.0285+0.0002 Rosenthal et al. (2021)

et al. 2014). The observations spanned 85 days, from 16th March
2016 to 8th June 2016. NARVAL provides a complete optical wave-
length coverage of 370 - 1000 nm and has a resolving power of ~
65,000 in the polarimetric mode. Spectropolarimteric observation
consisted of 4 sub-exposures of 700s each, taken at different angles
of the polarisation wave-plates. The intensity spectrum is calculated
by different combinations of these sub-exposures. 4,

NARVAL offers the use of the fully automated data reduction
package LIBRE — ESpRIT (Donati et al. 1997) to all its users. The
package automatically reduces and normalizes the spectra to unit
continuum with their wavelengths referring to the Heliocentric rest
frame. The peak SNR for our spectra ranged from 201 - 289 around
~ 768nm.

3 ACTIVITY INDICES

In this section, we describe the methods used for calculating the
magnetic activity indices of Call H&K, HelD3, NalD, Ha and Call
IRT lines. Additionally, we calculate the Cal line index, which is
insensitive to changes in the stellar activity. The Cal index serves as
a control for the significance of variations in the Ha index.We note
that the Call IRT index is calculated only for the NARVAL spectra,
since the HARPS spectra do not cover this wavelength.

Each NARVAL spectrum is doppler shift corrected using the stel-
lar radial velocity from table 1. Whereas each HARPS spectrum is
corrected using the radial velocity obtained from each of their cross
correlation function (CCF) profiles.

The NARVAL spectra consists of 40 individual spectral orders
overlapping with one another at their ends. For cases where two

4 For more info on how the intensity profiles are computed, see Donati et al.
(1997)
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Table 2. Different chromospheric lines used to calculate activity indices. The
table lists, for each line, the line core (A;;5,¢), the bandwidth centered on the
line core (Adjine), the blue & red reference continuum wavelengths (Blue
Cont. & Red Cont.) and their corresponding bandwidths (Adpiye & Adyed.,
respectively) in A. For the Call H line, both the square bandwidth (0.4A) and
the triangular bandwidth (1.09A) are mentioned.

Line Aline Aine Blue Cont.  Adp;ue RedCont.  Adyeq
Call K 3933.664 1.09 3901.07 20 4001.07 20
Call H 3968.47  0.4/1.09 3901.07 20 4001.07 20
HelD3 5875.62 0.4 5869 5.0 5881 5.0
Nal D2 5889.95 1.0 5805.0 10 6090.0 20
Nal D1 5895.92 1.0 5805.0 10 6090.0 20

Ha 6562.808 1.6 6550.87 10.75 6580.31 8.75

Cal 6572.795 0.8 6550.87 10.75 6580.31 8.75

Call IRT; 8498 1.0 8490 2.0 8509 2.0
Call IRT, 8542 1.0 8530 2.0 8566 2.0
Call IRT3 8662 1.0 8641 2.0 8678 2.0

spectral orders overlap in the spectral region containing a chromo-
spheric line we are studying, we chose the order with the higher SNR
for our analysis. The HARPS spectra consists of 72 spectral orders
stitched together to form the entire spectrum with none overlapping
with one another.

For the HARPS dataset, the Call H&K indices are calculated using
the open source python package ACTIN (Gomes da Silva et al. 2018).
ESO data currently does not provide the error on each flux value for
HARPS . Therefore, the error on each flux value is approximated as
the photon noise, opy along with the CCD readout noise, cron
obtained from the CCF profiles of each observation as

2 2
9pNn T ORON Q)

where opy = +/ flux.

The NARVAL dataset however has errors on each flux value pro-
vided by LIBRE — ESpRIT. The errors on each of the indices are
calculated using error propagation. The wavelength of each line, as
well as the reference continuum used for the activity indices cal-
culation for both datasets, are detailed in table 2. Figure 1 and 2
shows the spectral region for each chromospheric line along with
their respective reference continuum bands.

Oflux =

3.1 Call H&K

The Call H&K lines are the most frequently explored magnetic ac-
tivity proxy for solar-type stars (see, e.g., Baliunas et al. 1998). But
for M dwarfs, their study could be challenging, since it requires
longer exposure times due to their faint luminosity and low contin-
uum levels (Scandariato et al. 2017). However, it provides significant
information about the stellar chromosphere structure (Di Maio et al.
2020).

There were two spectral orders in our NARVAL dataset containing
one of each of the H and K emission lines. Our spectra around these
lines were relatively noisy, compared to the Her line, with a mean
SNR of ~ 11. The reduced spectra obtained from LIBRE-ESpRIT
were not normalised well. We applied a re-normalisation procedure
of fitting a 4th order polynomial to the continuum, from which, the
spectral order containing the Call H line was well normalised but
the one containing the Call K line was poorly normalised. Even after

5 ESO Phase 3 Data Release Description: https://www.eso.org/rm/
api/vl/public/releaseDescriptions/72
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Figure 1. Region of the spectrum used to calculate activity indices for the
Call H&K, Hel, Nal, Ha & Cal lines. The HARPS spectrum shown here was
obtained on 25th January 2006. Within each figure, the blue and red vertical
lines represent the reference continuum band used for each activity index. For
Hel, Ha & Cal, the black vertical lines represent the line bandwidths used for
index calculations. For Call H&K & Nal, the black vertical lines represent the
respective line cores. Bandwidths used for line cores and reference continuum
for each index calculation are mentioned in table 2.

removing a few strong photospheric lines, the normalisation was not
reliable (see Appendix B). We thus decided to study only the Call H
line for our NARVAL spectra defining our so called Ic,77y index
following Morgenthaler et al. (2012) as

F
CallH 2)

Icariy = 7
cont

where Fc,rrg is the mean flux of the Call H line within a 0.4A
wide rectangular window centered on 3968.47A and Feont 1s the
mean flux of the continuum within a 20A wide rectangular window

MNRAS 000, 1-13 (2022)
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centered on 4001.07A. The 0.4A bandwidth was chosen as such to
only encompass the Call H emission line within it.

Since the continuum around the Call H&K lines was relatively
less noisy in the HARPS spectra, we calculate its Call H&K index
using ACTIN as

Fcarik + FcallH
1 = 3
Call Fi+F) (3)
where Fcur1x & Foarrpg are the mean fluxes within a 1.09A tri-
angular window centered on 3933.664A and 3968.47A respectively
and F| & F are the mean fluxes within a 20A square window centred

on 3901.07A and 4001.07A respectively.

3.2 Hel D3

The Hel D3 line is observed to show presence of non-radiative heat-
ing mechanisms in cool stars (Landman 1981) and can be used to
investigate both the existence and variation of magnetic activity (Saar
et al. 1997). The activity index is defined following Gomes da Silva
etal. (2011) as

FHer
I =— 4
Hel = 77 p C)]
where Fpy,y is the mean flux within a 0.4A wide bandwidth cen-
tered on the Hel D3 line 5875.62A. F| & F, are the mean fluxes
of the blue and red continuum centered on 5869A & 5881A and

calculated within a bandwidth of 5.0A respectively.

3.3 Nal

The Nal D resonance lines index is a good complement to the Ha
index since it represents the conditions of the middle-to-lower chro-
mosphere as opposed to the upper chromosphere by Ha (Mauas
2000). We define our index following Diaz et al. (2007) as
fi+
INar = 7/ &)
fcont
where fi & f> are the mean fluxes within a 1A wide bandwidth
centered on the D1 5895.92A and D2 5889.95A line cores. feont 18
defined as the pseudo-continuum calculated as

Fi+F
f cont = ! ) Z (6)
where F'| & F, are the mean fluxes of the 10 highest flux values within
two reference bands of width 10A and 20A centered on 5805A and

6090A respectively.

3.4 Ha

The He line is sensitive to chromospheric activity and is extensively
used as a standard activity tracer for M dwarfs (Linsky et al. 1982;
West et al. 2004). In both the NARVAL and HARPS spectra, the Ha
line is in absorption since GJ 436 is a low activity M dwarf.
The standard approach of calculating the Ha index is implemented
following Boisse et al. (2009) as
Fra

1 = 7
Ha F1+F2 (7

where Fp o is the mean flux within a broad 1.6A wide bandwidth cen-
tered on the He line 6562.808A. F; & F; are the mean fluxes of the
blue and red continuum on either side of the line core within 10.75A
and 8.75A wide bandwidths centered on 6550.87A and 6580.31A
respectively.

MNRAS 000, 1-13 (2022)
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Figure 2. Call IRT lines shown for one NARVAL spectrum obtained on 2nd
June 2016. The blue and red vertical lines represent the reference continuum
band and the black vertical lines represent the width of the line cores used for
each IRT index calculation. Bandwidths used for these are detailed in table 2.

3.5 Cal

The Cal line is observed a few angstroms to the right of the Ha line
at 6572.795A and is known to not vary with stellar magnetic activity
(Kiirster et al. 2003). Because of this, we calculate the Cal index as
a check for the Her activity significance since any variation in Ha
activity should not be seen in the Cal indices. The index is defined
following Robertson et al. (2013) as

Fcar ®)

I =
Cal F1 +F2

where Fc,; is the mean flux of the Cal line in a 0.8A wide window
centered on the Cal line and F| and F, are the mean fluxes of the
same continuum as that used for the /f7, index calculation in Sect.
3.4. The 0.8A bandwidth was chosen to contain only the Cal line
within it. The same spectral order used for the /7, index calculation
is used for calculating the Cal index. Each activity index time series
figures are included in the supplementary material and are available
online.

3.6 Call IRT

The Call IRT lines provide useful information about the middle
chromosphere and can be used as an activity proxy for late-type
main sequence stars (see, e.g., Mittag et al. 2017; Rutten 2007).
The HARPS spectra do not cover the Call IRT lines. On the other



hand, the NARVAL spectra do, since the spectropolarimeter has a
wavelength coverage of 370 - 1000nm. We calculate the Call IRT
index for the 16 NARVAL spectra obtained in 2016.

The index for each of the three IRT lines is defined following
Mittag et al. (2017) as

FiRr,

Fl +F2 (9)

IIRT, =
where Fygr, is the mean flux of the line, F'| & F are the mean fluxes
in the reference continuum bands. Here, x = 1, 2, and 3, corresponds
to each of the triplet lines at 84984, 8542A & 8662A respectively
(see table 2). The Fyr7, mean fluxes are calculated within a 1A
wide bandwidth and the continuum mean fluxes within a 2A wide
bandwidth.

Table 3 and 4 contain the values for each calculated index along
with their errors for the HARPS and NARVAL spectra respectively.

4 CORRELATION BETWEEN INDICES

In this section, we explore linear correlations between the Call H&K,
Hel, Nal, Call IRT, and He indices, each representing the lower, mid-
to-lower, middle and upper chromosphere respectively. Additionally,
we compare the Cal line index to the Ha index to see whether it
correlates with an index insensitive to magnetic activity. The linear
correlations are studied using the Pearson R correlation coefficient
with correlations considered significant if their null-hypothesis prob-
abilities, i.e. p-values, are < 0.05. We remind the reader here that for
the NARVAL dataset, the Call H index was calculated instead of
Call H&K.

4.1 Correlations for HARPS dataset

We begin by analysing the full HARPS dataset covering ~ 14 years.
Figure 3 shows a corner plot with correlations for each of the 4
activity indices. Each subplot has its respective Pearson R correlation
coeflicient and the p-value shown above it.

We found the Call H&K indices to show a weak positive corre-
lation with the Ha indices with a coefficient of 0.23 (p=0.0016).
Furthermore, the Hel index showed a significant positive correlation
with the He index with a coefficient of 0.24 (p=0.0010).

The correlation between Cal and Ha indices was found to be
insignificant with a coefficient of -0.07 (p=0.318).This shows that
the variations in Ha indices are real, since the Cal line is insensitive
to stellar activity.

4.2 Correlations per Epoch

In order to study how these correlations vary over long-term, and the
effect of a possible cycle on them, we analyze separately the activity
index correlations from each observing epoch of the HARPS dataset.
Here, we treat the NARVAL dataset as an epoch along with the six
HARPS epochs, with each having a mean timespan and number of
data points of ~ 90 days and 30 respectively. The correlation coeffi-
cients per epoch along with their p-values, are listed in table 5 for both
NARVAL and HARPS dataset with significant correlations shown in
bold. Corner plots showing correlations per observing epoch are
included in the supplementary material and are available online.
Out of the 7 observing epochs, two epochs showed a significant
correlation between the Ha and Call H&K indices as shown in table
5. The correlation coefficient in the 2010 epoch is roughly 2.6 times
higher than that in the 2007 epoch. The Nal vs Call H&K index
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showed a significant correlation for 2 epochs as well. However, their
correlation switches from positive, in 2008, to negative, in 2016.
The absolute value of their correlation coefficient nearly doubles
between these epochs. All of these results demonstrate that activity
index correlations for GJ 436 vary with time.

In addition to these correlations, for the epoch of observations done
with NARVAL, we found the Call IRT indices to show significant
correlations for IRT, vs IRT3 & Ha vs IRT3 with their correlation
coefficients being -0.56 (p=0.024) & -0.54 (p=0.031) respectively.

We further investigate whether the correlations change with the
level of stellar activity. For that, we study the correlation coefficient
variation as a function of the mean activity level (MAL) of each
epoch, for the indices that show a significant correlation in at least two
epochs of observation. The error on MAL is calculated using error
propagation. As shown in figure 4, the Nal vs Call & Ha vs Call index
correlation coefficients tend to show a general trend of decreasing
with increasing MAL of Nal & Call per epoch respectively. If only
the significant correlations are considered, shown with the red dot
markers, the trend remains the same.

5 VARIABILITY OF ACTIVITY INDICES

In the following, we investigate the short and long-term periodicity
of activity indices in order to study the stellar rotation period as well
as a possible long-term activity cycle. Recently, an activity cycle of
7.4 years was reported for GJ 436 in photometry (Lothringer et al.
2018), and here we explore if it is detectable in spectroscopy.

5.1 Generalised Lomb-Scargle (GLS)

For our analysis, we use the Generalised Lomb-Scargle (GLS)
method (Zechmeister & Kiirster 2009). Effectively sampled period
grid ranging from 1d to 4000d is used in order to cover at least one
oscillation of the 7.4 years activity cycle. The false alarm probabil-
ity (FAP) of each detected period is estimated using the bootstrap’
method (Kuerster et al. 1997). The error on each detected period is
determined from the full width at half maximum (FWHM) of its re-
spective power peak in the periodogram. Periods detected with FAPs
< 0.1 % are considered significant.

For Hel, Nal & Ha, we combine the indices from the HARPS &
NARVAL datasets. The NARVAL 2016 observations fill a gap in the
14 years of HARPS observations. For Call H&K indices, we use the
HARPS dataset alone, since this index is not calculated for NARVAL
(see section 3.1). Figure 5 shows the periodograms for Call H&K,
Hel, Nal & He indices. Periodograms per observing epoch for each
of these indices are included in the supplementary material and are
available online.

5.1.1 Call H&K

From the periodogram of Call H&K indices, shown in figure 5,
we detect a period of 474.6f121'§d with the highest peak in power.
The next best period is 2470.7d, roughly 6.8 years, with a relatively
large FWHM. In addition to these, we detect two short periods of
39.47*0-11d and 8.79*0-02d.

We detect a strong peak around 1 day. This period is identified
as a direct result of our sampling window function (see Appendix
C). Along with that, we detect a period of 364‘8fg'§d (Psamp from
hereon). This period is possibly a result of long term observations,
with data collected each year. It should be noted that we do not detect

itin the Call H&K periodogram with a significant FAP. Both Pgqmp

MNRAS 000, 1-13 (2022)
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Figure 3. Corner plot showing correlations between the four activity indices Call H&K, Hel Nal, and Hea, for 192 HARPS spectra. The diagonal panels show the
histogram distribution of each index. The Pearson R correlation coefficient (o) and its p-value are shown above each correlation plot, with significant correlation

p =-0.0; p =9.90e-01

s.

il

Il

Call

values shown in bold.

Table 5. Pearson R correlation between activity indices per epoch. For each correlation, the shown results are [p, p-value, (slope)] where p is the correlation
coeflicient, p-value is the corresponding null-hypothesis probability and slope is the slope of its best-fit line. Correlations with their p-value < 0.05 are shown in

0.50 0.75

bold. For the 2016 (NARVAL) epoch, values are shown for correlations with Call H instead of Call H&K.

lor,

0.175 0.200 0.470.480.49
Nal

Hel

Epoch Hea vs Call H&K He vs Nal Nal vs Call H&K Call H&K vs Hel Ha vs Hel Nal vs Hel

2006 0.4506, 0.3103, (6.2344)  -0.6655, 0.1028, (-0.9041)  -0.2644, 0.5667, (-2.6923)  -0.5022, 0.2508, (-0.0546)  -0.4812, 0.2743, (-0.7233)  0.4285, 0.3375, (0.4741)

2007 0.3459, 0.0045, (7.4930) 0.1785, 0.1516, (0.3953) 0.1066, 0.3945, (1.0424) ~ -0.0395, 0.7529, (-0.0026)  0.1627,0.1919, (0.2314) 0.0299, 0.8117, (0.0192)

2008 0.0921, 0.5380, (0.9013)  -0.2896, 0.0483, (-0.3309)  0.2925, 0.0460, (2.5049)  -0.0342, 0.8194, (-0.0031)  -0.1256, 0.4003, (-0.1129)  0.2690, 0.0680, (0.2117)

2009 0.1514,0.3512, (1.7055) 0.1718, 0.2891, (0.1974) 0.0087, 0.9577, (0.0850) 0.1208, 0.4580, (0.0125)  0.5898, 0.00006, (0.6853)  -0.0361, 0.8248, (-0.0365)
2010 0.8977,0.0010, (20.5098)  -0.3035, 0.4273, (-0.3232)  -0.0264, 0.9462, (-0.5665)  0.5106, 0.1601, (0.0289) 0.6501, 0.0580, (0.8392)  -0.6982, 0.0365, (-0.8462)
2016 -0.1290, 0.7060, (-4.1041)  0.1507, 0.5862, (0.3671) -0.612, 0.0117, (-7.9959)  -0.3390, 0.1990, (-0.0184)  0.1794, 0.5063, (0.3094) 0.1850, 0.4927, (0.1311)

2020 0.2235, 0.3054, (2.7487) 0.0948, 0.6669, (0.0819)  -0.0151, 0.9454, (-0.2154)  0.2237,0.3049, (0.0211)  -0.0946, 0.6678, (-0.1098) ~ 0.0617, 0.7799, (0.0829)
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and the 1d sampling periods are shown in figure 5 with red and gold
thick lines respectively.

Running the periodogram analysis on each observing epoch indi-
vidually, we detect periods of 43.2*7-# d and 48.6*12;2d from the 2007
& 2008 epochs respectively. These perlods are 1n good agreement
with the 39. 47+O “ 5d period detected from the combined HARPS &
NARVAL datasets From the 2009 epoch, we detect two periods of
87.27d, with a relatively large FWHM, and 21.9J:]1 id. We detect a

short period of 2. 82+(()) %‘;d from the 2008 epoch as well .

5.1.2 Nal

From the periodogram of Nal indices, shown in figure 5, we detect
a period of 351 ~9t<6;'91d with the highest peak in power, after the 1d
sampling window period. However, this period is 3.6 % shorter than
Psamp» shown with the red thick line, and is not considered a true
period. Another significant period of 699. 3*233( is detected which

-27.1
is roughly twice Psqmp and hence not considered a true period. In

addition to these, a period of 1861.6d, roughly 5.1 years, is detected
as well.

Running the periodogram analysis on each observing epoch indi-
vidually, we detect a period of 46. 9+11 9d from one epoch only, the

2008 epoch. However, we detect shorter periods of 14. 90+(()) ggd and

14. 92+% %d from the 2008 and 2016 epochs, respectively.

5.1.3 Ha

From the periodogram of He indices, shown in figure 5, we detect
a period of 321. 3+211 %d with the highest peak in power. But like for
Nal, this period is 4.5% shorter than the sampling window period
of 336. 4+5 7d (see Appendix C) and, within its error bars, is most
probably due to our sampling window. We detect the Psqmp period
along with its ond integer harmonic, Psqmp/2, shown using appro-
priate thick coloured lines in the periodogram. In addition to these,

we detect two short periods of 40. 46+% ‘é‘éd and 20. 09+% %gd with

the latter being a possible ond integer harmonic of 40.46d.
We detect the 24 and 3" integer harmonics of the 7.4 year
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Table 6. Table containing the detected periods from GLS periodograms of
Call H&K & He indices after applying the prewhitening technique. The
original short-term periods detected from both of these indices is mentioned
once in red and blue bold colours. The detected periods similar to the original
periods are shown using the same bold colours as well. FAPs for all periods
are shown within brackets next to them.

Prewhitened Period (d) Detected Periods (d) Original Period (d)

Call H&K

9.68*0-93 (< 1%)

32.36*0:33 (< 1%)
8.80  0.03 (< 1%)

474.63 (< 0.1%) 39.477011 (< 0.1%)

8.79*002 (< 0.1%)

2470.70 (< 0.1%) 9.68%0:9% (< 0.1%)
8.80 2 0.03 (~ 0.1%)
3.04
102.80*3:94 (< 19%)
80.00*1-60 (< 1%)

38.81%)4) (< 10%)

Hao

40.46*0-4 (< 0.1%)

20.090-04 (< 0.1%)

1150.78 (< 0.1%) 137.12+1-33 (<0.1%)
48.96*0-17 (< 0.1%)
173.5371-93 (< 0.1%)
55.060:22 (< 0.1%)
19.99*%12 (< 0.1%)

40.467023 (~ 1%)

2160.89 (< 0.1%) 137.00*1-46 (< 0.1%)

1.35
2.63
189.10263 (< 0.1%)
0.13
20.04913 (< 0.19%)

40.43*0-15 (< 0.1%)

activity cycle, shown using appropriate thick coloured lines in the
periodogram, along with 2 distinct periods of 1150.8d and 2160.9d,
with a relatively large FWHM. Like for Call H&K and Nal, the 1d
sampling window period is detected as well.

Running the periodogram analysis on each observing epoch in-
dividually, we detect a period of 42.1*%:9d and 44.1*%-1d from the
2007 & 2009 epochs respectively. From the 2008 epoch, we detect

two notable short periods of 50-3t§';d and 19.85’:%;%&

5.1.4 Hel

From the periodogram of Hel indices, shown in figure 5, we do
not detect any periods with FAPs < 0.1%. However, we do detect 2

distinct periods with FAPs < 1%. These periods are 538.95‘:%(;'2%

& 168.993‘%2. We detect the sampling window period of 1d as well.
Unlike the other indices, we do not detect any significant long-term
periods.

Running the periodogram analysis on each observing epoch indi-
vidually, we do not detect any periods with FAPs < 0.1%.

5.2 Prewhitening

With a focus on inspecting whether the short-term periods detected
from the periodograms of Call H&K and He indices, in section 5.1,
are detectable in the absence of their respective long-term periodicity,
we perform a prewhitening procedure on our indices. Following
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Blomme et al. (2011), we fit a sine wave function to the index time
series, with a period equal to the long-term period. The fitted sine
function is then subtracted from the index time series and a GLS
periodogram is run on this "prewhitened" data to reassess its short-
term periodicity. When multiple long-term periods are detected in a
periodogram, we apply the prewhitening procedure on each of these
periods separately.

For the Call H&K indices, two long-term periods of 474.63d and
2470.7d are detected in the GLS periodogram. When we prewhiten
the 474.63d period, we detect a short-term period of 32.36d, which is
~ 18% shorter than the original period of 39.47d. When prewhitening
the 2470.7d period, we detect a period of 38.81':%)'_22d. This period,
within its error bars, is comparable to the 39.47d period detected
from the non-prewhitened Call H&K indices but with a larger FAP
of < 10%.

For the He indices, we prewhiten the 1150.78d period and from
the resultant periodogram, we detect a period of 40.46t%%2d. This
period is exactly the same as the original 40.46d period detected
from the non-prewhitened Her indices but has a different FAP of =
1% instead of < 0.1%. When we prewhiten the long-term period of
2160.89d, we detect a period of 40.43*)-13d. This period, within its
errors bars, is comparable to the 40.46d period with both having the
same FAP of < 0.1%.

Table 6 shows all of the detected periods after prewhitening for
both Call H&K and He indices with detected periods similar to the
original period shown in red and blue bold colours.

5.3 Pooled Variance Analysis

In order to further investigate the long-term periodicity of our activ-
ity indices, we implemented the "Pooled Variance" (PV) technique
(Lanza et al. 2004; Donahue et al. 1997a,b). The PV is calculated by
binning our data into evenly-spaced bins with some timescale length
7. The mean of the variance from each bin for a given 7 is the PV
for that 7. Changes in the PV for different timescales are assumed to
be associated with several mechanisms such as stellar rotation, the
lifetime of possible Active Region (AR), and long-term activity cy-
cles. The PV technique can thus be used to identify the approximate
timescales at which a given activity mechanism dominates. We apply
PV to Nal & He indices. We do not apply it to Call H&K indices,
because Call H&K indices were not calculated for NARVAL (see
section 3.1), and thus the gap in our data is of 10 years. Hel does
not show any significant long-term periodicity for us to investigate it
further. Figure 6 shows the PV diagrams for Ha (left) and Nal (right)
indices for timescales ranging from 1d to 4000d.

For He indices, the PV diagram at shorter timescales increases
steadily. Near the stellar rotation timescale of 40d, shown using the
red vertical line in figure 6, the PV appears to be relatively constant
over a short timescale range. Eventually, the PV reaches a plateau
starting at = 470d which could be related to the lifetime of potential
AR complexes for GJ 436. This period fits well within the range of
AR lifetimes observed for slow M rotators (Giles et al. 2017). This
timescale is comparable to the period of 474.6d as well, detected from
the periodogram of Call H&K indices (see section 5.1.1), shown
using the orange vertical line. At timescales greater than 1000d, we
observe a sharp increase in the PV reaching another plateau starting
at ~ 2500d. This PV increase is likely due to a possible activity cycle.
To compare it with the long-term periods detected from section 35,
we show the periods of 1861.6d, 2160.9d & 2470.7d, detected from
Nal, Ha & Call H&K periodograms respectively, using appropriately
coloured vertical lines in figure 6. The 2470.7d period detected from
the Call H&K periodogram, being close to the period of 2160.9d
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Figure 7. Chromospheric activity level log19R}, ;- plotted against the stellar
rotation periods of 112 M dwarfs. The red dot markers are the early M-type
stars ranging from MO - M3. The blue square markers are the mid M-type
stars ranging from M3.5 to M6. The green star marker represents our star GJ
436 with its Py, equal to 40d and its log19R}, i calculated as -4.909 from
the Call H& indices. The data used to create this figure is taken from (Sudrez
Mascareio et al. 2018; Astudillo-Defru et al. 2017; Sudrez Mascarefo et al.
2017, 2016, 2015)

detected from the Ha periodogram, falls near the start of the activity
cycle plateau and is in good agreement with the ~ 2500d period.

For Nal indices, the PV diagram remains constant for timescales
up to 3d and then nearly doubles. With increasing timescales, the PV
remains constant until a timescale close to the stellar rotation where
it slightly decreases to eventually have a sharp peak at the timescale
of ~ 2500d.

6 DISCUSSION

In this paper, we studied the chromospheric activity of GJ 436 using
data collected over 14 years by the HARPS spectrograph and the
NARVAL spectropolarimeter (spanning 85 days), with the NARVAL
data falling within the 14 years of HARPS observations. We analysed
six different spectral lines: Call H&K, Hel, Nal, Ho Cal and Call

3.5
HiH
3.0t -
y 4
A
Call H&K
Nal
Ha
Early M stars |
Mid M stars
—2.0 -15 1.0 ~05

10g10(5-)

Figure 8. loglo(ﬁ) plotted against loglo(%) for 38 M dwarfs.
The red dot markers are the early M-type stars ranging from MO - M3 and the
blue square markers are the mid M-type stars ranging from M3.5 to M6. The
green triangle markers represent the long-term periods of 2470.7d, 1861.6
and 2160.9d detected from the periodograms of Call H&K, Nal and Ha
indices respectively. The P, is equal to 40.0d in all three cases. The dashed
black line represents the best-fit line and the blue lines shape a band depicting
the 95% confidence interval of the best-fit line. The data used to create this

figure is taken from (Sudrez Mascareio et al. 2018, 2016)

IRT, and the correlations between them. We explored the periodicity
of these indices, both on a short and long time-scale.

6.1 Index Correlations

From the long time span HARPS dataset, we found the Call H&K
indices to show a weak positive correlation with the Her indices. The
Hel index was found to show a weak positive correlation with the
Ha index as well. In order to explore how these correlations change
over time, they were studied for each of the six observing epochs of
HARPS , as well as the 2016 epoch of NARVAL.

For two pairs of correlations, we found at most two observing
epochs which showed significant correlations, i.e. with p-values less
than 0.05. The coefficient of correlation for these pairs seem to be
decreasing with the mean activity level of the star (calculated for
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one of the activity indices), shown in figure 4. However, we have
only 2 significant correlations for each of these correlation pairs, and
caution the reader that this trend needs further confirmation. The
differences in correlation between epochs could be due to different
phases of an activity cycle (see, e.g. Scandariato et al. 2017; Meu-
nier & Delfosse 2009). In fact, GJ 436 has a reported photometric
activity cycle of 7.4 years (Lothringer et al. 2018). Gomes da Silva
et al. (2011), when studying long term activity of a sample of M
dwarfs, found the correlations to vary with the level of stellar activ-
ity. Change of correlation between indices is reported for the Sun as
well (Maldonado et al. 2019), with these changes being attributed to
the variation of the concentration of plages and dark filaments on the
solar surface.

From the Ha vs Call plot in figure 4, we found a strong positive
correlation of 0.9 at the lowest mean activity level of the Call indices.
The Call lines are more sensitive to the surface coverage of plages
than the Ha line, which is sensitive to dark filaments (Meunier &
Delfosse 2009; Gomes da Silva et al. 2011). The existence of plages
and dark filaments in the same location on the stellar surface could
thus account for the strong positive correlation, occurring in the 2010
observing epoch.

From the 2016 NARVAL epoch, we found the Call IRT3 to cor-
relate negatively with the Call IRT,. The IRT3 showed a negative
correlation with the Ha index as well.

6.2 Stellar Rotation Period

Using the combined HARPS and NARVAL dataset, we detected
short-term periods of 39.47f3‘%d and 40.46fg'§gd from the varia-
tions of Call H&K and He activity indices respectively. Both periods
have FAPs < 0.1 % and are considered significant. These periods are
interpreted as the rotation periods of GJ 436 and are in good agree-
ment with the 39.9 + 0.8d period found by Sudrez Mascarefio et al.
(2015) in the variations of logjo(R}; ) and the 42.6 + 2.2d pe-
riod found by Bourrier et al. (2018) in the variations of Ha indices.
Exploring periodicity in each of the 7 observing epochs individu-
ally, we detected periods of 43.2*7-8d & 48.6*1%2d from Call H&K

and 42. lﬁ'gd & 44. lfg'éd from He indices in 2 separate observing
epochs. These periods, within their error bars, are compatible with
the ones found from the whole dataset. To further test the effect of
long-term periodicity on the detection of these rotation periods, we
prewhitened the long-term periods (see section 5.2) for the Call H&K
and He indices. We detected the rotation periods in the prewhitened
data as well, with varying FAPs, showcasing that these periods are
thus significant and not aliases of the long-term periodicity.

Considering the B - V color of GJ 436, these derived P, periods
fall within the expected range of detected rotation periods for early M
dwarfs of spectral type M0-M3 (see figure 10 in Sudrez Mascareiio
et al. 2018). These periods are consistent with the rotation periods
of M dwarfs with stellar masses similar to GJ 436 as well (see figure
10 in Newton et al. 2017). From this figure, our star falls within the
inactive M dwarfs branch. To compare our mean P,,; of 40.0d from
the variations of Call H&K and He indices to other M dwarfs, we
calculated a mean loglo(R;{ k) for GJ 436 and plot it against the
stellar rotation periods of 112 M dwarfs (Sudrez Mascarefio et al.
2018; Astudillo-Defru et al. 2017; Suarez Mascareno et al. 2017,
2016, 2015), ranging in spectral type from MO - M3 (see fig.7). GJ
436 falls within the trend of the M dwarfs of similar rotation periods
and activity levels, within the unsaturated regime of the rotation-
activity relation.

From the Nal index variations we detect a period of 46'9t16.1i9d’

MNRAS 000, 1-13 (2022)

from the 2008 observing epoch, compatible with the ones detected
from Call H&k and Ha indices. From the 2016 observing epoch, we
detect a period of 14.92t%)'.%§d comparable to = 3,1(1 of 46.9t2i9d,
within its error bars.

6.3 Activity Cycle Period

The Call H&K, Nal & Ha indices show significant long-term pe-
riodicity, which one might expect given the reported photometric
activity cycle of 7.4 years (Lothringer et al. 2018). The indices show
long-term variations with periods of 2470.7d, 1861.6d & 2160.9d,
which are roughly 6.8 years, 5.1 years and 5.9 years respectively.

Additionally, we detect a period of 474.6*17-3d from the Call H&K

index variations. From the He index variations, we detect the 2”4
and 3" integer harmonics of the photometric activity cycle as well
with periods 1350.5d and 900.3d respectively.

We reassessed the long-term periodicity of He and Nal indices
using the "Pooled Variance" technique which indicates the lifetime
of an activity cycle to be ~ 2500d. This is in good agreement with
the long-term period of 2470.7d detected from the Call H&K peri-
odogram. We compare our derived cycle periods to other M stars to
place them in the perspective of early M dwarfs. Using 40.0d as our
derived Py, we compare logq of P;;f;l" against logq of ﬁ for
38 M dwarfs. Here, Py, are the three long-term periods derived
from the Call H&K, Nal & Ha index variations. As shown in fig-
ure 8 with appropriate green triangle markers, our derived Pcycje
periods fall within the 95% confidence interval of the best-fit line.
Considering the color in this case, our derived Py /e periods show
similar values to those of MO - M3 type M dwarfs (see figure 11 in
Sudrez Mascareio et al. 2018).

7 CONCLUSION

From our results, we detect the stellar rotation period of GJ 436 from
the variations of spectroscopic activity indicators. Sudrez Mascarefio
et al. (2018) find a mean stellar rotation & activity cycle period of 33
+ 23 d & 6.3 + 3.4 years respectively, for MO - M3 type M dwarfs,
with both our Pyo; and Py periods falling within these expected
ranges. Additionally, we find that the correlations between activity
indices vary with the level of stellar activity over time.

The activity of GJ 436 could be following a long-term cycle,
compatible with the photometric one. However, in order to better
determine the cycle period, further data with denser spectroscopic
monitoring are needed. Understanding magnetic activity and cycles
in M-dwarfs is a crucial step in filtering the activity RV signature,
which would help confirm additional planets in a system, if present.
Furthermore, a better understanding of chromospheric activity cycles
of GJ 436 is necessary in studying the impact of its stellar activity
on the atmosphere and potential habitability of its hot-Neptune GJ
436b, which is one of the prime targets for multiple James Webb
Space Telescope Guaranteed Time Observations (GTO) programs
as well as other space missions such as ARIEL (Edwards & Tinetti
2022).
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APPENDIX A: Ho INDEX METHOD COMPARISON

From the NARVAL dataset for comparison, in addition to the stan-
dard method in section 3.4, we adopted the method of Gomes da Silva
et al. (2011) for calculating the He index where instead of mean in
equation 7, each flux was calculated as a sum over their respective
bandwidths. Additionally, following Jeffers et al. (2018), we calcu-
lated the pseudo-Equivalent Width (pEW) of the Har absorption line
as well to compare with the He index as

& F(2
pEW = (1- (4)
A ch

)dA (A1)

where Fp is defined as the mean of the median flux inothe SO call?d
pseudo-continuum within the spectral ranges (6545.0A - 6559.0A)
and (6567.0A - 6580.0A). For our star, the pEW value was mea-
sured within a narrower 1.6A wide bandwidth from (6562.008A -
6563.608A) centered on the He line than the one used by Jeffers
et al. (2018). The error on pEW was calculated following Jeffers
et al. (2018).

The He activity index in literature is calculated simply using
equation 7. But, each flux in this equation is calculated differently
by different authors. Boisse et al. (2009) calculated each flux as the
mean flux value within the respective bandwidth for its target HD
189733. Similarly, Boro Saikia et al. (2016) calculated the flux as the
mean flux value as well for its target HD 201091. Robertson et al.
(2013) however calculated each flux as the sum of the flux values for
its (K5-M5) dwarf sample and Gomes da Silva et al. (2011) did the
same for its (M0-M5.5) dwarf sample.

To check how these methods vary with one another, we compared
the mean and the sum method of calculating the Ha index by calculat-
ing its Pearson R correlation coefficient. We found their R coefficient
to be 0.99 with a p-value of 5 x 10713, which is the probability of
finding the same coeflicient for a null hypothesis. Both of these in-
dex methods were found to correlate positively as shown in figure A1
with the mean method producing indices ~ 6 times larger than the
sum method. This is simply because the sum method of index cal-
culation is sensitive to the number of flux points in each bandwidth
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Figure A1. Correlation between the He index calculated from the NARVAL
dataset using the mean and the sum method (top) & between Hea index (mean
method) and the pPEW (bottom). The dash-dotted line shows the best-fit line
and p is the Pearson R correlation coefficient. The corresponding error bars
for each index are plotted in red.

as opposed to the mean method and the Hea line core bandwidth is
much smaller than the reference continuum bandwidths leading to a
relatively smaller sum index value. But for studying stellar activity
variations, either of these methods could be employed since they both
show a strong positive linear correlation.

The He index (mean method) is then compared to the pEW
and their Pearson R correlation coefficient is found to be -0.99 (p-
value=2 x 10712). These two methods are found to correlate nega-
tively as shown in figure Al. The He index and the pEW methods
are both calculated within the same bandwidth of 1.6A. centered on
the He line apart from the continuum reference bands. This shows
that as the mean flux within the He line increases thereby increasing
the Her index, its relative pEW decreases, as expected.

APPENDIX B: NARVAL SPECTRAL ORDERS AROUND
CALCIUM I H&K

The NARVAL data reduced by the data reduction software LIBRE-
ESpRIT contains 40 individual spectral orders numbered from #22
to #61. These orders overlap with one another at their respective
borders, as shown in figure B1. The figure shows the spectral order
containing the Call K line to be noisier than the order containing the
Call H line. In order to calculate the Call H&K activity index for
our star, these spectral orders need to be re-normalised to unit flux.
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Figure B1. Pipeline normalised spectra (top) and the re-normalised spectra
(bottom) for the two spectral orders around the Call H&K emission lines of
the 16th March 2016 NARVAL observation. The blue spectral order contains
the Call K line and the red spectral order contains the Call H line. The gray
dashed line in the bottom plot shows the flux level at unity.

Each spectral order was fitted to a 4th order polynomial using the
astropy package specutils (Earl et al. 2021). The order was then
divided by this polynomial fit to give the re-normalised spectra. For
the blue order containing the Call K line, 2 strong emission lines at
3931.6A and 3924.2A were removed by fitting a Gaussian to them
and subtracting the Gaussian fit from the entire spectra. The removal
of these lines did not affect the re-normalisation process and the order
containing the Call K line was not well normalised. The reason this
order looks this way after the re-normalisation procedure is due to
large number of negative flux values encountered in the wavelength
range of 3900 - 3950 A. Thus when this region of the order is divided
by a constant polynomial fit, which for this region has values close to
zero, it stretches the spectra vertically in such fashion. Hence, only
the Call H line was analysed in section 2.

APPENDIX C: COMPUTING THE WINDOW FUNCTION
TO CHECK FOR SAMPLING BIASES IN PERIODOGRAM

For unevenly sampled data, often times the true period peak is sur-
passed in power by spurious period peaks. Such peaks can be seen
in the periodograms in figure 5. One major factor leading to these
peaks is the duration between the observations (VanderPlas 2018).

To confirm this, we compute the window function of our obser-
vations by setting our y, and dy, values equal to 1 for all times ¢,
and run a classical periodogram on them with the values not pre-
centered. The resulting periodogram, shown in figure C1, shows a
peak at P=1d which is a common occurrence for ground-based sur-
veys as the observations are done almost at the same time every other
night. In addition to this, we detect a period of 364.8t56%d which
perhaps is a result of the yearly gaps between the observing epochs
and a shorter period of 336.4’:58'71d

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure C1. GLS periodogram of our observation sampling window function.
The three prominent periods are shown using thick coloured lines with their
respective values listed in the plot legend. The x-axis is shown in logarithmic
scale.
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Table 3. Observation log of the GJ 436 system observed by the NARVAL spectropolarimeter in 2016. The table contains the Signal-to-Noise ratio (SNR) and
the He, Nal, Call H&K, Cal, Hel and Call IRT activity indices along with their errors. The total exposure time for each observation spectra is 4x700s.

Date (2016) ~ HID (2457000+)  UT (h:m:s)  S/N Ha Nal Cal CallH Hel IRT, IRT, IRT3
Mar 16 464.49670 23:49:19 203 0.4109£0.0010 02144 £0.0022 0.3346+0.0012 12210 £0.0960  0.4677 +0.0041  0.3021 £0.0007  0.2323 £ 0.0008  0.2156 % 0.0006
Mar 18 465.52978 00:36:58 204 0.4101£0.0010  0.2300+0.0022  0.3354+0.0011  1.0388 £0.0927  0.4867 £0.0041  0.3083 +0.0007  0.2329 +0.0008  0.2158 + 0.0006
Mar 20 468.47996 23:25:14 274 0.4096 £0.0007  0.2159£0.0013  0.3326 £0.0008  1.1705 £0.0499  0.4799 £ 0.0026  0.3032 £ 0.0005  0.2387 £ 0.0006 ~ 0.2171  0.0004
Apr 18 497.40198 21:33:54 235 0.4102+0.0008 02148 £0.0016  0.3385+0.0009  1.1727 £0.0573  0.4791 £0.0032  0.3036 +0.0006  0.2465 £ 0.0007 ~ 0.2167 + 0.0004
May 02 511.46867 23:10:51 275  0.4145£0.0007 0.2110£0.0013  0.3335+0.0008  1.1942+0.0444  0.4750 £0.0026  0.3068 £ 0.0005  0.2391 £0.0006  0.2163 + 0.0004
May 03 512.48383 23:32:45 227 0.4102£0.0009 02176 £0.0018  0.3382+0.0010  1.0720 £0.0650  0.4774 +£0.0034  0.3061 £0.0006  0.2376 +0.0007  0.2165 + 0.0005
May 04 513.39868 21:30:12 234 0.4061 £0.0008  0.2141 £0.0017  0.3340+£0.0010  1.1243 £0.0631  0.4725+0.0033  0.3068 + 0.0006  0.2381 £ 0.0007  0.2169 + 0.0004
May 11 520.35975 20:34:43 204 0.4100£0.0010  0.2051 £0.0020  0.3346+0.0011  1.1530 £0.0763  0.4846 +0.0039  0.3026 £ 0.0007 ~ 0.2283 +0.0008  0.2224 + 0.0005
May 16 525.36718 20:45:50 273 0.4080 £0.0007 0.2122+0.0013  0.3325+0.0008  1.2993 +£0.0458  0.4795+0.0026  0.3031 £0.0005  0.2315£0.0006  0.2216 + 0.0004
May 17 526.36784 20:46:53 216 0.4073 £0.0009 0.2212+0.0018  0.3338+0.0010  0.9972£0.0617  0.4774 £ 0.0034  0.3031 £0.0007  0.2308 £ 0.0007  0.2230 % 0.0005
May 20 529.38615 21:13:31 219 0.4078 £0.0009  0.2093 £0.0019  0.3334+£0.0011  1.1308 £0.0752  0.4756 £0.0036  0.3072+0.0006  0.2352 +0.0007  0.2206 + 0.0005
May 23 532.37271 20:54:26 233 0.4092 £0.0008  0.2069 +£0.0017  0.3322+0.0010  1.1895+0.0653  0.4821+0.0032  0.3057 £0.0006  0.2382+0.0007  0.2156 + 0.0005
Jun 02 542.37484 20:58:28 219 0.4047 £0.0009  0.2192+0.0019  0.3331 £0.0010  1.1213 £0.0690  0.4765 + 0.0035  0.3051 £0.0006  0.2329 + 0.0007  0.2206 % 0.0005
Jun 04 544.38322 21:10:44 212 0.4090 £0.0009  0.2100£0.0019  0.3287£0.0011  1.0549 £0.0731  0.4819 £0.0037  0.3075+0.0007  0.2303 £ 0.0007  0.2245 + 0.0005
Jun 07 547.37509 20:59:19 272 0.4045£0.0007  0.2060 +£0.0013  0.3412+0.0008  1.3019+0.0517  0.4744 £0.0027  0.3078 £0.0005  0.2387 £0.0006  0.2227 + 0.0004
Jun 08 548.37866 21:04:34 289  0.4042 £0.0007  0.2058 £0.0012  0.3326 £0.0008  1.2250 £0.0410  0.4756 £ 0.0025  0.3064 +0.0005  0.2332 £+ 0.0006 ~ 0.2218 + 0.0003

Table 4. Observation log of the GJ 436 system observed by HARPS from 2006 to 2020. The table contains the total exposure time Z¢ x pp (s), median Signal-to-Noise
ratio (SNR) and the He, Nal, Call H&K, Cal and Hel activity indices along with their errors

Date BID (2450000+)  UT (h'm:s)  fexp(s) SN He Nal Call Cal Hel

2006-01-25 3760.835 07:49:14289  900.0017 2225  0.4074£0.0008  0.1803£0.0016  0.5040+0.0166 0.338120.0011  0.4845£0.0028
2006-01-26 3761.840 07:55:59.746  900.0012 21.85 0.413320.0008 0.1758+0.0015 0.601620.0180  0.3404£0.0011  0.4822+0.0028
2006-01-27 3762.827 07:37:50.432  900.0006 3155 0.4118£0.0006 0.1775:0.0011  0.5990£0.0102  0.3400£0.0008  0.4733+0.0020
2006-01-28 3763.841 07:57:34.268  900.0005 31.70  0.414320.0006  0.1765:0.0011  0.5542£0.0099  0.3420£0.0008  0.4775+0.0020
2006-01-30 3765.803 07:02:58.125  900.0012  28.60  0.411020.0007  0.173820.0012  0.573020.0117  0.343020.0008  0.476520.0022
2006-02-19 3785.760 05:59:45.661  900.0025 29.40  0.4102+0.0006  0.182320.0012  0.5527+0.0107  0.3422+0.0008  0.4802+0.0022
2006-02-22 3788.779 06:26:37.814  900.0009  32.15  0.4083x0.0006  0.1827+0.0011  0.5920£0.0092  0.3393+0.0008  0.4806:0.0020
2007-01-22 4122.842 07:59:34.392  900.0001 3070  0.4139£0.0006 0.1797+0.0011  0.5892£0.0094  0.3382£0.0008  0.48370.0020
2007-02-04 4135.832 07:43:32.169  900.0017 31.05 0.4055:0.0006  0.1818£0.0011  0.5882+0.0091  0.3385+0.0008  0.479420.0021
2007-02-09 4140.821 07:27:50.165  900.0034 24.65 0.4122£0.0008  0.1858£0.0014  0.5660+0.0123  0.337420.0010  0.48070.0025
2007-02-11 4142.830 07:39:59.325  900.0021 3040  0.4106£0.0006  0.1842+0.0011  0.6034£0.0095 0.338320.0008  0.4812+0.0020
2007-03-07 4166.750 05:44:40.764  899.9954 2050  0.4116£0.0009  0.1847£0.0017  0.5995:0.0168  0.3408£0.0011  0.4883£0.0029
2007-03-13 4172742 05:33:24.847  899.9972 2575  0.4102+0.0007  0.183120.0013  0.583620.0120  0.3402+0.0009  0.490420.0024
2007-04-04 4194.708 04:45:48.825  899.9961  18.00 0.4138£0.0010  0.1923£0.0019  0.6751:0.0194  0.3374£0.0012  0.48280.0032
2007-04-07 4197.677 04:00:25.671  900.0021  21.60  0.4144£0.0008  0.186020.0015 0.615320.0153  0.3403£0.0010  0.4759+0.0027
2007-04-09 4199.670 03:51:11.405  900.0019 2695 0.4114£0.0007  0.1568£0.0011  0.5768+0.0113  0.3362£0.0009  0.48140.0023
2007-04-12 4202.663 03:41:50.693  899.9963 27.90  0.4204£0.0007  0.186320.0012  0.683420.0108  0.337620.0008  0.4832+0.0022
2007-05-08 4228.582 01:47:05.634  899.9962 2395  0.4095:0.0007 0.1805+0.0014  0.605320.0124  0.337020.0010  0.4789+0.0025
2007-05-09 4230.485 23:27:20.751  899.9945  19.60  0.411320.0009  0.183120.0016  0.6404£0.0171  0.3352£0.0011  0.4795+0.0030
2007-05-09 4230.494 23:43:27.584  599.9964 17.10  0.4128£0.0010  0.184620.0019  0.636620.0196 0.3360£0.0013  0.4771+0.0033
2007-05-09 4230.501 23:54:54201  300.0005 1070  0.4106£0.0015  0.1759£0.0028  0.8489£0.0374  0.3409£0.0019  0.4755£0.0049
2007-05-10 4230.504 00:00:25.159  300.0005 11.10  0.4099£0.0014  0.1752+0.0027  0.597320.0341  0.3388£0.0018  0.4762+0.0048
2007-05-10 4230.508 00:05:55.997  300.0026 1240  0.4077£0.0013  0.1779£0.0025 0.5534£0.0295  0.334820.0017  0.4783£0.0043
2007-05-10 4230512 00:11:26.685  300.0052 13.10  0.4087+0.0012  0.1749£0.0023  0.5295+0.0278  0.3367+0.0016  0.4815+0.0041
2007-05-10 4230.516 00:16:57.222  300.0005 11.60  0.4140£0.0014  0.1782£0.0026  0.5631:0.0328  0.3386£0.0018  0.4820£0.0046
2007-05-10 4230.520 00:22:28.100  300.0007 11.80  0.4119£0.0014  0.1727+0.0025 0.607620.0312  0.3365+0.0018  0.4768+0.0046
2007-05-10 4230.524 00:27:58.888  300.0001 695  0.4122£0.0021  0.1605:0.0040  0.6579£0.0577  0.3399£0.0028  0.4845£0.0070
2007-05-10 4230.527 00:33:29.836  299.9996  9.60  0.4098£0.0016  0.1687+0.0030  0.552120.0393  0.3419£0.0021  0.477020.0054
2007-05-10 4230.531 00:39:00.604  300.0049 11.80  0.4084£0.0014  0.1733£0.0026  0.7377£0.0319  0.3393£0.0018  0.4752+0.0046
2007-05-10 4230.535 00:44:31.482  299.9988  13.55 0.4119£0.0012  0.1817£0.0024  0.6330£0.0256  0.3355+0.0016  0.4759+0.0041
2007-05-10 4230.539 00:50:02.370  300.0036  13.90 0.412120.0012  0.1800£0.0023  0.6145+0.0249  0.339120.0016  0.479620.0040
2007-05-10 4230.543 00:55:33.418  300.0006 14.05 0.4117£0.0012  0.1785£0.0023  0.677820.0251  0.3409£0.0016  0.4862+0.0040
2007-05-10 4230.546 01:01:04.366  300.0007 13.90  0.4093:0.0012  0.1784£0.0023  0.6504£0.0260  0.3382+0.0016  0.4802+0.0041
2007-05-10 4230.550 01:06:35.533  300.0032 14.00  0.4097£0.0012  0.1786£0.0022  0.6397£0.0253  0.3411£0.0016  0.4785+0.0040
2007-05-10 4230.554 01:12:06.511  299.9994 1375 04135:0.0012  0.1802+0.0023  0.685620.0269  0.337320.0016  0.491820.0042
2007-05-10 4230.558 01:17:37.779  299.9975 1525 04121200011  0.1774£0.0021  0.6274£0.0228  0.339020.0014  0.4756£0.0037
2007-05-10 4230.562 01:23:08.497  299.9991 1580  0.4095:0.0011  0.1764£0.0020 0.701120.0224  0.339420.0014  0.4772%0.0036
2007-05-10 4230.566 01:28:39.555  300.0008 1470  0.4103x0.0012  0.1830£0.0022  0.6819+0.0238  0.3382£0.0015  0.47890.0038
2007-05-10 4230.569 01:34:10.553  300.0056 14.65 0.416320.0012  0.1847+0.0022  0.6955+0.0238  0.3405+0.0015  0.483120.0039
2007-05-10 4230.573 01:39:41.541  300.0054 17.45 0.4174£0.0010  0.1858£0.0019  0.7150+0.0191  0.3389£0.0013  0.4776£0.0033
2007-05-10 4230577 01:45:12.469  300.0042 17.10  0.4159£0.0010  0.1827+0.0019  0.7362£0.0204  0.3386£0.0013  0.470420.0033
2007-05-10 4230581 01:50:43.807  300.0002 1435 0.4100£0.0012  0.1815:0.0022  0.703820.0245  0.337220.0015  0.4817+0.0039
2007-05-10 4230.585 01:56:14.615  299.9981 1695  0.4092+0.0010  0.1880£0.0020  0.6465+0.0196  0.3384£0.0013  0.4827+0.0035
2007-05-10 4230.589 02:01:45983  299.9997 17.05 0.4099£0.0010  0.1788+0.0019  0.635020.0193  0.3397+0.0013  0.4759+0.0034
2007-05-10 4230.592 02:07:17.221  299.9982  14.80 0.4139£0.0012  0.1768£0.0021  0.5695+0.0230  0.3388£0.0015  0.4798£0.0038
2007-05-10 4230.596 02:12:48.108  299.9979 1570  0.4099£0.0011  0.1787+0.0020  0.5888+0.0209  0.3380£0.0014  0.4792+0.0037
2007-05-10 4230.600 02:18:18.966  300.0016 1270  0.409£0.00130  0.1722£0.0024  0.6108£0.0280  0.337840.0017  0.4764+0.0044
2007-05-10 4230.604 02:23:49.754  300.0013 1325 0.4077+0.0013  0.1810£0.0024  0.540620.0258  0.3372£0.0016  0.4809+0.0042
2007-05-10 4230.608 02:29:20.712  299.9999 1130  0.406620.0014  0.1747£0.0027  0.6489+0.0331  0.337420.0019  0.4798£0.0048
2007-05-10 4230.612 02:34:51.480  299.9953 11.05 0411320.0014  0.1775:0.0028  0.5282+0.0343  0.336620.0019  0.4819+0.0049
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2007-05-10  4230.615  02:40:22.158  300.0006 9.60  0.4137+0.0016  0.1723+0.0031  0.6209+0.0405  0.3361£0.0021  0.4799+0.0055
2007-05-10  4230.619  02:45:52.966  299.9987 9.95  0.4147x0.0016  0.1700£0.0030  0.6503+0.0409  0.3402+0.0021  0.4810+0.0053
2007-05-10  4230.623  02:51:23.774  299.9947 10.25  0.412£0.00160  0.1721+0.0029  0.6887+0.0381  0.3397+0.0020  0.4854+0.0052
2007-05-10  4230.627  02:56:54.752  299.9947 13.45  0.4125+0.0012  0.1826+0.0024  0.6512+0.0274  0.3382+0.0016  0.4727+0.0041
2007-05-10  4230.631  03:02:25.609  299.9954 14.00  0.4083+0.0012  0.1783+0.0022  0.6801£0.0260  0.3368+0.0015  0.4833+0.0040
2007-05-10  4230.635  03:07:56.437  299.9947 1595  0.4125+£0.0011  0.1807+0.0020  0.6487+0.0226  0.3371+0.0014  0.4809+0.0036
2007-05-10  4230.639  03:13:53.497  299.9947 1575  0.4119£0.0011  0.1799+0.0020  0.6100£0.0226  0.3370+0.0014  0.4799+0.0036
2007-05-10  4230.643  03:19:24.165  299.9956 16.40  0.4097+£0.0011  0.1780+0.0019  0.6151£0.0212  0.3376+0.0013  0.4763+0.0034
2007-05-10  4230.646  03:24:55.132  299.9995 1595  0.4089£0.0011  0.1800+0.0020  0.5529+0.0214  0.3379+0.0014  0.4825+0.0036
2007-05-10  4230.650  03:30:26.120  299.9947 16.55 0.4106£0.0010  0.1754+0.0019  0.5685£0.0210  0.3356+0.0013  0.4761x0.0034
2007-05-10  4230.654  03:35:57.118  299.9945 15.60  0.4075+0.0011  0.1808+0.0020  0.5998+0.0235  0.3370+0.0014  0.4765+0.0035
2007-05-10  4230.658  03:41:28.076  299.9956  14.60  0.4119+0.0011  0.1832+0.0021  0.7136+0.0269  0.3395+0.0014  0.4776+0.0036
2007-05-14  4234.553  01:05:12.938  899.9974  19.55 0.4142+0.0009  0.1843+0.0017  0.6804+0.0176 ~ 0.3406+0.0011  0.4825+0.0030
2007-06-02  4253.545  00:49:00.762  1799.9950  22.75  0.4089+0.0008  0.1838+0.0015  0.5051+0.0139  0.3389+0.0010  0.4793+0.0026
2007-06-03 4254511  00:01:11.437  1799.9976  19.45  0.4073+£0.0009  0.1617+0.0015  0.5947+0.0181  0.3380+0.0012  0.4766+0.0030
2007-06-04  4255.516  00:01:55.802  1999.9987  20.15  0.4074£0.0009  0.1806+0.0016  0.5530+0.0169  0.3387+0.0011  0.4733+0.0029
2007-06-07  4259.487  23:25:53.536  1800.0005  33.95  0.4077£0.0005  0.1766+0.0010  0.5268+0.0077  0.3392+0.0007  0.4814+0.0018
2007-07-09  4291.488  23:39:41.130  899.9997 10.85  0.41504£0.0014  0.1745+0.0027  0.6260£0.0534  0.3380+0.0018  0.4762+0.0048
2007-07-10  4292.474  23:19:57.798  899.9983  27.65  0.4099£0.0007  0.1818+0.0012  0.6225+0.0109  0.3362+0.0009  0.4755+0.0022
2007-07-11  4293.451  22:46:11.010  899.9988  34.25  0.4126£0.0005 0.1841+0.0010  0.6210+0.0082  0.3387+£0.0007  0.4791+0.0017
2007-07-12  4294.449  22:44:03.574  900.0002  23.85  0.4089£0.0007  0.1852+0.0014  0.5741+0.0123  0.3381+0.0009  0.4713+0.0024
2007-07-14  4296.476  23:23:09.149  900.0002 16.35  0.4062+0.0010  0.1838+0.0019  0.6394£0.0226  0.3399+0.0013  0.4777£0.0034
2007-07-15  4297.453  22:49:24.843  899.9997  26.00  0.4082+0.0007  0.1817£0.0012  0.5832+0.0111  0.3393+0.0009  0.4794+0.0023
2008-01-13  4478.852  08:14:31.312  900.0000  27.70  0.4170+0.0007  0.1755+0.0012  0.5035+0.0097  0.3357+0.0008  0.4802+0.0022
2008-01-13  4478.878  08:51:43.283  900.0000  28.50  0.4175+0.0007  0.1790£0.0012  0.5493+0.0095  0.3364+0.0008  0.4786+0.0021
2008-01-14  4479.865  08:32:55.089  900.0000  23.35  0.4171£0.0008  0.1777+0.0014  0.5532+0.0127  0.3348+0.0010  0.4808+0.0026
2008-01-14  4479.875  08:48:25.929  900.0000  24.75  0.4168+0.0008  0.1792+0.0013  0.5319+0.0115  0.3353+£0.0009  0.4864+0.0025
2008-01-15  4480.858  08:24:14.411 900.0000  26.85 0.4166+0.0007  0.1748+0.0012  0.5144+0.0103  0.3347+0.0009  0.4832+0.0023
2008-01-15  4480.870  08:39:45.762  900.0000  22.20  0.4157£0.0008  0.1719+0.0014  0.5377+0.0134  0.3336+0.0010  0.4783+0.0027
2008-01-16  4481.862  08:29:09.201 900.0000  26.80  0.4190+0.0007  0.1663£0.0012  0.5672+0.0106  0.3359+0.0009  0.4746+0.0023
2008-01-16  4481.873  08:44:40.662  900.0000  28.55  0.4188+0.0007  0.1732+0.0011  0.5863+0.0098  0.3351+0.0008  0.4736+0.0021
2008-01-17  4482.853  08:15:59.848  900.0000  23.45 0.4161£0.0008 0.1637+0.0013  0.5629+0.0123  0.3364+0.0010  0.4768+0.0026
2008-01-17  4482.864  08:31:30.948  900.0000  23.80  0.4167£0.0008  0.1712+0.0013  0.5668+0.0122  0.3340+£0.0010  0.4718+0.0025
2008-01-18  4483.852  08:13:36.738  900.0000  25.30  0.4202+0.0007  0.1742+0.0013  0.5877+0.0117  0.3364+0.0009  0.4761+0.0024
2008-01-18  4483.863  08:29:08.038  900.0000  28.15  0.4217+0.0007  0.1743+£0.0011  0.5809+0.0101  0.3355+0.0008  0.4775+0.0021
2008-01-20  4485.857  08:20:53.267  900.0000 2540  0.4193+0.0007  0.1795+0.0013  0.5849+0.0118  0.3362+0.0009  0.4820+0.0024
2008-01-20  4485.868  08:36:24.928  900.0000  25.50  0.4160£0.0007  0.1775+0.0013  0.5293+0.0116  0.3378+0.0009  0.4788+0.0024
2008-01-21  4486.854  08:16:30.074  900.0000  23.40  0.4156+0.0008  0.1786+0.0014  0.5554+0.0131  0.3366+0.0010  0.4776+0.0026
2008-01-21  4486.864  08:32:01.905  900.0000  21.10  0.4144+0.0009  0.1798+0.0016  0.5586+0.0153  0.3368+0.0011  0.4793+0.0028
2008-01-22  4487.851  08:12:19.811 900.0000 18.95  0.4125£0.0009  0.1749+0.0017  0.4912+0.0167  0.3377+0.0012  0.4790+0.0031
2008-01-22  4487.862  08:27:53.061 900.0000  23.30  0.4146+0.0008  0.1756+0.0014  0.5229+0.0128  0.3409+0.0010  0.4802+0.0026
2008-01-23  4488.854  08:17:27.757  900.0000  21.65  0.4176+0.0008  0.1818+0.0015  0.5368+0.0141  0.3390+0.0011  0.4762+0.0027
2008-02-26  4522.838  07:51:57.296  900.0000 17.80  0.4101£0.0009  0.1833+0.0018  0.6189+0.0192  0.3414+0.0012  0.4767+0.0031
2008-02-27 4523789  06:40:48.149  900.0000  22.90  0.4196+0.0008  0.1823+0.0014  0.6434+0.0129  0.3405£0.0010  0.4911+0.0026
2008-02-28 4524789  06:41:55.545  900.0000  31.30  0.4085£0.0006  0.1782+0.0011  0.5228+0.0082  0.3381£0.0008  0.4791+0.0020
2008-02-29  4525.812  07:15:20.355  900.0000  21.20  0.4098+0.0008  0.1745+0.0015  0.5269+0.0143  0.3398+0.0011  0.4793+0.0027
2008-03-01  4526.763  06:03:17.367  900.0000  30.85  0.4119+0.0006  0.1761£0.0011  0.5449+0.0085  0.3391+0.0008  0.4806+0.0020
2008-03-02  4527.751  05:46:18.300  900.0000  26.60  0.4135+0.0007  0.1749+0.0012  0.5139+0.0103  0.3384+0.0009  0.4825+0.0022
2008-03-03  4528.717  04:56:50.095  900.0000  28.75  0.4171£0.0006  0.1669+0.0010  0.6229+0.0096  0.3402+0.0008  0.4821+0.0021
2008-03-04  4529.812  07:13:47.000  900.0000 2540  0.4157£0.0007  0.1759+0.0012  0.5258+0.0113  0.3411£0.0009  0.4846+0.0023
2008-03-05  4530.777  06:23:27.951 900.0000  26.35  0.4131+0.0007  0.1765+0.0012  0.5471£0.0107  0.3422+0.0009  0.4823+0.0022
2008-03-23  4548.703  04:29:09.320  1800.0000  31.95  0.4120£0.0006  0.1832+0.0010  0.6551+0.0086  0.3374+0.0007  0.4805+0.0019
2008-03-24  4549.697  04:23:08.332  1800.0000  20.80  0.4070£0.0009  0.1870+0.0016  0.5574+0.0142  0.3351+£0.0011  0.4801+0.0029
2008-03-26  4551.718  04:50:59.515  1800.0000  27.15  0.4134£0.0007  0.1816+0.0012  0.6116+0.0106  0.3387+£0.0008  0.4783+0.0022
2008-03-28  4553.697  04:20:30.367  1800.0000  39.50  0.4098£0.0005  0.1779+0.0008  0.5803+0.0064  0.3392+0.0006  0.4839+0.0015
2008-04-01  4557.658  03:31:59.932  900.0000  21.30  0.4120£0.0008  0.1820+0.0015  0.5680+0.0154  0.3381+0.0011  0.4825+0.0027
2008-04-06  4562.644  03:13:07.077  900.0000  25.55  0.4191+0.0007  0.1848+0.0013  0.6829+0.0111  0.3393+0.0009  0.4775+0.0023
2008-04-08  4564.647  03:17:17.360  900.0000  18.40  0.4067+0.0009  0.1794+0.0017  0.5865+0.0166 ~ 0.3390+0.0012  0.4770+0.0031
2008-04-11  4567.565  01:18:00.524  1200.0000  36.80  0.4135+0.0005  0.1801£0.0009  0.5887+0.0068  0.3370£0.0006  0.4823+0.0016
2008-04-11  4567.734  05:21:29.227  1200.0000  31.85  0.4106+£0.0005  0.1748+0.0010  0.5584+0.0088  0.3377+0.0007  0.4822+0.0018
2008-04-12  4568.570  01:24:47.042  1200.0000  31.00  0.4121£0.0006  0.1811+0.0010  0.5568+0.0084  0.3381+0.0007  0.4826+0.0019
2008-04-12  4568.691  04:18:39.251  1200.0000  27.65  0.4113+£0.0007  0.1771+0.0011  0.5483+0.0099  0.3377+0.0008  0.4839+0.0021
2008-04-13  4569.628  02:48:27.256  1200.0000  33.00  0.4115%0.0006  0.1764+0.0010  0.5453+0.0076  0.3371+0.0007  0.4818+0.0018
2008-04-14  4570.637  03:01:26.706  1200.0000  29.00  0.4100£0.0006  0.1744+0.0011  0.5710+0.0092  0.3368+0.0008  0.4843+0.0021
2008-04-15  4571.609  02:20:57.077  1200.0000  24.30  0.4100£0.0007  0.1817+0.0013  0.6037+0.0116  0.3367+0.0009  0.4827+0.0024
2008-05-07  4593.551  01:02:54.710  900.0000 ~ 27.20  0.4097£0.0007  0.1800+0.0012  0.5546+0.0107  0.3366+0.0009  0.4840+0.0022
2008-05-23  4610.478  23:20:22.079  900.0000  21.15  0.4089£0.0008  0.1771£0.0015  0.5964+0.0162  0.3379+£0.0011  0.4791+0.0028
2008-05-24  4610.562  01:21:06.631 900.0000  22.25  0.4077+0.0008  0.1779+0.0014  0.5571£0.0149  0.3387+0.0010  0.4753£0.0026
2008-05-25  4611.557  01:13:01.347 ~ 900.0000  24.10  0.4074+0.0007  0.1773+£0.0013  0.5630+0.0130 ~ 0.3370£0.0010  0.4834+0.0025
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2008-05-29  4616.476  23:17:49.454  900.0000 1540  0.4099+0.0011  0.1759+0.0020  0.5896+0.0243  0.3339+0.0014  0.4764+0.0037
2009-01-01  4832.876  08:50:43.355  900.0000 19.75  0.4099+0.0009  0.1875+0.0017  0.4952+0.0138  0.3357£0.0012  0.4773+0.0030
2009-01-17  4848.871  08:40:56.016  900.0000  24.90  0.4116£0.0008 0.1791+0.0013  0.5695+0.0113  0.3368+0.0010  0.4752+0.0025
2009-01-23  4854.846  08:05:36.145  900.0000  23.60  0.4147+0.0008  0.1821+0.0014  0.6078+0.0126  0.3386+0.0010  0.4806+0.0025
2009-02-16  4878.789  06:41:42.107  900.0000  28.35  0.4130£0.0007  0.1764+0.0011  0.4927+0.0098  0.3409+0.0008  0.4783+0.0021
2009-02-17  4879.791  06:44:41.282  900.0000 1540  0.4117£0.0011  0.1775+0.0020  0.5336£0.0260  0.3406+0.0014  0.4819+0.0036
2009-02-18  4880.797  06:53:32.974  900.0000 11.95 0.4151£0.0014  0.1770+0.0026  0.7077£0.0368  0.3396+0.0018  0.4942+0.0046
2009-02-18  4880.812  07:14:56.353  900.0000 18.45  0.417240.0010  0.1768+0.0017  0.5535£0.0186  0.3410+0.0013  0.4861+0.0032
2009-02-19  4881.787  06:38:37.801 900.0000  25.60  0.4140+0.0007  0.1766+0.0013  0.5375+0.0117  0.3413+0.0009  0.4821+0.0023
2009-02-20  4882.784  06:33:25.497  900.0000  21.45  0.4123%£0.0008 0.1767+0.0015  0.4987+0.0149  0.3405£0.0011  0.4764+0.0027
2009-02-21  4883.794  06:48:10.721 900.0000  28.80  0.4126+0.0006  0.1784£0.0011  0.5113£0.0095  0.3395+0.0008  0.4819+0.0021
2009-02-22  4884.773  06:18:11.456  900.0000  15.90  0.4107+0.0011  0.1769+0.0020  0.5065+0.0201  0.3376+0.0015  0.4825+0.0037
2009-02-23  4885.792  06:45:47.206  900.0000  29.85  0.4126+0.0006  0.1792+0.0011  0.5290+0.0086  0.3379+0.0008  0.4788+0.0020
2009-02-24  4886.769  06:12:47.455  900.0000  21.65  0.4114+0.0008  0.1772+0.0014  0.5510+0.0132  0.3405+0.0010  0.4902+0.0026
2009-03-23  4913.688  04:15:54.065  900.0000  27.95  0.4063+0.0006  0.1812+0.0012  0.5356+0.0094  0.3372+0.0008  0.4717+0.0021
2009-03-24 4914708  04:44:20.901 900.0000  24.75  0.4059+0.0007  0.1812+0.0013  0.5933+0.0117  0.3377+0.0009  0.4783+0.0023
2009-03-25  4915.687  04:14:59.071 900.0000 2295  0.4065+0.0008  0.1801+0.0014  0.5389+0.0125  0.3384+0.0010  0.4740+0.0025
2009-03-26  4916.692  04:22:10.575  900.0000  27.05  0.4052+0.0007  0.1764+0.0012  0.5701+0.0101 ~ 0.3387+0.0008  0.4727+0.0022
2009-03-27  4917.680  04:04:13.404  900.0000  24.20  0.4087£0.0007  0.1802+0.0013  0.5709+0.0116  0.3391£0.0009  0.4757+0.0024
2009-03-28  4918.727  05:12:44.335  900.0000  25.25  0.4091£0.0007  0.1781+0.0013  0.5841+0.0111  0.3369+0.0009  0.4760+0.0023
2009-03-29  4919.662  03:39:11.570  900.0000  23.75  0.4121£0.0007  0.1820+0.0013  0.5875+0.0118  0.3390+0.0009  0.4800+0.0024
2009-03-30  4920.707  04:43:16.572  900.0000  26.70  0.4111£0.0007  0.1821+0.0012  0.5583+0.0101 ~ 0.3380+0.0009  0.4793+0.0022
2009-04-11  4932.643  03:11:18.807  900.0000  16.65  0.4095+0.0010  0.1811£0.0019  0.5416+0.0175  0.3371+0.0013  0.4872+0.0034
2009-04-12  4933.638  03:04:47.794  900.0000 2230  0.4077+0.0008  0.1775+£0.0014  0.5602+0.0122  0.3392+0.0010  0.4748+0.0026
2009-04-13  4934.626  02:47:59.458  900.0000  24.25  0.4079+0.0007  0.1688+0.0012  0.5700+0.0112  0.3384+0.0009  0.4792+0.0024
2009-04-15  4936.632  02:56:56.447  900.0000 1420  0.4051£0.0012  0.1763+0.0022  0.5988+0.0193  0.3413+0.0016  0.4771+0.0039
2009-04-16  4937.611  02:27:03.710  900.0000 18.95  0.4081+0.0009  0.1816+0.0017  0.5524+0.0153  0.3375+0.0012  0.4771+0.0030
2009-04-17  4938.623  02:43:32.285  900.0000  27.10  0.4064+0.0007  0.1797+0.0012  0.5556+0.0095  0.3384+0.0008  0.4768+0.0022
2009-04-18  4939.639  03:06:34.539  900.0000 1470 0.4085+0.0011  0.1785+0.0021  0.6309+0.0216  0.3366+0.0015  0.4789+0.0037
2009-04-19  4940.614  02:31:35.787  900.0000 1545 0.4071£0.0011  0.1822+0.0020  0.6253£0.0203  0.3364+0.0014  0.4722+0.0035
2009-04-20  4941.622  02:43:00.570  900.0000  25.80  0.4031£0.0007  0.1781+0.0012  0.5901+0.0102  0.3360+0.0009  0.4796+0.0023
2009-04-25  4946.604  02:17:43.389  900.0000  30.90  0.4074£0.0006  0.1799+0.0011  0.5507+0.0079  0.3377+£0.0008  0.4793+0.0019
2009-04-28  4949.582  01:46:07.435  900.0000  26.10  0.4056£0.0007  0.1821+0.0013  0.5672+0.0100  0.3378+0.0009  0.4714+0.0023
2009-04-29  4950.583  01:47:55.171 900.0000  27.85  0.4082+0.0007  0.1830+0.0012  0.5761+0.0093  0.3358+0.0008  0.4769+0.0021
2009-05-02  4953.588  01:54:52.741 900.0000  23.20  0.4035+0.0008  0.1594+0.0012  0.5286+0.0128  0.3375+0.0010  0.4780+0.0025
2009-05-03  4954.583  01:47:54.873  900.0000  26.75  0.4042+0.0007  0.1640£0.0011  0.5361+0.0104  0.3399+0.0009  0.4750+0.0022
2009-05-04  4955.582  01:45:25.155  900.0000  26.00  0.3985+0.0007  0.1766+0.0012  0.5283+0.0107  0.3384+0.0009  0.4761+0.0023
2009-05-05  4956.583  01:48:12.726  900.0000 18.65  0.3962+0.0009  0.1787+0.0017  0.5301£0.0176  0.3385+0.0012  0.4691+0.0030
2009-06-07  4990.498  23:49:42.435  899.9994  20.80  0.4063+0.0008  0.1812+0.0015  0.4462+0.0145  0.3373£0.0011  0.4814+0.0027
2009-06-09 4991510  00:07:46.413  900.0005  24.70  0.4061£0.0008  0.1817+0.0013  0.4472+0.0111  0.3375+£0.0010  0.4828+0.0024
2009-06-10  4993.465  23:02:22.549  899.9991 26.40  0.4060+£0.0007  0.1807+0.0012  0.5055£0.0104  0.3369+0.0009  0.4779+0.0022
2010-03-17 5272702  04:35:49.928  899.9998  21.05  0.4093%£0.0008  0.1778+0.0015  0.4912+0.0149  0.3386+0.0011  0.4769+0.0027
2010-03-20  5275.707  04:43:15.807  900.0068 16.30  0.4089+0.0010  0.1820+0.0019  0.5149£0.0227  0.3399+0.0013  0.4734+0.0033
2010-03-22  5277.711  04:48:38.792  899.9990 16.30  0.4173£0.0010  0.1808+0.0018  0.7036£0.0223  0.3392+0.0012  0.4816x0.0032
2010-03-23  5278.703  04:36:33.665  899.9985 11.65  0.4085+0.0014  0.1752+0.0025  0.4999+0.0365  0.3368+0.0018  0.4836x0.0045
2010-03-24  5279.684  04:09:33.598  899.9987 19.40  0.4083+0.0009  0.1815+0.0016  0.4946+0.0171  0.3376+0.0012  0.4757+0.0029
2010-03-25  5280.700  04:33:03.332  900.0001 19.20  0.4097+0.0009  0.1807£0.0017  0.4938+0.0170  0.3370£0.0012  0.4760+0.0030
2010-03-28  5283.677  04:00:55.642  900.0064  26.35  0.4120£0.0007  0.1792+0.0012  0.5204+0.0095  0.3387+0.0009  0.4828+0.0022
2010-04-01  5287.655  03:29:21.475  899.9999  21.65 0.4096+0.0008  0.1856+0.0015  0.5895+0.0131  0.3363+0.0010  0.4778+0.0026
2010-04-06  5292.649  03:22:20.916  900.0069 8.00  0.4046+0.0018  0.1870+0.0037  0.4311+0.0376  0.3381+0.0024  0.4704+0.0059
2020-01-28  8876.843  08:00:12.543  899.9976  25.05  0.4169+0.0007  0.1909+0.0012  0.5824+0.0096  0.3384+0.0009  0.4783+0.0022
2020-01-31  8879.843  07:59:54.501 899.9977 17.35  0.4131£0.0009  0.1914+0.0017  0.6253£0.0140  0.3387+0.0012  0.4778+0.0029
2020-02-01  8880.832  07:44:08.123  899.9977  20.30  0.4083£0.0008  0.1855+0.0014  0.6500+0.0123  0.3392+0.0010  0.4852+0.0026
2020-02-02  8881.852  08:12:40.567  899.9977  20.95  0.4090£0.0008  0.1913+0.0014  0.5655+0.0116  0.3391£0.0010  0.4733+0.0024
2020-02-03  8882.828  07:38:09.453  899.9978  21.95 0.4134£0.0008  0.1923+0.0014  0.6192+0.0112  0.3377+£0.0010  0.4814+0.0024
2020-02-04  8883.812  07:14:14.400  899.9978  20.70  0.4159£0.0008  0.1917+0.0014  0.5734+0.0115  0.3385+0.0010  0.4805+0.0026
2020-02-05  8884.804  07:02:56.565  899.9977 17.75  0.4136+0.0010  0.1933+£0.0017  0.5235+0.0120  0.3374+0.0012  0.4788+0.0030
2020-02-07  8886.797  06:53:35.306  899.9977  21.15  0.4144+0.0008  0.1971£0.0015  0.6101+0.0110  0.3376+0.0010  0.4787+0.0026
2020-02-09  8888.814  07:17:23.978  899.9977 2270  0.4153+0.0008  0.1991£0.0014  0.6223+0.0103  0.3374+0.0010  0.4829+0.0023
2020-02-14  8893.817  07:20:50.934  899.9977  21.45  0.4140+0.0008  0.1948+0.0014  0.5718+0.0110  0.3403+0.0010  0.4795+0.0025
2020-02-18  8897.788  06:39:24.202  899.9977  20.60  0.4119+0.0008  0.1947+0.0015  0.5930+0.0115  0.3408+0.0010  0.4761+0.0026
2020-02-20  8899.796  06:51:33.811 899.9977  21.60  0.4135+0.0008  0.1942+0.0015  0.6074£0.0124  0.3383+0.0010  0.4853+0.0026
2020-02-23  8902.770  06:13:11.622  899.9976  21.40  0.4116+0.0008  0.1928+0.0015  0.5338+0.0116  0.3398+0.0010  0.4834+0.0027
2020-03-02  8910.744  05:36:33.372  899.9978 19.85  0.4111£0.0009  0.1960+0.0016  0.6049+0.0121  0.3388+0.0011  0.4824+0.0028
2020-03-04  8912.738  05:26:47.400  899.9978 17.10  0.4094£0.0010  0.1944+0.0018  0.6141£0.0144  0.3403+0.0013  0.4877+0.0033
2020-03-07  8915.725  05:09:37.162  899.9978  20.50  0.4063£0.0009  0.1935+0.0018  0.5576+0.0220  0.3416+0.0012  0.4815+0.0031
2020-03-08  8916.728  05:13:35.134  899.9978  26.10  0.4098+0.0007  0.1932+0.0014  0.5747+0.0103  0.3408+0.0009  0.4895+0.0024
2020-03-09  8917.748  05:42:01.730  899.9978  21.65  0.4100£0.0009  0.1991+0.0017  0.5883+0.0120  0.3404+0.0011  0.4911+0.0029
2020-03-16  8924.697  04:28:21.516  899.9980 2540  0.4118+0.0007  0.1914+0.0014  0.6151+0.0110  0.3394+0.0009  0.4825+0.0024
2020-03-18  8926.702  04:36:19.396  899.9980  26.20  0.4181+0.0007  0.1978+0.0013  0.7304+0.0118  0.3371+£0.0009  0.4817+0.0024
2020-03-20  8928.687  04:14:34.705  899.9981 24.55  0.4039+£0.0007  0.1949+0.0014  0.6306+£0.0118  0.3396+0.0009  0.4801+0.0025
2020-03-20  8928.730  05:16:37.229  899.9981 22.80  0.4054+0.0008  0.1929+0.0015  0.6186+0.0128  0.3384+0.0010  0.4823+0.0027
2020-03-22  8930.681  04:02:24.652  1199.9981  14.15  0.4070£0.0013  0.1992+0.0025  0.5142+0.0173  0.3412+0.0017  0.4755+0.0043
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Figure 1: Call H&K, Hel, Nal, Ho & Cal activity indices of both HARPS and NARVAL datasets plotted
against the BJD in one plot. The black dot markers are the HARPS indices and the black triangle markers
are the NARVAL indices. The plot of Call H&K indices does not include the NARVAL dataset since we
calculated a Call H index for it instead. The corresponding error bars for each index is plotted as well.
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Figure 2: Call H&K, Hel, Nal, Hao & Cal activity indices calculated for the NARVAL dataset plotted
against the BJD. These indices span ~ 2 stellar rotations, representing stellar short-term variations. The

corresponding error bars for each index is plotted as well.
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Figure 3: Call IRT 1, IRT 2 & IRT 3 activity indices calculated for the NARVAL dataset
plotted against the BJD. The corresponding error bars for each index is plotted as well.



2 Corner Plots showing Index Correlations per Observ-
ing Epoch
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each index. The Pearson R correlation coefficient (p) and its p-value are shown above each correlation plot,
with significant correlation values shown in bold.
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Figure 5: Same as figure 4 for 66 HARPS spectra in the 2007 observing epoch.
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Figure 6: Same as figure 4 for 47 HARPS spectra in the 2008 observing epoch.
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Figure 8: Same as figure 4 for 9 HARPS spectra in the 2010 observing epoch.
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Figure 9: Same as figure 4 including the Call infrared triplet (IRT) indices calculated for 16 NARVAL spectra in
the 2016 observing epoch.



0.415¢
3
L 0.410¢

0.405¢

_0.195}

a

< 0.190!

0.185¢%

Figure 10: Same as figure 4 for 23 HARPS spectra in the 2020 observing epoch.
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3 GLS Periodograms per Observing epoch for Call
H&, Hel, Nal & Ha indices
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Figure 11: GLS periodogram of the Call H&K (top left), Hel (top right), Nal (bottom left) and Ha (bottom
right) indices for 7 HARPS spectra in the 2006 observing epoch with the x-axis showcasing the trial periods in
logarithmic scale. Detected periods are shown using appropriate coloured vertical lines with their respective
periods mentioned in the plot legend of each periodogram. The solid, dash-dot and dotted blue horizontal
lines show the false alarm levels for 10%, 1% and 0.1% respectively.
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Figure 12: Same as figure 11 for 66 HARPS spectra in the 2007 observing epoch.
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Figure 13: Same as figure 11 for 47 HARPS spectra in the 2008 observing epoch.
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Figure 14: Same as figure 11 for 40 HARPS spectra in the 2009 observing epoch.
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Figure 15: Same as figure 11 for 9 HARPS spectra in the 2010 observing epoch.
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Figure 16: Same as figure 11 for 16 NARVAL spectra in the 2016 observing epoch. We do not calculate a

periodogram for Call indices since for this epoch, we calculated a Call H index instead.
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Figure 17: Same as figure 11 for 23 HARPS spectra in the 2020 observing epoch.
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