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ABSTRACT

Context. The intrinsic variability due to the magnetic activity of young active stars is one of the main challenges in detecting and char-
acterising exoplanets. The stellar activity is responsible for jitter effects observed both in photometric and spectroscopic observations
that can impact our planetary detection sensitivity.

Aims. We present a method able to model the stellar photosphere and its surface inhomogeneities (starspots) in young, active, and
fast-rotating stars based on the cross-correlation function (CCF) technique, and we extract information about the spot configuration of
the star.

Methods. We developed SpotCCF, a tool able to model the deformation of the CCF profile due to the presence of multiple spots
on the stellar surface. Within the Global Architecture of Planetary Systems (GAPS) Project at the Telescopio Nazionale Galileo, we
analysed more than 300 spectra of the young planet-hosting star V1298 Tau provided by the HARPS-N high-resolution spectrograph.
By applying the SpotCCF model to the CCFs, we extracted the spot configuration (latitude, longitude, and projected filling factor) of
this star, and provide a new radial velocity (RV) time series for this target.

Results. We find that the features identified in the CCF profiles of V1298 Tau are modulated by the stellar rotation, supporting our
assumption that they are caused by starspots. The analysis suggests a differential rotation velocity of the star with lower rotation at
higher latitudes. Also, we find that SpotCCF provides an improvement in RV extraction, with a significantly lower dispersion with
respect to the commonly used pipelines. This allows mitigation of the stellar activity contribution modulated with stellar rotation. A
detection sensitivity test, involving the direct injection of a planetary signal into the data, confirms that the SpotCCF model improves
the sensitivity and ability to recover planetary signals.

Conclusions. Our method enables us to model the stellar photosphere and extract the spot configuration of young, active, and rapidly
rotating stars. It also allows the extraction of optimised RV time series, thereby enhancing our detection capabilities for new exoplanets

and advancing our understanding of stellar activity.

Key words. techniques: radial velocities — techniques: spectroscopic — stars: activity — starspots

1. Introduction

Stellar activity in late-type main sequence stars is the observ-
able evidence of a hydromagnetic dynamo generating magnetic
fields in their external convection zones. It manifests as a variety
of phenomena that reach the stellar surface (e.g. chromospheric
plages, starspots, heating of the chromosphere and corona, and
impulsive flares) and can be indirectly observed with numerous
activity tracers, including Ca II H&K emission (e.g. Noyes et al.
1984; Scandariato et al. 2017a; Maldonado et al. 2017; Di Maio
et al. 2020), X-ray flux (e.g. Wright et al. 2011), or photometric
variability caused by spots and flares (e.g. Kron 1947; Walkowicz
et al. 2013; Davenport 2016).

*Full Table B.l1 is available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/683/A239

** Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG) operated by the Fundacion Galileo Galilei (FGG) of the
Istituto Nazionale di Astrofisica (INAF) at the Observatorio del Roque
de los Muchachos (La Palma, Canary Islands, Spain).

Starspots, regions cooler than the surrounding photosphere,
represent a manifestation of magnetic field lines passing through
the stellar photosphere and obstructing the convective welling
up of hot plasma (Schrijver et al. 1989; Skumanich et al. 1975;
Solanki et al. 2006; He et al. 2018; Choudhuri 2017). In gen-
eral, stellar activity leads to temperature inhomogeneities on the
stellar surface and a quenching of the convective blueshifts of
photospheric spectral lines.

A significant fraction of young solar-type stars show very
fast rotation rates, which play a key role in amplifying internal
magnetic fields through the action of the dynamo mechanism.
However, in very fast-rotating stars, the level of activity satu-
rates (e.g. Pizzolato et al. 2003; Vidotto et al. 2014; See et al.
2019). Several theoretical attempts have been made to model this
specific dynamo state (e.g. Kitchatinov & Olemskoy 2015), but
a conventional explanation for this effect is still lacking.

In this context, spot size and distribution patterns on
the stellar surface could serve as fundamental constraints for
understanding the stellar dynamo mechanisms (Strassmeier
2009). Additionally, many works have explored the possibility
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offered by star spots as tracers of stellar rotation and differen-
tial rotation (Mosser et al. 2009; Walkowicz et al. 2013; Lanza
2016; Mancini et al. 2017), which are essential components of
theoretical models explaining the amplification mechanisms of
the stellar dynamo (e.g. Spruit 2002; Arlt & Riidiger 2011).

Stellar activity has a significant influence on the stellar envi-
ronment, and in turn, on the formation and early evolution of
planets orbiting the star. A detailed understanding of stellar
activity is a prerequisite for exoplanet detection through indirect
methods — in particular with the radial velocity (RV) technique
— which rely on efficient mitigation of the activity noise. Indeed,
stellar activity can pose challenges for exoplanet detection and
characterisation: the presence of spots can alter photospheric
spectral lines, inducing RV variations that can either mask plan-
etary signals or produce spurious signals that mimic planet
signatures. Planetary systems at young ages — when the activity
level is strong enough to hamper planet detection — represent an
interesting resource for understanding the formation and migra-
tion process, as well as for studying the physical evolution of the
planets themselves and the planet’s photoevaporation. Although
the high level of stellar activity makes the search for new exo-
planet candidates more challenging, it is important to monitor
and study young and intermediate-age stars to search for planets
in formation or at the early stage of their evolution within the
timescale of migration.

In this context, modelling the activity of young stars is cru-
cial in order to increase our knowledge of the early evolution
of stars and their planets and to disentangle stellar and plane-
tary signals, allowing the detection of new exoplanet candidates.
Many techniques for observing and modelling stellar activ-
ity have been developed. Traditionally, star spots are detected
using modelling techniques; for example, light-curve inversion
(e.g. Budding 1977; Savanov & Strassmeier 2008; Lanza et al.
2010; Scandariato et al. 2017b), Doppler imaging (e.g. Collier
Cameron & Unruh 1994; Strassmeier & Rice 2000; Strassmeier
2002), and Zeeman-Doppler imaging (e.g. Donati et al. 1998,
2003; Strassmeier et al. 2023).

Stellar activity can also be probed by measuring time-
dependent variations in the shape of the cross-correlation func-
tion (CCF). The CCF is computed from the correlation between
the measured spectrum and a weighted binary mask and is
constructed by shifting the mask as a function of the Doppler
velocity. The binary mask excludes the strongest spectral lines
such as Ha or Ca II H&K or the Na doublet, which can have a
chromospheric reversal in their cores.

The resulting CCF is a function describing a flux-weighted
mean profile of the stellar absorption lines transmitted by the
mask. The minimum of the CCF as a function of the Doppler
offset is the RV measurement. The shape of the CCF is usu-
ally fitted to find the stellar RV using a Gaussian profile (Fellgett
1955; Baranne et al. 1996; Pepe et al. 2002).

Many authors have tried to correct for stellar activity when
extracting and analysing the RV using several approaches,
including decorrelation of the RV measurements against activ-
ity indicators, such as log R;_IK or line shape indicators (e.g.
Saar & Fischer 2000; Meunier et al. 2010, 2017; Lanza et al.
2018; Maldonado et al. 2019); modelling stellar activity in RVs
with Gaussian process, moving average, or the kernel regres-
sion technique (e.g. Haywood et al. 2014; Rajpaul et al. 2015;
Lanza et al. 2018; Damasso et al. 2023); using a line-by-line
analysis (e.g. Dumusque 2018; Cretignier et al. 2020); and study-
ing spectral line profile variability (e.g. Zhao & Tinney 2019;
Meunier & Lagrange 2020). In this paper, we present SpotCCF,
a new method for spot modelling and RV extraction based on
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CCF fitting. SpotCCF was developed with a focus on active
stars with a significant rotational broadening of the order of
a few tens of kms™!. In the context of the Global Architec-
ture of Planetary System (GAPS) program (Covino et al. 2013;
Carleo et al. 2020), we applied our method to the HARPS-N
observations of the young planet-hosting star V1298 Tau. The
reduction of the high-resolution HARPS-N observations and the
extraction of the RVs are typically performed using the Data
Reduction Software (DRS) pipeline (Pepe et al. 2002; Dumusque
et al. 2021) and in specific cases also using the HARPS-TERRA
(Template-Enhanced Radial velocity Red-analysis Application)
pipeline (Anglada-Escudé & Butler 2012). In young and fast-
rotating stars, the spectral lines are enlarged due to the rotational
broadening, which dominates other broadening effects. For this
reason, the CCF profile is not accurately described by the Gaus-
sian fit, as assumed by the DRS pipeline, but rather by a
rotational profile. Moreover, given that the CCF profile gath-
ers information from each individual spectral line selected in
the mask, average changes in the individual line profiles due
to stellar activity produce changes in the shape of the CCF.
The net result is that the average CCF profile changes from
one observation to another (depending on the instantaneous
spot configuration), which invalidates the use of a reference
template as done in TERRA. This circumstance motivated the
implementation of an alternative RV-extraction pipeline.

This paper is organised as follows. We describe the target
and the observations in Sect. 2. We detail our model (SpotCCF)
in Sect. 3, and describe the correction of the CCF profiles and
the RV extraction in Sect. 4 and Sect. 5, respectively. Section 6
presents our analysis of the RV time series and the comparison
with the TERRA dataset. In Sect. 7 we describe how we charac-
terised the spots using the parameter obtained from the fit, while
a test of the presence of differential rotation follows in Sect. 8. In
Sect. 9, we present a test of the detection sensitivity by direct
injection of a planetary signal into the data. Our conclusions
follow in Sect. 10.

2. V1298 Tau

V1298 Tau is a young solar-mass K1 star that is relatively bright,
with a visual magnitude of 10.1. Its estimated effective tempera-
ture is 5050 + 100 K, with solar metallicity, and a luminosity of
0.954 +£0.040 Ly (Sudrez Mascarefio et al. 2021). The logarith-
mic surface gravity is 4.246 +0.034 dex (David et al. 2019a).
V1298 Tau is located at a distance of 108.6+0.7 pc in the
Taurus region and belongs to the Group 29 stellar association
(Oh et al. 2017). The main stellar parameters of V1298 Tau are
listed in Table 1.

V1298 Tau was observed in 2015 by the NASA K2 mis-
sion (Howell et al. 2014), which led to the discovery of four
transiting planets, all with sizes ranging from that of Neptune
to that of Jupiter (David et al. 2019a,b). The three inner plan-
ets have well-constrained orbital periods of 24.1396 +0.0018,
8.24958 + 0.00072, and 12.4032 +0.0015 days, and radii of
0.916*30%2. 0.499*0032 and 0.572*00% Ry, respectively. The
outer planet, e, is the most challenging planet of the system,
with a more uncertain orbital period (40-120 days) and a radius
of 0.7807007 Ry, which were derived from a single transit.
Feinstein et al. (2022), using a new TESS observation, found the
most likely period of V1298 Tau e to be 44.17 days, and a radius
of 9.94 +0.39 Ry, which is ~30 larger than what was found in
the original K2 data (David et al. 2019b).
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Table 1. V1298 Tau main parameters.

V1298 Tau
Spectral type K1
M, (M) @ 1.170 + 0.060
Ry (Ro)@ 1.278 £ 0.070
log g (dex)® 4.246 + 0.034
Age (Myr)® 23+4
Ter (K)@ 5050 + 100
Distance (pc) ©  ~108.5 + 0.7
vsini (km s!)@ 23.8+0.5
Pyhot (days)® 2.865 +0.012

References. “Sudrez Mascarefo et al. (2021). ®David et al. (2019a).
©)Gaia Collaboration (2021).

Given the youth of the system and its potential to provide
insights into the initial conditions of close-in planetary systems
(e.g. Owen 2020; Poppenhaeger et al. 2021), extensive follow-
up observations have been conducted on V1298 Tau. These
efforts include attempts to constrain planet masses through radial
velocities (Beichman et al. 2019; Suarez Mascarefio et al. 2021;
Finociety et al. 2023), measurement of the spin-orbit align-
ments of planet ¢ (Feinstein et al. 2021) and planet b (Gaidos
et al. 2022; Johnson et al. 2022), measurement or constraint of
atmospheric mass-loss rates for the innermost planets (Schlawin
et al. 2021; Vissapragada et al. 2021; Maggio et al. 2022), and
an approved program to study planetary atmospheres using the
James Webb Space Telescope (Desert et al. 2021).

V1298 Tau is a highly active star that exhibits significant RV
variations, principally caused by stellar activity. It is a star with
a high projected equatorial rotational velocity, vsini, of 23 +2
km s~ (David et al. 2019a), and displays a broadened CCF pro-
file. This derived rotation velocity is consistent with the value of
23.8+0.5 kms™! reported by Sudrez Mascarefio et al. (2021).

In the present work, we analysed 311 spectra of V1298
Tau, obtained with the HARPS-N spectrograph (Cosentino et al.
2014) within the GAPS observing program. HARPS-N is fibre
fed, has a resolving power of R ~ 115000, and covers a spectral
range of 3830-6930 A. The spectra were collected in acquisition
mode — involving fibre A on the target and fibre B on the sky
— between March 2019 and March 2023, with a typical expo-
sure time of 1200 s, oand a median S/N of 60 measured at a
wavelength of 5500 A. When permitted by the visibility win-
dow of the target, we collected two spectra on the same night,
separated by at least 2h. The spectra were reduced with the
K5 mask using the YABI platform (Hunter et al. 2012) hosted
at the IA2 Data Center!. In addition, due to the high rotation
rate of the star, we increased the width of the half-window for
the computation of the CCF from the default value of 20 up to
100 km s~ to clearly cover the continuum around the wings of
the CCF profile.

The typical RV dispersion ranges between 890 ms™ and
290 ms~! for DRS and TERRA, respectively. Some of these
observations were included in the dataset analysed by Sudrez
Mascareiio et al. (2021). More details on the HARPS-N time
series are provided in Sect. 6.

1

3. Modelling of CCF in the presence of spots

The aim of this work is to develop a model (SpotCCF) represent-
ing the CCF profile of active stars, with vsini of tens of kms™!

I https://www.ia2.inaf.it

in which the CCF is strongly broadened. In these cases, the spec-
tral lines are enlarged due to the rotational broadening, with this
characteristic dominating over other stellar broadening effects.
For this reason, the CCF is not accurately described by the Gaus-
sian fit, as employed by the HARPS/HARPS-N DRS pipeline,
but rather by a rotation profile.

Assuming the star to be spherical and rotating as a rigid body,
a synthetic spectrum can be obtained through the convolution of
the spectrum of a non-rotating star with the rotational profile
G(AQ) described by Gray’s equation (Gray 2018):

+y
l Ly]l chy/R
GAD) =G,) = v, fflc cos Odw
0 if |v,| > vy or |AA] > AL
(H

if |v,| < vp or |AA] < AL

with v = vsini, where v is the equatorial rotation velocity and
i is the angle of inclination of the star spin axis with respect to
the line of sight. v, represents the AA shift from the line centre
expressed in kilometres per second. The continuum intensity is
denoted I, while R represents the stellar radius. The stellar disc
can be divided into strips parallel to the projection of the spin
axis on the disc itself, and the Doppler shift is constant along
each strip, with the highest shift at the limbs with a value of
v, = vsini. The integration limits, y;, represent the extremes
of the projected stellar disc in the orthogonal plane where the
projections are defined, considering that the origin is in the star
centre. We evaluate G(AA1) assuming the limb-darkening law
proposed by Claret (2000) (Eq. (2)), which is the most precise
analytical representation of the limb darkening to date (Howarth
2011; Morello et al. 2017):

D) N 2
== a1 - "), 2
L, Z A M

n=1

where A indicates a specific spectral bin or passband, and u =
cos @, with being 6 the angle between the stellar surface nor-
mal and the line of sight. The stellar intensity is denoted I;),
while ;) is the intensity at the centre of the disc (u = 1). The
limb-darkening coefficients, a, ;, are derived using the database
PHOENIX_2012_13 (Claret et al. 2012, 2013) of the ExoTETHyS
package (Morello et al. 2020).

Stars with high v sin i show higher stellar activity levels than
other stars. For this reason, to take into account the activity level
of the star, the presence of one or more spots on the stellar disc
was included in the model.

In Fig. 1, we sketch the correspondence between position
within the Doppler-shift distribution and longitude on the star
for an equator-on line of sight. Surface features that alter the
amount of light coming from specific longitude bands will intro-
duce structures into the rotational profile. In the simplest case, a
dark spot reduces the contribution to the light in one of the strips,
as shown in Fig. 1. This produces a dip or notch in the rotation
function G(AAQ) at the Doppler shift corresponding to that strip.
The bump appears on the short-wavelength side of the profile as
the spot becomes visible on the approaching limb. It migrates
across the profile, growing stronger as the spot becomes increas-
ingly face-on, reaching its largest size as the spot crosses the
star’s meridian. As the bump continues on the receding side of
the disc, the same pattern is played in reverse, with the bump fad-
ing in size and moving to its maximum positive Doppler shift.
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Fig. 1. Effect induced by the presence of a stellar spot on the rotational
profile. Upper panel: Spot centred at (-X¢,yo) on the projected stellar
disc. The rotation of the star brings the spot centre to the new position on
the disc (Xo,yo). Bottom panel: Rotation profile modified by the presence
of a spot. The Doppler-shift distribution exhibits a notch or dip at the
spot’s position. As rotation carries the spot across the stellar disc, the
position of the notch moves across the Doppler-shift distribution and its
strength changes with the projected area of the spot and for the effect of
the limb darkening. Figure adapted from Gray (2018).

More generally, the Doppler shift for a spot of latitude / and
longitude L is given by

AA =vsinicos/sin L. 3)

To take into account the presence of the spot, we adapted
Gray’s formula (Eq. (1)), changing the integration limits and
computing a rotational profile only across the portion of the
disc covered by the spot. In this way, we obtained the analytical
expression of Gray’s formula for the spot, Gepoi(AQ).

By subtracting the Gray rotational profile of the spot,
Gpot(AA), from the rotation profile calculated on the entire disc
G(AQ), we obtain the final rotation profile G¢(A1), which takes
into account the presence of the spot.

G(AD) = norm * [G(AA) — G (AD)], “)

where norm is a normalisation parameter.

However, the analytical calculation of this function is com-
putationally demanding, which is why a numerical model was
developed. We constructed a photospheric stellar model, where
the star is treated as a spherical object that is mapped onto a
Cartesian coordinate system, with a grid of 999 pixels in the
range [—1;1] in units of R,, and each spot is represented as a
spherical cap with a radius matching that of the spot. The stel-
lar flux contribution is calculated for each pixel on the stellar
map, with no contribution from the pixels representing the spots
(black spots, T ~ 0). Finally, the calculated flux contribution is
integrated across each strip of the stellar disc.

To model the CCF, we need to establish the latitude and the
longitude of the centre of the spot, as well as the filling factor,
to identify where the Ggpo(AA) should be calculated — or in the
case of the stellar map, to identify the positions of the pixels of
the grid representing the spot.

If we use a coordinate system where the z-axis is along the
line of sight, x and y identify the orthogonal plane where the
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projections are defined (the plane of the sky), and the origin is
the star centre, the projected spot centre is in the position (xg,yo):
{xo = sin(/) sin(i) — cos(l) cos(L) cos(i) )

yo = cos(!) sin(L),

where [ and L are the latitude and longitude of the spot, respec-
tively, and i is the inclination of the stellar spin to the line of sight
Z (see a detailed derivation in Appendix A). As we are assuming
a spot with a circular shape, its projection on the stellar disc is
an ellipse with semi-axes a = Ryt and b = Ry cos(l) sin(L),
where Rgpo is the radius of the spot in stellar radii units. The
spot-filling factor is ff = prot, while the filling factor pro-
jected on the stellar disc is the area covered by the ellipse,

ffy =ab =R, V1 —r2 where r = {/xj +y; is the projected

distance of the spot from the star centre. We used the relation

between the rotational period of the star and the amplitude of

the rotational modulation obtained by Messina et al. (2001) to

place constraints on the filling factor of the spot, considering
2R,

Pt = —.

The Il{umerical integration does not take into account the
wings of the CCF profile because the function is not defined in
those points. For this reason, the G¢(AA1) has been convolved with
a Lorentzian function, L(A1), that takes into account the wings
in the CCF profile, which are given by

| 6
wy | A2 + 92 ©

where v is the scale parameter that specifies the half width at
half maximum.
Finally, the model used to fit the CCF profile is described by

Model = Gg(AX) * L(AD). 7)

2
L(ALy) = i[ Y

4. CCF correction

When the ‘objAB’ acquisition mode is employed for HARPS-N,
the fibre B of the spectrograph is used to acquire the sky spec-
trum in order to obtain an optimal subtraction of the detector
noise and background. The DRS pipeline also computes the CCF
of the sky spectrum obtained using the fibre B, which we denote
CCFg.

Some of the V1298 Tau CCF profiles that were analysed
exhibited anomalous deformations that were also present in the
CCFjg (see an example in Fig. 2). These types of deformations
could appear in the wings or even the core of the CCF pro-
file, leading to incorrect RV estimations and/or the introduction
of spurious signals. As previously reported by Malavolta et al.
(2017), these deformations may be caused by moon illumination.
To mitigate these deformations in all the CCF profiles, we fol-
lowed the procedure described in Malavolta et al. (2017). Firstly,
we recalculated the CCFg using the same flux-correction coef-
ficients as those used for the target CCF, during the specific
acquisition. Next, the CCFg was subtracted from the correspond-
ing CCF,. The outcome of this process is the sky-corrected CCF
profile (lower panel of Fig. 2).

5. Extraction of spot parameters and radial
velocities

The CCF profiles of V1298 Tau, which are corrected for sky
effects, exhibit multiple deformations as shown in Fig. 3.
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Fig. 2. Example of CCF profile distorted by the effect of the moon illu-
mination. Top: CCF profile of the fibre A. (Middle) CCF profile of fibre
B, CCFg. The black dashed vertical lines highlight the deformations in
both profiles. Bottom: Sky-corrected CCF.
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Fig. 3. Example of a normalised CCF profile of V1298 Tau. The
deformed profile is due to the presence of one or multiple spots.

We applied SpotCCF to the CCF profiles of V1298 Tau in
two steps. In the first step, we used a model that accounted for the
presence of one black spot on the stellar disc, which we refer to
as the ‘One-spot model’. We explored the full (hyper)parameter
space using the Monte Carlo (MC) nested sampler and Bayesian
inference tool MultiNest v3.10 (Feroz et al. 2019), with the
pyMutliNest wrapper (Buchner 2016). The priors used in all
the analyses described below are summarised in Table 2. The
MC sampler was set up to run with 5120 live points for both the
One-spot model and the Two-spots (see below) model and with a
sampling efficiency of 0.5 for all cases considered in this study.

Table 2. Prior parameters of the model used for RV extraction of
V1298 Tau.

Parameter Prior Description

Norm LU(1074,10%)  Normalisation parameter
Stellar parameters

RV (kms™!) U(10,20) Centroid of CCF profile
vsini (kms™!) 24.74 (fixed) Width of CCF profile

v (kms™) U(1072,10%)  Lorentzian parameter

i (rad) /2 (fixed) Inclinational angle

Spot parameters

Latitude (rad) fu(o, g)

Longitude (rad) U(—m, 1)

Rspot .C‘Ll(lO‘z, 0.5)

Notes. The prior labels of N, U, and LU represent normal, uniform,
and loguniform distributions, respectively. Longitude and latitude are
uniformly distributed in the interval.
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Fig. 4. Examples of CCF profiles of V1298 Tau fitted with One-spot
model (a) and Two-spots model (b) and the corresponding residuals (in
bottom panels). The inset of each plot shows the location of the spots on
the stellar disc, as defined by the fit of both models; the grid indicates
longitudes and latitudes from —90 to 90 degrees with 15-degree inter-
vals.

The log-likelihood function to be minimised is expressed as:

1 o n n 2 1
It = =3 > L Snrer,
n=1

i
where y, and t#, are the values of the CCF profile and the Doppler
velocities, respectively; 6 is the array of model parameters, fy(7)

is the model function, N are the number of CCF points, and o
is the white noise term (jitter).
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Fig. 5. Example corner plot of the best-fit parameters obtained from the fitting of a CCF profile of V1298 Tau with the Two-spots model. The red
and green lines mark the median and the maximum a posteriori values, respectively, while the dashed black lines are the 16th and 84th quantiles.
The median + 10 values are reported in the title of each histogram. The latitude and longitude scales are in radians.

In general, there are four parameters for the star (vsini, RV,
v, ), three parameters for each spot (latitude, longitude, Ryq), a
normalisation parameter, and the jitter 0.

To establish the priors for the parameters vsini, y, and i,
which should be consistent across all observations, we conducted
a series of tests in which we allowed these parameters to vary
within a range around their literature values. In particular, we
kept vsini fixed at 24.74 km s~!, which is the value most fre-
quently obtained in previous tests, and the inclination of the
rotation axis to the line of sight i at 90 degrees (a reasonable esti-
mate derived from the value of v sini, R, and Py ). Additionally,
to break the degeneracy on the hemispheric location of the spots
that arises when the inclination of the spin axis is 90 degrees, we
assume that the spots are always located in the northern hemi-
sphere of the star. This star is observed close to equator-on, such
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that a spot in the upper hemisphere — or symmetrically, in the
lower hemisphere — of the star, with the same longitude and
filling factor, contributes equally to the CCF profile. The spot
radius, normalised to the stellar radius, was allowed to vary in
the range [1072, 0.5] to prevent spots that were too small from
being resolved by the mapping resolution, or to prevent spots
that are too large and cover the entire stellar surface.

In the second step, we used a model that accounts for the
presence of two different black spots on the stellar surface
(“Two-spots model’) to fit the CCF. We note that this multi-spot
model also considers cases where spots are entirely or partially
overlapping. We adopted the same priors as in the One-spot
model, which are detailed in Table 2. The logarithmic Bayesian
evidence, log Z, was used as an estimate of the goodness of the
model. There is very strong evidence (A log Z ~ 2000 >> 5)
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Fig. 6. Comparison between RV measurements obtained with the
SpotCCF (coloured filled points, ranging from blue to red as a func-
tion of the observation time) and TERRA RVs (red empty points). For
each season, we indicate the RMS of the corresponding RV subsample:
the RMS of the RVs extracted from TERRA in red, and the RMS of the
SpotCCF RVs in black.

according to Kass-Raftery scale (Kass & Raftery 1995),
supporting the Two-spots model for all the analysed CCF
profiles of V1298 Tau.

Figure 4 shows an example of a CCF profile of V1298 Tau
fitted with a One-spot model and Two-spots model, and the cor-
responding spot configuration. As an example, Fig. 5 shows the
corner plot of the best-fit parameters acquired from fitting a CCF
profile of V1298 Tau using the Two-spots model. Here, o7 is
the jitter noise, which refers to the noise level to be added to
the model as an additional parameter to account for unmodelled
contributions or other factors not considered by the model.

6. Radial velocity time-series analysis

To extract the RVs of V1298 Tau, we applied SpotCCF to its
CCEF profiles, selecting the best model based on Bayesian evi-
dence values, typically the Two-spots model. We compared the
RV time series obtained with SpotCCF to the RVs obtained
with the TERRA pipeline (see Fig. 6), as the latter shows a
reduced RV dispersion compared to the DRS. The root mean
square (RMS) of the RVs obtained with SpotCCF is significantly
smaller (between 40% and 60%) than the RMS obtained with
TERRA, with the largest decrease observed during the second
season. In addition, we assessed the effect of including an extra
spot in the SpotCCF model (Three-spots model) on the extrac-
tion of RVs. We verified that the Three-spots model exhibited
greater RV dispersion compared to the Two-spots model in all
observing seasons. This can be attributed to correlations between
the RV measurements and the other parameters, such as y or the
longitudes of the third spot, correlations that were not present in
the Two-spots model (see an example in Figs. B.1 and B.2).

To search for periodicities in the RV data obtained
with SpotCCF, we used the generalized Lomb-Scargle
periodogram (GLS, Zechmeister & Kiirster 2009). The
periodogram (see Fig. 7a) identifies a significant frequency
at 0.34716 +0.00005 day~' (period of 2.8806+ 0.0004 days),
corresponding to the rotational period of the star, Py,
highlighted with a dashed magenta line, and the 1 — f alias (fre-
quency of about 0.65 day™'). Figure 7a shows the periodogram
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Fig. 7. GLS periodogram of the V1298 Tau RVs obtained with the
SpotCCF (panel a) and the TERRA pipeline (panel b). The red dots
highlight the maximum power and the dashed red line indicates the FAP
at 1.0% (upper panels). The vertical dashed magenta line highlights the
P, of the star, while the green dashed line indicates P, /2. The bottom
panels show the RVs (left) and the residuals (right) phase folded with
the dominant period. The colour gradient, as shown in Fig. 6, helps in
identifying the modulation in the phase-fold residuals across different
observing seasons.

Table 3. Summary of the sinusoidal fits obtained from the periodograms
applied to the V1298 Tau RVs derived with SpotCCF and TERRA.

Parameter SpotCCF TERRA
Weighted RMS of dataset (m s7h 115.29 199.27
RMS of residuals (ms™') 101.12 182.49
Mean weighted internal error (ms~!) 6.08 8.79

Best sine frequency (day) 0.34716 £ 0.00005 0.34722 +0.00006
Best sine period (day) 2.8806 +0.0004  2.8800 =+ 0.0005
Amplitude (ms™!) 79+8 115+ 15

of the RVs obtained with the TERRA pipeline. In this case, as
well, the periodogram identifies a significant frequency at the
P of the star. However, the frequency at the first harmonic of
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Fig. 8. GLS periodogram of the V1298 Tau RVs obtained with the SpotCCF (panel a) and the TERRA (panel b) pipeline and their residuals after
recursive prewhitening. In each panel, the vertical and dashed lines indicate the stellar rotation frequency (in magenta) and its harmonics (in green
and black), and the horizontal red dashed line highlights the FAP at 1.0%. Each panel reports the RMS of the dataset.

the Py of the star (green dashed line), which is present in the
TERRA periodogram, disappears in the SpotCCF periodogram.
Furthermore, it is worth noting that the SpotCCF periodogram
does not reveal the intricate pattern of peaks around the Py
and its harmonics, respectively, which are clearly visible in the
TERRA periodogram. The results of the sinusoidal fit from both
periodograms are summarised in Table 3.

We note that the RV semi-amplitude obtained from SpotCCF
is about 30% lower than the one obtained with TERRA, and
the RMS of the residuals obtained from the subtraction of the
best sinusoid from SpotCCF RVs is about 45% lower than the
TERRA RMS of the residuals. Furthermore, it can be noted that
the modulation present in the phase-folded residuals of TERRA
disappears when SpotCCF is used (see the bottom right panel
in Figs. 7a and b). This is also confirmed by the periodogram,
as the SpotCCF periodogram appears cleaner and the rotational
period seems better identified. This result suggests a substantial
removal of rotation-related frequencies by SpotCCF. The pres-
ence of a peak at the Py that remains visible could be attributed
to the approximate representation of spots, both in terms of
their number and shape, within the SpotCCF model, or to other
phenomena responsible of the stellar variations.
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We performed an additional test by calculating the GLS
periodograms for both the original data and residuals obtained
after recursive prewhitening for both datasets. The periodogram
of TERRA RVs exhibits a complex structure centred around
the stellar rotation frequency, with signals related to the stellar
activity (at the rotational frequency or its harmonics) promi-
nently dominating the periodograms even after four iterations of
prewhitening. However, the periodogram of the SpotCCF RVs
does not display harmonics of the rotation frequency, and the
signal at the stellar rotational frequency disappears after the
second prewhitening step (see Fig. 8). Our analysis strongly sup-
ports a conclusion that the SpotCCF model efficiently removes
part of the contribution from the stellar activity related to
the rotation.

7. Spot characterisation

The fit of the CCFs profile with SpotCCF allows characterisation
of the spots present on the stellar surface. In particular, lati-
tude and longitude provide the position of the spot, while the
projected filling factor (ff,) suggests its size (see Table B.1).
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Fig. 9. Relationship between latitude and ff;, for spots on V1298 Tau.
Blue points represent the spot with the highest ff, (Spot A), while
orange points correspond to spots with the lowest ff, (Spot B). The
histograms on the top and right side of the main plot depict the dis-
tributions of latitudes and ff,, respectively.
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Fig. 10. V1298 Tau longitudes time-series (upper panel). The blue
points indicate the large spots (Spot A), while the orange points are
the small spots (Spot B). GLS periodogram performed for the longitude
values obtained for Spot A and Spot B, respectively (lower panels). The
red horizontal line indicates the FAP level at 0.1% and 10%, respec-
tively. The black dashed lines highlight the rotational period of the star
and its harmonic.

From a preliminary analysis, we decided to make the raw
assumption that the spot system consists of a larger (Spot A) and
a smaller (Spot B) spot evolving separately.

Figure 9 shows the relation between the latitude of the spots
and the projected filling factor obtained for V1298 Tau, and the
respective distributions (see the histograms on the top and right
side of the main plot). According to our assumption, we find
an indication of two main peaks, with larger spots (ff, > 0.06)
preferentially in the range of ~45-90 degrees, and smaller spots
(ff, < 0.02) in the range of 0-10 degrees. The linear upper enve-
lope that characterises the larger spots is attributable to the upper
limit of the spot radius boundary.

We performed the GLS periodogram analysis of longitudes
and projected filling factor obtained for V1298 Tau. The upper
panel of Fig. 10 shows the longitude time series for Spot A and
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Fig. 11. GLS periodogram of the projected filling factor of Spot A
(upper panel) and Spot B (lower panel). The red horizontal line indi-
cates the FAP level at 1% and 10%, respectively. The black dashed lines
highlight the rotational period of the star and its harmonic.

Spot B in blue and orange, respectively, and the lower panels
show the GLS periodograms performed for each spot. A signif-
icant peak at 2.91 days, near the rotational period of the star,
is identified for Spot A with a false alarm probability (FAP) of
<0.1%, while a significant peak (FAP < 10%) at 2.77 days is
identified for Spot B.

The GLS periodogram of the projected filling factor of the
two spot distributions is shown in Fig. 11. Even in this case, a sig-
nificant peak (FAP < 1%) is identified for Spot A at 2.91 days,
while Spot B shows a lower significant peak (FAP =~ 10%,
2.84 days).

Both periodogram analyses indicate that the deformations
in the CCF profiles are modulated with the stellar rotation,
confirming our hypothesis that these deformations are caused
by the presence of stellar spots rotating solidly with the star.

The lower significance of the peaks observed for Spot B
is not surprising, as Spot A is larger and therefore contributes
more significantly to the CCF profile, making it easier to
detect. However, as Spot B is smaller, when there are more
than two spots on the stellar surface or when a simplistic
description of a circular spot is not sufficient, there can be
multiple configurations for Spot B. Furthermore, the defini-
tion of ‘large’ and ‘small’ spots are not strictly defined and
are relative to the specific configuration, as there can be cases
where both spots should be categorised as large, but one is
slightly smaller than the other, though still falling within the
small category.

Furthermore, we analysed the total area covered by the
spots, ff, ,, which was obtained by summing up the ff, of each
individual spot. The upper panel of Fig. 12 shows the ff,,
times-series.

It is worth noting that the range of the total projected fill-
ing factor obtained for V1298 Tau is consistent with the value
proposed by Messina et al. (2001), according to which a star
like V1298 Tau, with a rotational period of about 3 days, has
approximately 15% of its surface covered by spots.

The GLS periodogram of the ff;, , time series reveals a peak
corresponding to the second harmonic of the P, of the star
(FAP < 10%). As we are monitoring the total area covered by
the spot, the presence of peaks at both P, and Py /2 indicates
a non-uniform spot distribution concentrated along two distinct
mean longitudes separated by 180 degrees. Moreover, the dif-
ferent power of these peaks suggests that these two opposing
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Fig. 12. Total projected filling factor time series of V1298 Tau (upper
panel) and corresponding GLS periodogram (lower panel). The points
are coloured following a colour scale from blue to red as a function of
the observation time. The red horizontal line in the periodogram indi-
cates the FAP level at 10%, while the black dashed lines highlight the
rotational period of the star and its harmonic.

spot distributions cover different areas on the stellar surface. This
behaviour appears to remain fairly stable over time.

As a further validation of the method, we compare the
spot configuration of observations obtained on the same nights.
Figure C.1 presents the spot configurations obtained from pairs
of observations taken at very few hours of separation. Specifi-
cally, we compare the spot configurations obtained from obser-
vations taken during the same night, but a few hours apart. It
is important to note that each observation was analysed inde-
pendently, and obtaining the same configuration of spots on the
same night (with very few exceptions on 16 January 2023 and
17 January 2023) serves as confirmation of the reliability of the
method.

8. Differential stellar rotation

To test the presence of differential rotation, we categorised the
spots into two groups: larger spots located between latitudes of
60 and 90 degrees (referred as Spot A at > 60°), and smaller spots
located between latitudes of 0 and 40 degrees (Spot B at < 40°).
This eliminates the small spots at high latitudes. Figure 13 illus-
trates this new selection, depicting the distribution of latitude as
a function of the ff,.

The GLS periodogram was performed on the projected fill-
ing factor distribution of the two spots (see Fig. 14). The analysis
reveals a significant peak (FAP < 1%) for Spot A and Spot B, at
periods of 3.24 and 2.53 days, respectively. These periods may
provide a suggestion of a differential rotational velocity of the
star, with a higher velocity at lower latitudes (P = 2.53 days
close to the equator) and lower rotational velocity at higher lat-
itudes (P = 3.24 days close to the pole). Additionally, it can be
observed that the peak at 3.24 days is one of the peaks near the
rotational period of the star in the TERRA periodogram, which
was removed by the SpotCCF method.

9. Detection sensitivity by direct injection of the
planetary signal into the data

In order to obtain further validation of the SpotCCF method, we
tested the ability to recover the planetary signal in the time series
of V1298 Tau. For this purpose, we created different datasets by
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Fig. 13. Relationship between latitude and ff;,. The histograms on the
top and right side of the main plot depict the distributions of latitudes
and ff,, respectively. Blue points represent the spot with the highest
ff, (Spot A), while orange points indicate the spots with the lowest ff,
(Spot B). Purple points and distribution represent Spot B with latitude
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Fig. 14. GLS periodogram of the projected filling factor of Spot A with a
latitude higher than 60 degrees (upper panel) and Spot B with a latitude
lower than 40 degrees (lower panel). The red horizontal line indicates
the FAP level at 1%. The black dashed lines highlight the rotational
period of the star and its harmonic.

injecting a planetary signal with an orbital period of 4.9 days?
and using different amplitudes (K = 37, 75, 100, 150 ms~) in
the RV dataset obtained with SpotCCF and with the TERRA
pipeline, respectively. Before proceeding, we tested the reliabil-
ity of the method by injecting the signal on the CCFs verifying
that the two procedures give the same RV. To simulate a plan-
etary signal, the CCFs were blue or redshifted with the desired
amplitude, period, and phase. We performed the fit for all the
shifted CCFs and the results are compatible with the fit obtained
with the original CCFs. For this reason, and given that the fit
of CCFs is computationally demanding, we chose to inject the
planetary signal directly on the original RVs time series.

2 Please note that the injected planet has a different period from those
of the transiting planets, which enables good control over the amplitude
of the signal.
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Fig. 15. Comparison between the GLS periodograms of the V1298 Tau RVs obtained with the SpotCCF (left panels) and the TERRA pipeline
(right panels) where we injected a planetary signal at Py, = 4.9 d, with different amplitude (from top to bottom K = 0, 37, 75, 100, 150 ms™'). The
vertical and dashed black lines indicate the stellar rotation frequency and its harmonics; the green line marks the orbital frequency of the injected
planet, while the red dashed horizontal line highlights the FAP at 1.0%. The upper panel shows the original dataset without planet injection.

The GLS periodogram was computed for each dataset.
Figure 15 shows the comparison between the periodograms of
the RVs+planet (injected at different amplitude) obtained from
the original SpotCCF RVs (left panel) and from the original
TERRA dataset (right panel). In both datasets (SpotCCF and
TERRA), the GLS periodogram finds a significant peak at the
rotational period of the star. The second row of the figure shows
the periodogram for the RV's with the planet injection at different
amplitudes.

The GLS periodogram finds a significant peak (FAP < 1.0%)
at the orbital period of the injected planet with K ~ 37 ms™!
(corresponding to M sini =~ 0.35 Mj ) for the RVs obtained with
SpotCCF. An analogous peak is significant for the TERRA RVs
only for an injected planet with K ~ 75 ms~! (corresponding to
M sini ~ 0.70 Mjy).

This test suggests that this method can be used to reliably
detect a lower-mass planet with an amplitude of the injected
signal lower than what is required for the signal to be identified
in the TERRA dataset. This result is consistent with the find-
ing that the SpotCCF model reduces systematic effects caused
by stellar activity.

10. Discussion and conclusions

In this work, we describe SpotCCF, a stellar photosphere model
fit. SpotCCF is able to extract the spot configuration of the star

and also optimise the RV extraction in young, active stars based
on the CCF technique. This model takes into account the defor-
mations of the CCF due to the presence of multiple spots on the
stellar disc in the presence of significant rotation.

To test the validity of our model, we analysed V1298 Tau
HARPS-N observations, which exhibit distorted CCF profiles
due to the high-activity level of this target. The original CCF pro-
files produced by the DRS pipeline were corrected for anomalous
deformations present in the wings and in the core of the line, as
well as in the CCFp of the sky spectrum obtained using fibre B.

We then analysed over 300 HARPS-N observations of V1298
Tau using a model with multiple spots, referred to here as the
Two-spots model. From the parameters through the fit performed
on the CCF profiles, we extracted information about the spots,
including latitude, longitude, and the area covered by each spot.
We found two main distributions with polar or high-latitude
spots, in agreement with the high rotation of the star, and smaller
low-latitude spots (e.g, Barnes et al. 2001; Strassmeier 2002;
Cang et al. 2021). To analyse the spot properties, we separated
the high-latitude spots (Spot A, ff, > 0.04 and latitude > 60°)
from the smaller, low-latitude spots (Spot B, ff;, < 0.04 and lat-
itude <50°). Under this assumption, the GLS periodogram of
the filling factor of Spot A and Spot B showed significant peaks
(FAP < 1%) at 3.24 and 2.53 days, respectively, suggesting a
solar-like differential rotation of the star, @ = (Qeq — po1)/L2eq =
0.2 (@p = 0.2; Balona & Abedigamba 2016), with lower rota-
tion at higher latitudes. This estimate places this target in the
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uppermost region of Fig. 11 provided by Reinhold et al. (2013),
confirming the extreme behaviour of this star.

The average total area covered by the spots is consistent
with the range proposed by Messina et al. (2001). The GLS
periodogram of the total projected filling factor, ff; , showed
a significant peak at the P.,/2 with a FAP < 10%, indicating that
the features identified in the CCF profiles are effects due to a few
inhomogeneities (spots) on opposite hemispheres of the stellar
surface modulated by the rotation. The consistency of the spot
configuration obtained from different observations taken during
the same night — but a few hours apart — confirms the reliability
of the method.

Moreover, our results are consistent with the spot configu-
ration of V1298 Tau obtained by Morris (2020). In that paper,
the author modelled the ‘K2 Campaign 4’ light curves of V1298
Tau, identifying a three-spot configuration. Two main spots were
located in the range of 60-90 degrees (northern hemisphere,
NH) and 30-60 degrees (southern hemisphere, SH), respectively,
while a smaller spot was positioned at lower latitudes (0—30 NH).
A starspot-covered fraction, f;, was estimated at 93 per cent.
The observed spot configuration aligns with our two spot distri-
butions, featuring a larger spot up to 60 degrees and a smaller
one in the range of 0—40 degrees. The total projected filling fac-
tor of V1298 Tau estimated using SpotCCF is consistent with the
estimation of these latter authors. The median value of ff;, , of
0.06 + 0.04 obtained by SpotCCF considers only the spot
coverage of the visible hemisphere, representing half of the
[ estimated by Morris (2020).

The SpotCCF model applied to the HARPS-N observations
of V1298 Tau enables a reduction of the effect of the contribu-
tion of stellar activity on RVs measurements. We compared these
RVs with those obtained using the TERRA pipeline to highlight
the benefits of the proposed method. We observe that the RVs
obtained with SpotCCF model show lower dispersion, with a
decrease ranging from 40% to 60% in each season, compared
to the TERRA dataset. Additionally, a search for periodicities
in the RV dataset revealed a significant peak at the rotational
period of the star, with reduced RV amplitude for the SpotCCF
RVs (about 30% lower than those obtained with TERRA) and
reduced dispersion in the residuals. These results suggest that
our new method for RV extraction partially mitigates the con-
tribution of stellar activity modulated with stellar rotation. This
conclusion is further supported by the GLS periodogram per-
formed on the SpotCCF dataset and on its residuals obtained
after recursive prewhitening, which show the removal of the peak
at the harmonics of the rotation after the first prewhitening, while
they are still present in the periodogram of the TERRA dataset.
These results, particularly the significant peak at Py, persisting
even after SpotCCF modelling, imply that stellar variations are
not fully explained by the existence of two prominent spots on
the stellar surface alone. The variability observed in the origi-
nal RV time series results not only from the presence of these
two major spots but also from additional factors not accounted
for in the model. These factors may include phenomena like the
presence of plages or unmodelled spots that are smaller than
those significantly impacting the CCF profile. Additionally, there
may be unmodelled effects associated with larger spots, such as
the inhibition of convection, leading to changes in the convec-
tion blueshift when the spots are visible (Cavallini et al. 1985;
Dravins et al. 1981; Meunier et al. 2015, 2017). We also tested
the detection sensitivity of the method by directly injecting a
hypothetical planetary signal (P, = 4.9 days) into the data. The
results obtained from the GLS periodogram suggest that the RV
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times series obtained with the SpotCCF method allows the reli-
able detection of a planet with a lower-amplitude signal (K =
37 ms~!) than that necessary for identification in the TERRA
dataset (K > 75 ms™).

All the results of this work confirm that the developed
method can extract information about the spot configuration of
the star and also optimise RV extraction in young and active
stars, improving detection sensitivity and our ability to recover
planetary signals, and reducing the probability of identifying
signals that are due to stellar activity but can be mistaken as
planetary signals.

We plan to apply the method proposed in the present work to
other targets that exhibit high values of vsini in order to assess
the applicability range of the model. Furthermore, we could
apply the SpotCCF model to the single spectral lines that are pre-
dominantly affected by rotational broadening and are distorted
by the presence of spots in order to more accurately characterise
the line profiles.
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Appendix A: Spot model

Let us consider a Cartesian orthogonal reference frame with its
origin in the barycentre of the star O and the Z axis along the
stellar spin axis. The XY plane is defined in such a way as to
contain the line of sight, indicated as Z (see Figure A.1).

Fig. A.1. OXYZ reference frame with its origin in the barycentre O
of the star, the Z axis along the stellar spin axis Q,, and the XZ plane
oriented as to contain the line of sight Z. The inclination of the stellar
spin axis to the line of sight is indicated with i. The red vector indicates
the projection of the rotation axis over the plane of the sky, that is the
plane xy of the reference frame Oxyz, obtained from OXYZ by making
a rotation of the angle i along the Y axis. We note that the projection of
the spin axis onto the xy plane is opposite to the positive direction of
the x axis because the angle i is taken positive (counterclockwise) from
the spin axis to the line of sight.

Indicating the latitude and the longitude of a point P on the
surface of the star with (¢,4), it has the Cartesian coordinate

P=(X,Y,Z) = Ry(cos ¢ cos A,cos ¢sin A, sin @), (A1)
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where R, is the radius of the star assumed to be spheri-
cally symmetric. In our fixed reference frame, the longitude A
is increasing over time ¢ because of stellar rotation; it changes
according to

A=Ay + Qu(t - 1), (A2)
where Ay is the longitude at the initial time 7y and Q, = 27/ Py
is the stellar angular velocity of rotation with P, the rotation
period.

To obtain the coordinates in the reference frame adopted in
this work, we first make a rotation of the angle i around the Y
axis, where i is the inclination of the stellar spin to the line of
sight z. This brings the XY plane in the plane of the sky which
is the same plane of the stellar disc. The equations of such a
rotation are

x=Xcosi—Zsini (A.3)

y=Y (A4)

z=Xsini+ Zcosi. (A.5)
This gives

x = R, (cos¢cosicos A — singsini) (A.6)

Yy =R, cospsind (A7)

z = R, (cos ¢ sinicos A + sin ¢ cosi). (A.8)

The unit vector along the spin axis of the star in the OXYZ
reference frame is Q* =7 = (0,0, 1). Transforming it to the
Oxyz reference frame, it becomes (- sini, 0, cosi). As the z axis
is directed along the line of sight, the projection of the spin axis
onto the plane of the sky xy, that is, the plane of the stellar disc, is
(—sin i, 0). The reference frame adopted in the model to describe
the disc of the star has the xy axis orthogonal to the projection
of the spin axis on the plane of the sky and the y, axis along that
projection. This implies that our xy = y and yy = —x because the
projection of the spin axis in the plane of the stellar disc is oppo-
site to the orientation of our x-axis, given that its component
along our x axis is —sini < 0 for 0° < i < 180°.

In conclusion, we find

Xg = Ry cos¢gsinAd (A9)

Yo = Ry (sin¢g sini — cos ¢ cos i cos A). (A.10)
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Appendix B: Spot distribution
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Fig. B.1. Example corner plot of the best-fit parameters obtained from the fitting of a CCF profile of V1298 Tau with the Two-spots model. The red

and green lines mark the median and the maximum-a posteriori values, respectively, while the dashed black lines are the 16" and 84" quantiles.
The median + 1o values are reported in the title of each histogram. The latitude and longitude scales are in radians. log Z = 31005
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Fig. B.2. Example corner plot of the best-fit parameters obtained from the fitting of a CCF profile of V1298 Tau with the Three-spots model. We
can also note that the distributions obtained for the third spot (latitude, longitude, and radius) are not well constrained. log Z = 31156

Table B.1. Spot parameters derived by the Two-spots model.

SPOT PARAMETERS

Time (BJD - 2450000)  lat; (deg)  lon; (deg)  Rgpory (Ry)  ff,,  laty (deg)  lony (deg)  Rypoy Re)  ff,,  ffyg,
8544.3983 196 23907 0.1490%% 0023 61202 -26.693 0395094 0055  0.028
8545.3975 235 f‘,_g 14.92 %}ég 0.196 %8?% 0.041 476 %f -13.6 %2 0.246 %ggz 0.040  0.041
8547.3495 50.9 0% 5247 0271100 0021 59602 2054075 0442000 0081 0.042
8548.3465 56.3 gg 12.01 %}} 0.498 ggg 0125 521 gg 69.2 §é 0.4990 ?Eﬁg 0.046  0.126
8559.3780 50308 439 813 0271 et 0028 384gy 536 gg? 02340 0047 0.059
8561.3474 6492 (16603 0498 4u) 0090 62903 35.0 % § 05000 83&%8 0.079  0.090
8562.3467 21 § 14343 019700]  0.043 50008 31643 0.362pr 0065 0.205
8563.3437 33 27303 0.09 g~g§{ 0.009  7L1 933 136,43 0.500 gy 0.066 0014
8564.3568 51912 35005 0291 §;&ig 0.029 253 12943 0.1834p  0.036  0.040
8565.3427 347 28.2 %;; 0.174 %;%g 0024 53993 1951012 0411 %;%%2 0.086  0.024
8566.3420 68.202 14107 047400 0.066 5¢ 38.108 0.07795%2 0.005  0.066

Notes. The full table is available at the CDS.
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Appendix C: Spot configuration for the same night of observations

(g) AT =2.24h (h) AT =2.45h

Fig. C.1. Spot configuration of pairs of observations obtained at a few hours of distance. Each map shows the results obtained by the chain. At each
step, the chain generates a map for each triplet of values (latitude, longitude, and radius), drawing the corresponding spot on the stellar surface.
The final map, as well as those shown in this figure, is obtained by summing the individual maps obtained at each step of the chain using a colour
scale ranging from red to blue. The bluest area on the map represents the final configuration of each spot determined by the chain.
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Fig. C.2. Spot configuration of pairs of observations obtained at a few hours of distance (continued).
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