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ABSTRACT
Long-term stellar activity variations can a�ect the detectability of long-period and Earth-analogue
extrasolar planets. We have, for 54 stars, analysed the long-term trend of �ve activity indicators:
log R0HK, the cross-correlation function (CCF) bisector span, CCF full-width-at-half-maximum, CCF
contrast, and the area of the Gaussian �t to the CCF; and studied their correlation with the RVs.
The sign of the correlations appears to vary as a function of stellar spectral type, and the transition
in sign signals a noteworthy change in the stellar activity properties where earlier type stars appear
more plage dominated. These transitions become more clearly de�ned when considered as a function
of the convective zone depth. Therefore, it is the convective zone depth (which can be altered by
stellar metallicity) that appears to be the underlying fundamental parameter driving the observed
activity correlations. In addition, for most of the stars, we �nd that the RVs become increasingly
red-shifted as activity levels increase, which can be explained by the increase in the suppression of
convective blue-shift. However, we also �nd a minority of stars where the RVs become increasingly
blue-shifted as activity levels increase. Finally, using the correlation found between activity indicators
and RVs, we removed RV signals generated by long-term changes in stellar activity. We �nd that
performing simple cleaning of such long-term signals enables improved planet detection at longer
orbital periods.

Key words: Techniques: radial velocities â �A�S Stars: activity â�A�S Stars: chromo-
spheres â �A�S Stars: solar-type â�A�S convection â�A�S planets and satellites: detection.

1 INTRODUCTION

The latest highly wavelength-stabilised spectrographs (such
as ESPRESSO, see e.g. Gonz�alez Hern�andez et al. 2018;
Pepe et al. 2020) can achieve hitherto unprecedented ra-
dial velocity (RV) instrumental precision. Within the con-
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text of exoplanet research, this should enable greater RV
sensitivity to orbiting exoplanets through the study of the
Doppler wobble reex motion they induce on the host star.
However, as such RV measurements become more precise
they also become progressively more sensitive to the RV
signals driven by stellar activity (see e.g. Lovis et al. 2011;
Dumusque et al. 2011b; Meunier & Lagrange 2013). This is
a particular issue for the con�rmation of long-period low-
mass planets, which is becoming an increasing focal point
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of research as the �eld strives towards the discovery and
con�rmation of Earth-analogue planets.

Low-mass main-sequence stars, such as the Sun, gen-
erate magnetic activity that manifests itself as brighter or
darker zones on their surface, such as spots or plage regions.
Due to this stellar activity, the light emitted is a�ected
and causes variations in the shape of the observed stellar
spectral lines. For example, the contrast e�ect of starspots
leads to an apparent emission ‘bump’ in the stellar absorp-
tion line-pro�les. While these bumps are typically not re-
solved directly in the absorption line pro�les themselves,
they manifest themselves as a change in the line asym-
metries and induce RV shifts between a few m s�1 up to
100 m s�1 for the most active stars (e.g. Saar & Donahue
1997; Hatzes 2002; Desort et al. 2007). The presence of fac-
ulae/plage, bright regions associated with elevated magnetic
�eld, also induces a variable signal in the RVs. Since convec-
tion consists of bright, hot, up-owing granules surrounded
by dark, sinking, intergranular lanes, then the dominant
spectral imprint of convection is a net blue-shifted compo-
nent to the spectral line-pro�le. However, in the presence
of plage, this convective blue-shift term is suppressed. This
mechanism, considered to dominate the stellar induced RVs
for low-activity stars (Meunier et al. 2010), is thought to be
the biggest impediment to the RV detection of Earth-like
planets. There are a number of other sources of apparent
RV variations, including stellar oscillations (with RV varia-
tions between 0.10 to 4 m s�1 â �A�S e.g. Schrijver & Zwaan
2000; Chaplin et al. 2019); meridional ows (between 0.7 to
1.6 m s�1, see Meunier & Lagrange 2020); granulation (from
a few cm s�1 up to m s�1 â �A�S e.g. Schrijver & Zwaan 2000;
Dumusque et al. 2011a; Meunier et al. 2015; Cegla et al.
2019; Collier Cameron et al. 2019); and supergranulation
(between 0.3 to 1.1 m s�1, see Dumusque et al. 2011a;
Meunier et al. 2015).

If not properly accounted for, these line-pro�le shape
changes may be mis-interpreted as shifts in the observed
line’s central wavelengths - which may then be mistaken for
apparent radial-velocity shifts (see e.g. Queloz et al. 2001;
Desidera et al. 2004; Rajpaul et al. 2016). Even for low-
activity stars, this can have a dramatic impact on the radial-
velocity follow-up used for determining the (minimum) mass
of exoplanets. Given the long orbital periods of such plan-
ets, it is also possible that any RV study of such a system
would need to span several years in order to robustly retrieve
a repeating planetary signal. We therefore need to under-
stand the impact of stellar activity over a range of di�er-
ent timescales. On timescales of days/weeks, stellar activity
RV variations are predominantly driven by rotational mod-
ulation of spots and plage regions as they cross the visible
stellar hemisphere. While a number of techniques and obser-
vational strategies have been developed to mitigate their ef-
fects on short timescales (Dumusque 2018), monitoring stars
on longer timescales (i.e. a substantial fraction of a stel-
lar activity cycle) presents a di�erent set of problems for
stellar-activity mitigation techniques (see e.g. Santos et al.
2010; Lovis et al. 2011). Indeed, over long-timescales the
activity-cycle will drive changes in the magnetic network and
this will, in turn, change both the plage coverage (Meunier
2018; Meunier & Lagrange 2019) as well as the underlying
magnetic network variation, and may a�ect surface ows
(Meunier & Lagrange 2020). In addition, stars may vary be-

tween exhibiting RV signals that are spot-dominated and
those that are plage-dominated as the magnetic activity cy-
cle waxes and wanes.

There are a number of astrophysical noise re-
moval methods such as using wavelength dependent in-
dices (e.g. Anglada-Escud�e & Butler 2012; Tuomi et al.
2013; Feng et al. 2017), or Gaussian process regres-
sion (e.g. Haywood et al. 2014; Rajpaul et al. 2015;
L�opez-Morales et al. 2016). This last one performs well in
cases where the planetary orbital period is shorter than
the typical active-region lifetime. However, it is likely that
such technique will remove any longer period, low-amplitude
planetary signals (Langellier et al. 2020). Other methods to
remove long-term RV variations induced by stellar activ-
ity usually focus on a magnetic cycle correction of the RVs
determined by �tting the log R0HK variations with a polyno-
mial, sinusoidal or Keplerian function (Delisle et al. 2018;
D��az et al. 2018; Udry et al. 2019). These correction meth-
ods, which are rarely used and only if the star presents an ex-
tremely large magnetic activity cycle variation, do not fully
explore the stellar activity noise removal as they mostly con-
centrate on the trend with log R0HK, and are normally applied
on a case-by-case basis.

The goal of this paper is to study long-term activity
trends (as driven by, for example, stellar activity cycles) and
their impact on measured RVs, with the ultimate goal of mit-
igating this impact to improve the detection of long-period
exoplanets. We present a study of the long-term trends and
their relationship to the measured RVs of 5 activity indi-
cators: the log R0HK, the bisector span (BIS { Queloz et al.
2001) of the cross-correlation function (CCF), the full width
at half maximum (FWHM) of the CCF, the CCF contrast,
and the area of the Gaussian used to �t the CCF. This study
was done using observations of 54 stars, the Sun included,
over long timescales (2 years for the Sun and up to �10 years
for other stars) using data from HARPS and the HARPS-N
solar telescope. The source of the data for our sample are
described in Section 2. Section 3 outlines the di�erent activ-
ity indicators used, the form of their long-term variations,
and how they depend on one another as a function of stellar
spectral type or as a function of the convective zone depth.
In Section 4, we present how these activity indicators can
inuence the measured RVs by looking at the changes seen
in the correlation between activity indicators and RVs and
discuss their physical meaning. In Section 5, we discuss a
method to remove long-term RV trends due to the stellar
activity cycle using the best activity indicators, with the
aim of improving the detection capabilities of exoplanets in
long-period orbits. Finally, we �nish with our conclusions in
Section 6.

2 OBSERVATIONS AND DATA REDUCTION

We used publicly available data from the HARPS spectro-
graph (Mayor et al. 2003) mounted on the ESO 3.6 m tele-
scope at La Silla Observatory, Chile, to study the long-term
variability of 53 apparently slowly-rotating stars (as mea-
sured by their log R0HK), hence we are selecting stars that
should be less active. Additionally, we initially looked at
some M-type stars. However the M2 line-mask has been
found to heavily distort the CCFs (see e.g. Rainer et al.
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2020). Moreover, we also found that the values of the FWHM
obtained for stars where a M2 line-mask was used were sys-
tematically (and signi�cantly) lower than for the stars where
other line-masks were employed. While some methods have
tried to correct the distortions in the radial-velocity and
FWHM measurements (Su�arez Mascare~no et al. 2015), the
o�set found in the FWHM is still present. We therefore de-
cided to focus only on the F-, G- and K-type stars.

The HARPS spectrograph covers a wavelength between
3780 to 6910 �A with a resolving power of R = 115,000. The
53 stars were chosen based on the best availability of fre-
quent sampling over many years on the ESO archive, su�-
cient to see the changes in the magnetic cycle of the stars.
Thus, a minimum of 4 years (1500 days) of baseline was
required, for which at least 5 seasons of data were avail-
able, and for each season at least 4 nights of observations
also had to be available. Another consideration in the selec-
tion process was to remove fast rotating stars in order to
focus on the observations of quiet, low activity, stars. We
therefore only selected stars with estimated rotation peri-
ods (from their mean log R0HK values and the relationship
of Noyes et al. (1984)) longer than 20 days. This selection,
however, was not applied to F-type stars, as they undergo
less magnetic braking over their lifetime relative to later type
stars. Instead, we con�rmed that the F-type stars chosen
were displaying relatively low levels of activity as measured
by log R0HK. The full sample is presented in Table A1. We
used the reduced data available on the ESO archive1, which
are processed with the HARPS-Data Reduction Software
(DRS) pipeline.

For comparison, we also studied solar data, obtained
from the public data from Collier Cameron et al. 2019.
HARPS-N is an echelle spectrograph (Cosentino et al. 2012)
located at the Telescopio Nazionale Galileo (TNG), at the
Roque de los Muchachos Observatory, Spain. It covers the
wavelength range between 3830 to 6930 �A with a resolving
power of R = 115000. With the custom-built solar telescope
operating since 2015, HARPS-N provided disk-integrated so-
lar spectra with a cadence of 5 minutes (Dumusque et al.
2015b; Phillips et al. 2016), enabling Sun-as-a-star observa-
tions. It can typically observe the Sun for around 6 hours
each day with an RV precision of approximately 40 cm s�1

(Collier Cameron et al. 2019).

2.1 Sample data

Table A1 presents all the stars used in this study including
their spectral type (which spans from F6V to K9V) and their
B{V colour index data, as taken from SIMBAD2. Table A1
also shows the total number of spectra used, the number of
individual nights the object was observed as well as the total
time-span covering all of the observations. Furthermore, Ta-
ble A1 presents the median activity level, the log R0HK (this
is not included in the ESO archive data and thus had to
be measured from their reduced spectra as described in Sec-
tion 3) and the minimum and maximum log R0HK levels ob-
served for each star. Finally, the stellar metallicity, the stel-

1 ESO archive: http://archive.eso.org/wdb/wdb/adp/
phase3_main/form
2 SIMBAD: http://simbad.u-strasbg.fr/simbad/

lar mass and the stellar e�ective temperature (taken from
di�erent sources from VizieR3) are also presented in Ta-
ble A1. All of the stars used in this study are main-sequence
stars.

2.1.1 HARPS data

The radial velocities of 53 stars were derived from the
standard HARPS post-reduction analysis, which consists of
cross-correlating each echelle order with either a G2, K5 or
M2 binary mask containing thousands of spectral lines, with
the mask chosen to best correspond to the spectral type of
the observed star. The cross-correlation functions (CCFs)
produced for each order are then combined into a mean-
weighted CCF from which the radial velocities are obtained
by simply �tting a Gaussian to the CCF pro�le and mea-
suring its centroid. These data were accessed via the ESO
archive. The archival data were then vetted in order to en-
sure proper quality control. For example, in January 2015
there was an upgrade to the �bres requiring the HARPS
vacuum enclosure to be opened. This intervention had an
impact on the point spread function, and resulted in an
o�set between various measurements taken before and af-
ter the upgrade. Thus, in order to avoid systematic o�sets
in the data that may impact our analysis, we decided to
only use data taken prior to 2,457,150 BJD (i.e. before the
intervention to facilitate the �bre-upgrade). The aforemen-
tioned imposed date constraints leave us with a potential
base-line of �10 years of data, which is on the order of the
expected duration of one stellar-activity cycle for solar-type
stars (Baliunas et al. 1995).

In addition, we also employed further quality control
cuts to the remaining data to remove outlier points and/or
those a�ected by low signal-to-noise or potential saturation.
If the signal to noise ratio (SNR) for a spectrum was three
times lower than its median value across all spectra, then
this spectrum was removed. Similarly, if there was a risk of
over-exposure, with a SNR value over 500, the data was also
removed. Despite these quality-control cuts, some apparent
outliers still remained. In order to identify and remove the
most extreme outliers, we conducted a ’pre-screening’ cut us-
ing a 30-� median absolute deviation (MAD) clip. We were
able to identify that the majority of the points removed by
this pre-screening were a result of observing the wrong tar-
get, based on a clear mismatch in the spectra. Once these ex-
treme outliers were �ltered out, we performed an additional
cut using a 7-� iterative 4th order polynomial MAD �t clip-
ping (without the polynomial �t being adversely a�ected by
clusters of extreme outliers). This process was repeated until
subsequent iterations did not remove any additional points.
We opted for a conservative 7-� in order to avoid remov-
ing anything that may be astrophysical in nature, while still
removing data-points that were clearly found to be outliers
due to systematics. After investigation, we note that most
of the outliers identi�ed in this second 7-� cut were due to
calibration and/or data reduction errors or twilight/moon
contamination. These two cuts were applied on the radial-
velocity data, as well as on the CCF FWHM, CCF contrast,

3 VizieR: https://vizier.u-strasbg.fr/viz-bin/VizieR, pre-
sented below Table A1
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CCF BIS, and on the log R0HK data (presented in Section 3).
From an initial 63,502 data points taken for our sample be-
tween the date-boundaries de�ned earlier, 6,101 were de�ned
as having too low or overexposed SNR and 2,467 were re-
moved as potential outliers.

Finally, after correcting our data for outliers, we re-
moved (from the RVs) any known signals. First, we corrected
the RVs for the secular acceleration for each star. The secu-
lar acceleration induces a signal in the RV measurements for
stars with high proper-motions, and is caused by the chang-
ing radial and transverse components of the stellar velocity
vector as the observed star passes by the Sun (van de Kamp
1986; Choi et al. 2013):

SA =
0:0229 � �2

�
„m s�1 yr�1” (1)

where � is the parallax in arcseconds and � is the to-
tal proper motion in arcseconds per year, obtained from
the GAIA DR2 (Gaia Collaboration et al. 2018) archive
database4.

In addition, we subsequently removed known planetary
signals from the corrected RVs, as we are only interested in
the RVs induced by the stellar activity of the host-star. We
used planetary catalogues, including exoplanet.eu5 and the
NASA exoplanet archive6, to obtain the properties of exo-
planets in the system, and compared those with any signals
seen in the data. Signals identi�ed as due to known planets
or planet candidates were removed. However, since our data
spans a longer timespan than most datasets used for deter-
mining the planetary orbits, we used allesfitter7 to model
the signals, using the data from the literature as a starting
point, in order to get updated parameters for known planets.
For more information on allesfitter, we refer the reader
to G�unther & Daylan 2019, 2020. The updated planet pa-
rameters will be published separately in another upcoming
paper (Costes et al., in prep.).

Finally, one should note that while most of the stars
presented in this paper are thought to be single stars, some
of them are part of a binary or triple star system. This is
the case for � Centauri B and HD65277, which have orbital
periods of approximately 80 and 965 years, respectively. It
was therefore necessary to remove an additional long-term
RV trend stemming from the binary orbital motion. Follow-
ing Dumusque et al. (2012) for � Centauri B, a second order
polynomial �t was used to remove the RV e�ects caused by
the companion star. Similarly, a linear trend was applied to
HD65277. However, we note that by using a polynomial to
correct for the binary motion, we may also slightly a�ect the
RV variations due to the long-term magnetic cycle. There-
fore, some caution is required when considering the results
for these two stars (see Section 4).

4 GAIA archive: https://gea.esac.esa.int/archive/
5 exoplanet.eu: http://exoplanet.eu/catalog/
6 NASA exoplanet archive: https://exoplanetarchive.ipac.
caltech.edu/
7 alles�tter: https://github.com/MNGuenther/allesfitter

2.1.2 HARPS-N data

In this work, the solar RVs used are those as measured us-
ing the HARPS-N Data Reduction System (Sosnowska et al.
2012) as standard. The data used were taken between
November 2015 and October 2017, just before a 3 month
gap in the observations due to damage to the �bre cou-
pling the solar telescope to the HARPS-N calibration unit
(Collier Cameron et al. 2019). In order to study the RVs
induced only by solar activity, the Doppler wobble e�ects
of the solar-system planets were removed using the JPL
HORIZONS on-line solar system8, a computational web-
interface service that provides access to solar system data.
E�ects caused by di�erential atmospheric extinction were
also removed from the RVs and exposures a�ected by clouds
(which can produce a pseudo-Rossiter-McLaughlin e�ect as
the cloud obscures di�ering portions of the solar disc) were
identi�ed using the HARPS-N exposure meter and also re-
moved, as done by Collier Cameron et al. 2019. The residual
RVs, after following this process, have an rms amplitude of
1.6 m s�1, which is similar to those observed on stars with
similar activity levels (Isaacson & Fischer 2010).

3 ACTIVITY INDICATORS AND
LONG-TERM TRENDS

In this Section, we present the di�erent activity indicators
used to study the long-term activity trend of the stars. As
a �rst example, we look at the correlations between the
log R0HK and the CCF bisector span, FWHM, contrast, and
the area for the Sun, and compare the results with the cor-
relations found for � Centauri B. We then measure the cor-
relations between activity indicators for our 54 stars, and
present the di�erent changes seen as a function of spec-
tral type. These changes seem to unveil fundamental aspects
for solar-type stars. Finally, studying these correlations as a
function of convective zone depth (instead of the stellar ef-
fective temperature) provides further insight into the phys-
ical reasons behind the multiple transitions observed in the
correlations between the di�erent activity indicators.

3.1 Measurements of log R0HK

In the analysis presented in this paper, we have used the
strength of the Ca II H & K re-emission lines (as measured
by log R0HK) as a tracer of stellar activity levels. Since the
log R0HK of each star in our sample is not a product of
the ESO archive data we therefore measured these from
the spectra, following the procedure outlined in Lovis et al.
(2011), which we summarise here.

The S-index was determined by measuring the ux in
two pass-bands centred on each of the Ca II H & K line cores
relative to two surrounding continuum regions (referred to as
the V and R bands). The bands for the Ca II H & K line cores
are centered at rest wavelengths 3933.664 �A and 3968.470 �A,
respectively, and have a triangular shape with a FWHM
of 1.09 �A. The continuum V and R bands are centered at
3901.070 �A and 4001.070 �A, respectively, each with a width

8 JLP Horizons: https://ssd.jpl.nasa.gov/horizons.cgi
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of 20 �A. The S-index, for the HARPS spectrograph, is then
de�ned as:

SHARPS =
H + K
R + V

(2)

where H, K, R and V represent the mean uxes per wave-
length interval for each band. This was measured for each
star in our sample, and veri�ed by comparing (where possi-
ble) with the results from Lovis et al. (2011). We then used
the calibration from Lovis et al. (2011) to map the S-index
from HARPS to the Mt Wilson S-index:

SMW = 1:111 � SHARPS + 0:0153 (3)

Then, after using a conversion factor, Ccf„B�V”, that corrects
for the varying ux in the continuum passbands, and after
correcting for the photospheric contribution in the H & K
passbands, Rphot„B � V”, we calculated the value of R0HK de-
�ned by Noyes et al. (1984), from the S-index:

R0HK = 1:340 � 10�4 � Ccf „B � V” � SMW � Rphot „B � V” (4)

Finally, we compared the median log R0HK of individual
targets in our sample to those from Lovis et al. (2011) over
the same timescale (where this was possible), �nding a me-
dian error of less than 0:01. This small discrepancy can be
explained by the removal of di�erent outliers in our work.
Even though some small changes may a�ect the absolute
values obtained, we are interested in the relative long-term
variations in the log R0HK, which should still largely be pre-
served. In addition, while the same method was used to mea-
sure the log R0HK of the Sun using HARPS-N data, we also
removed the e�ects of spectrograph ghosts that are super-
imposed on the core of the Ca II H & K lines to produce a
high sensitivity and accuracy R0HK (Dumusque et al. 2020).

3.2 Other activity indicators and their long-term
trends

Stellar activity, manifestations of which include the appear-
ance of plage and/or spots, can change the shape of the
spectral line as active regions evolve and/or rotate across the
visible stellar disc. These line-shape changes are reected in
the CCF measurements as variations in the CCF bisector
span, the CCF full-width-at-half-maximum (FWHM), and
the CCF contrast. These CCF measures are products avail-
able in the ESO archive (or from the HARPS-N DRS in the
case of the solar data) for our sample, and are generated us-
ing a spectral-type line-mask closely matched to the target’s
spectral-type (as explained in Section 2).

It should be noted that both the CCF FWHM and CCF
contrast (for the HARPS data) exhibit a slow, systematic
long-term drift. This drift has been attributed to a change in
the instrument focus with time (Dumusque 2018). By com-
paring the drift for every star in our sample, we also noted
an apparent colour-term dependency that impacts the shape
and the amplitude of this instrumental drift. This colour-
term could potentially arise in a number of ways. It could
result from a variation in the instrumental focus across the
chip, which would then manifest itself as a wavelength de-
pendent change in the FWHM. This would be compounded
by the varying spectral energy distribution of the targets
and the di�erent line masks used in the subsequent gener-
ation of the CCF. However, we believe that this e�ect may

be primarily driven by di�erences in the projected rotation
rates of the target stars. Stars with larger FWHMs are less
a�ected by relatively small instrumental drifts, and since
the earlier-type stars have higher projected rotational veloc-
ities, this could lead to an apparent colour-dependency in
the long-term FWHM and contrast drifts.

Disentangling this drift from long-term stellar-activity
variations of the FWHM and contrast is not straight-
forward. While the observed colour-dependency is not
strong, we still opted to apply di�erent instrumental drift
corrections by grouping stars that present broadly similar
colour terms and intrinsic FWHMs. After investigation, we
opted to correct the drift separately for each of the three
broad spectral classes (F, G and K) in our sample. For
each spectral class, we combined separately both the CCF
FWHMs and contrast (after removing their mean value)
of the stars and we simply �tted a 2nd order polynomial
to both the CCF FWHMs and contrast. By combining a
large number of stars in each spectral class, it is hoped that
any stellar activity-cycle variations largely average out, and
that any underlying trend therefore follows the instrumen-
tal (and colour/intrinsic FWHM dependent) drift. We have
then applied to the CCF FWHM (FWHM0) and CCF con-
trast (contrast0) the following drift corrections:

FWHM =

FWHM0 �
�
a � „BJD � BJD0”2 + b � „BJD � BJD0” + c

� (5)

contrast =

contrast0 �
�
d � „BJD � BJD0”2 + e � „BJD � BJD0” + f

� (6)

The values of each coe�cient for each spectral-type are pre-
sented in Table 1. We note that, while the drift we measured
varies as a function of spectral type, the general form of the
trend is not overly dissimilar across all types of stars in our
sample { that is, there is no sudden change in the shape
of the trend as one looks at di�erent stellar types/colours.
Finally, following Collier Cameron et al. (2019), we have de-
�ned the CCF area as the product of the (corrected) CCF
FWHM and contrast.

3.3 Examples: The Sun and � Centauri B

In Figure 1 we present an example case study showing the 5
activity indicators and the RVs for the Sun and for � Cen-
tauri B, which cover a baseline of 2 and 10 years, respec-
tively. These stars were chosen as they are extremely well-
sampled and the progression through the stellar-activity cy-
cle for � Centauri B is clear. The blue points correspond to
the binned daily/nightly inverse-variance weighted mean of
the measurements. Since we are interested in long-term ac-
tivity changes, we have �ltered out shorter period rotational
modulation variations by binning each season of observa-
tions (again using a weighted mean). These are shown as
red points for � Centauri B, and the same process was also
followed for the other 53 HARPS targets in this paper. In the
case of the solar data (which is continuously observed and
therefore lacks clearly de�ned seasons) the binning was done
every 50 days, corresponding to �2 solar rotations. As can
be seen in Figure 1, the red points nicely trace the long-term
activity changes for both targets.
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Correction Coe�cient F-type stars G-type stars K-type stars

a 8:3 � 1:3 � 10�10 9:4 � 0:7 � 10�10 1:5 � 0:2 � 10�9

FWHM b 1:0 � 0:7 � 10�6 2:6 � 0:3 � 10�6 4:9 � 8:9 � 10�7

c �1:01 � 0:08 � 10�2 �1:33 � 0:04 � 10�2 �1:2 � 0:1 � 10�2

d 7:3 � 0:8 � 10�9 7:0 � 0:6 � 10�9 �3:9 � 1:5 � 10�9

contrast e �4:9 � 0:4 � 10�5 �7:2 � 0:3 � 10�5 �3:8 � 0:7 � 10�5

f 7:2 � 0:5 � 10�2 1:29 � 0:03 � 10�1 1:30 � 0:08 � 10�1

BJD0 2452942.66 2452937.55 2452937.57

Table 1. Values used for the correction of the instrumental (colour-term dependent) drift of the CCF FWHMs and contrasts. A di�erent
correction was made for each spectral class.

Figure 1. The activity indicators and measured RVs for the Sun (left) and � Centauri B (right), spanning over 2 years and 10 years of
HARPS-N and HARPS observations, respectively. The blue points correspond to the daily/nightly weighted mean, while the red points
correspond to a 50 days weighted mean binning for the Sun and a seasonal weighted mean binning for � Centauri B. The Pearson’s R
correlation coe�cient, measured for each data set relative to log R0HK for the binned data, is displayed in the legend. A net di�erence in
the correlation between these two targets can be observed for the CCF FWHM and for the CCF area.

One can see the diminution of activity in the Sun, ob-
served here as a decrease in log R0HK in Figure 1. This decline
in activity seems also mirrored by a corresponding decrease
in the BIS, thus, both of these activity indicators seem to be
correlated over the long-term trend. While the FWHM looks
at, and does not seem to be strongly (anti-)correlated with
long-term activity variations, both the contrast and the area
are increasing as the solar activity level decreases. It is then
safe to assume that, for the case of the Sun, it is the contrast
that drives the long-term trend of the CCF area, compared
to the FWHM, which has a smaller overall impact. In addi-
tion, we note a break in the trend lines of the BIS, contrast
and area, around BJD 2,457,850. This interruption, observed
by Collier Cameron et al. (2019), coincides with the appear-

ance of large, persistent bipolar active regions in late March
2017. The trends are then resumed later from their new lev-
els, around BJD 2,457,900. From the observations of isolated
peaks in the FWHM, correlated with the number of spots,
and the persistence of the BIS signal for several rotations,
Collier Cameron et al. (2019) suggested that the FWHM re-
sponds to dark spots while the BIS traces inhibition of con-
vection in active-region faculae.

Finally, we can also see that the contrast is a�ected by
both spots and plage regions. This is evidenced by the fact
that we can see dips in the CCF contrast that correspond to
sharp rises in the FWHM as spot regions rotate into view.
The fact that, in addition, the CCF contrast shows appre-
ciable long-term variability indicates that it is also impacted
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