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ABSTRACT

Context. The magnetic cycle on the Sun consists of two consecutive 11-yr sunspot cycles and exhibits a polarity reversal around
sunspot maximum. Although solar dynamo theories have progressively become more sophisticated, the details as to how the dynamo
sustains magnetic fields are still the subject of research. Observing the magnetic fields of Sun-like stars can bring useful insights to
contextualise the solar dynamo.

Aims. With the long-term spectropolarimetric monitoring of stars, the BCool survey studies the evolution of surface magnetic fields
to understand how dynamo-generated processes are influenced by key ingredients, such as mass and rotation. Here, we focus on six
Sun-like stars with masses between 1.02 and 1.06 M, and with rotation periods of 3.5-21 d (or 0.3—1.8 in Rossby numbers), a practical
sample with which to study magnetic cycles across distinct activity levels.

Methods. We analysed high-resolution spectropolarimetric data collected with ESPaDOnS, Narval, and Neo-Narval between 2007
and 2024 within the BCool programme. We measured longitudinal magnetic field from least-squares deconvolution line profiles and
we inspected its long-term behaviour with both a Lomb-Scargle periodogram and a Gaussian process. We then applied Zeeman-
Doppler imaging to reconstruct the large-scale magnetic field geometry at the stellar surface for different epochs.

Results. Two of our slow rotators, namely HD 9986 and HD 56124 (P,, ~ 20 d), exhibit repeating polarity reversals in the radial or
toroidal field component on shorter timescales than the Sun (5-6 yr). HD 73350 (P, ~ 12 d) has one polarity reversal in the toroidal
component and HD 76151 (P, = 17d) may have short-term evolution (2.5 yr) modulated by the long-term (16 yr) chromospheric
cycle. Our two fast rotators, HD 166435 and HD 175726 (P,, = 3—5 d), manifest complex magnetic fields without an evident cyclic
evolution.

Conclusions. Our findings indicate the potential dependence of the magnetic cycles’ nature on the stellar rotation period. For the two
stars with likely cycles, the polarity reversal timescale seems to decrease with a decreasing rotation period or Rossby number. These

results represent important observational constraints for dynamo models of solar-like stars.

Key words. techniques: polarimetric — stars: activity — stars: magnetic field

1. Introduction

The activity cycle of the Sun is characterised by the quasi-
periodic evolution of the surface sunspot distribution. Such vari-
ation in the sunspot number, size, and latitude over a timescale of
11 yr was noticed early by Schwabe (1844) and Maunder (1904).
This is accompanied by a polarity reversal in the magnetic field,
as is expressed by Hale’s laws (Hale et al. 1919), revealing the
underlying magnetic cycle of 22yr. The 11-yr-long variation
is also known as the Shwabe cycle and the 22-yr-long evolu-
tion as the Hale cycle. The magnetic cycle is thus formed by
two consecutive sunspot cycles, with the polarity reversal in the
poloidal and toroidal field occurring around sunspot maximum
(see the reviews of Hathaway 2010, 2015). During the mag-

* Corresponding author; bellotti@strw.leidenuniv.nl

netic cycle, the amount of magnetic energy in the poloidal and
toroidal large-scale field components varies, and the obliquity of
the poloidal-dipolar component oscillates between axisymmet-
ric and non-axisymmetric configurations (Sanderson et al. 2003;
DeRosa et al. 2012; Vidotto et al. 2018; Finley & Brun 2023).
Understanding the solar magnetic cycle and the dynamo loop
— that is, the alternating generation of poloidal and toroidal
field components — is an active field of research (Charbonneau
2020, for a recent review). It is generally accepted that the
transformation of a poloidal field into a toroidal one occurs
via differential rotation with anisotropic turbulence (Q effect;
Parker 1955), while the reverse process is debated and can be
described by cyclonic turbulence (a effect; Parker 1955) or by
the dispersal of magnetic flux by the poleward migration of
decaying bipolar magnetic regions (Babcock 1961; Leighton
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1969), or by magnetohydrodynamical instabilities at the level of
the tachocline (e.g. Schiissler & Ferriz-Mas 2003; Dikpati et al.
2009; Chatterjee et al. 2011). All these models use mean-field
approximation, in which convection is not included, as opposed
to global magneto-convection models, in which convection and
its effects are included self-consistently (see e.g. Charbonneau
2020, and references therein). The tachocline is the thin inter-
face between the solidly rotating radiative core and the dif-
ferentially rotating convective envelope in the solar interior
(Spiegel & Zahn 1992). Moreover, numerical simulations of
dynamo models have become increasingly sophisticated, but a
number of difficulties remain, such as reproducing the solar con-
vection and differential rotation (Kipyld et al. 2023). Although
the Sun is an important benchmark to studies of activity of solar-
like stars, solar dynamo models have also been unable to repro-
duce the saturation of activity seen with different proxies (e.g.
Wright et al. 2018; See et al. 2019; Reiners et al. 2022).

In this context, observations of magnetic cycles in other stars
provide information that is key to understanding how stellar
parameters, such as mass and rotation period, impact the internal
dynamo processes (Jeffers et al. 2023; Charbonneau & Sokoloff
2023, for a recent review). Investigating the existence of cycles
on other stars is performed via distinct techniques. Monitoring
the fluctuation in atmospheric heating conveyed by the emis-
sion reversal in the cores of chromospheric lines (e.g. Ca 11
H&K Leighton 1959; Hall 2008) is a primary approach, which
was used extensively for solar-like stars during the Mt. Wil-
son project (Wilson 1968; Baliunas et al. 1995) and beyond
(Boro Saikia et al. 2018b; Baum et al. 2022; Isaacson et al.
2024). Likewise, long-term photometric time series can reveal
the periodic variation in stellar brightness associated with the
evolving distribution of surface inhomogeneities like spots and
faculae (Oldh et al. 2009; Strassmeier 2009; Ozdarcan et al.
2010; Ferreira Lopes et al. 2015; Sudrez Mascarefio et al. 2016;
Lehtinen et al. 2016; Clementsetal. 2017; Reinhold et al.
2017). For the Sun, White & Livingston (1981) showed that the
brightness variations correlate to the evolution of chromospheric
emission lines. Furthermore, stellar cycles can be identified by
the variability of the coronal X-ray emission (e.g. Giidel 2004;
Hempelmann et al. 2006; DeWarf et al. 2010; Robrade et al.
2012; Sanz-Forcada et al. 2013; Coffaro et al. 2020), by the
reversals or evolution of polarised radio emission (Route 2016;
Bloot et al. 2024), and by the influence of the magnetic field
on acoustic mode properties (Garcia et al. 2010; Mathur et al.
2013; Régulo et al. 2016). Recently, studies have shown the
potential of using flare statistics as probes for stellar cycles
(Feinstein et al. 2024; Wainer et al. 2024).

Long-term spectropolarimetric monitoring of a star is also
a powerful technique, because it allows one to trace the secu-
lar evolution of the large-scale magnetic field geometry recon-
structed with Zeeman-Doppler imaging (ZDI; Semel 1989;
Donati & Brown 1997). For the Sun, Vidotto et al. (2018) and
Lehmann et al. (2021) investigated the evolution of the large-
scale magnetic field during a Schwabe cycle as it would be seen
by ZDI; that is, analysing the observables that are recovered
reliably by ZDI. They show that the axisymmetric and poloidal
energy fractions of the large-scale magnetic field peak around
solar cycle minimum, while the toroidal component increases
during solar cycle maximum. Such evolution of the axisymme-
try and toroidal component correlates to the varying latitude of
emergence of sunspots during the cycle (as displayed by the
butterfly diagram; Maunder 1904; Charbonneau 2020), making
them suitable diagnostics with which to search for solar-like
cycles on other stars (Lehmann et al. 2021). More generally, the
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aim of long-term spectropolarimetric monitoring is to discern
similar or contrasting trends relative to the solar magnetic cycle,
in the form of polarity reversals and/or varying complexity of the
field geometry.

The BCool programme' (Marsdenetal. 2014) has now
reached a baseline of 15-20yr, which makes it suitable for
inspecting the secular evolution of stellar magnetic topologies
with spectropolarimetry. Previous studies within BCool have
explored different spectral types ranging between F and K types
(see Jeffers et al. 2023, for a review). Clear examples of mag-
netic cycles are T Boo (F7 type, Poye = 120d; Donati et al.
2008; Fares et al. 2009, 2013; Mengel et al. 2016; Jeffers et al.
2018), k Cet (G5 type, Poye = 10yr; do Nascimento et al.
2016; Boro Saikia et al. 2022), 61 Cyg A (K5 type, Peye =
7.3 yr; Boro Saikiaetal. 2016, 2018a), and ¢ Eri (K2 type,
P.y. = 3yr modulated by a longer cycle of 13 yr; Jeffers et al.
2022). Of these, only 7 Boo and 61 Cyg A manifest large-
scale polarity reversals in phase with chromospheric activity
cycles (see e.g. Jeffers etal. 2023). Stars with putative mag-
netic cycles were also found in the same spectral range, such as
HD 75332 (F7 type; Brown et al. 2021), HD 78366 (GO type;
Morgenthaler et al. 2011), and HD 19077 (K1 type; Petit et al.
2009; Morgenthaler et al. 2011), while others exhibit fast evolu-
tion of the topology without evident polarity reversals, such as
HN Peg (GO type; Boro Saikia et al. 2015), HD 171488 (G2 type;
Marsden et al. 2006; Jeffers & Donati 2008; Jeffers et al. 2011),
and EK Dra (G5 type; Waite et al. 2017), or stable behaviour like
x Dra (F7 type; Marsden et al. 2023). Finally, evidence for mag-
netic cycles on M dwarfs was found more recently (Bellotti et al.
2023b; Lehmann et al. 2024; Bellotti et al. 2024b), although not
as part of the BCool programme.

In this paper, we present long-term spectropolarimetric mon-
itoring of six solar-like stars that was carried out as part of the
BCool programme. The observations were collected with the
twin optical spectropolarimeters ESPaDOnS? and Narval, and
its recent upgrade Neo-Narval®, with a time span of ~17 yr, from
2007 to 2024. Such a baseline is suitable for starting to inspect
the long-term temporal variation in the longitudinal magnetic
field via periodograms and Gaussian processes (GPs), and for
examining the yearly evolution of the large-scale topology of the
stellar magnetic field with ZDI.

The paper is structured as follows. In Sect. 2, we describe
the ESPaDOnS, Narval, and Neo-Narval observations, and in
Sect. 3, the computation of longitudinal magnetic field from cir-
cularly polarised spectra. The tools and assumptions used to per-
form temporal analyses and GP regression are outlined in Sect. 4,
and the principles of Zeeman-Doppler imaging in Sect. 5. We
present our results in Sect. 6 for each star, and we discuss our
findings in Sect. 7. Finally, we draw our conclusions in Sect. 8.

2. Observations

Our study focusses on six solar-like stars that were observed as
part of the BCool programme (Marsden et al. 2014): HD 9986,
HD 56124, HD 73350, HD 76151, HD 166435, and HD 175726.
The properties are listed in Table 1. The effective temperature
of our sample stars ranges from 5790 to 5998 K and the mass
between 1.022 and 1.058 My. HD 9986 and HD 56124 are the
most similar to the Sun in terms of rotation and age, with a

I https://bcool.irap.omp.eu/

2 https://www.cfht.hawaii.edu/Instruments/
Spectroscopy/Espadons/

3 https://www.news.obs-mip.fr/neo-narval-pic-du-midi/
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Table 1. Properties of our sample stars in comparison to the Sun.

Name Nobs \% Dist Tefr logg Mass Radius Age Ro Prot Ueq SIN i i dQ
[mag]  [pc] (K] [Mo] [Ro]  [Gyr] [d] [kms™'] ] [radd™']

Sun .. -26.7 5772 444  1.000 1.00 450 2.19 25.4 2.0 . 0.07

HD 9986 120 6.76 2544 5805 443 1.022 1.04 374 1.80 21.03+0.44 2.6 60

HD 56124 74 6.94 2725 5848 445 1.029 1.01 388 1.50 20.70+0.32 1.5 40

HD 73350 33 6.73 2435 5802 449 1.038 0.98 143 093 1227+0.13 4.0 70

HD 76151 1499 6.00 16.85 5790 449 1.056 1.00 209 150 17.47 £0.81 1.2 30 ..

HD 166435 82 6.83 2441 5843 447 1.039 0.99 0.27 048 3.48+0.01 7.9 40 0.14+0.01

HD 175726 89 6.71 2659 5998 443 1.058 1.06 0.38 031 4.12+0.03 12.3 70 0.15+0.03

Notes. The columns are: identifier of the star, total number of spectropolarimetric observations, V band apparent magnitude, distance, effec-
tive temperature, surface gravity, mass, radius, age, Rossby number, rotation period computed with ZDI, projected equatorial velocity, stel-
lar inclination, and latitudinal differential rotation rate computed with ZDI. Visual magnitudes were extracted from SIMBAD (Wenger et al.
2000) and the distances were computed from Gaia parallaxes (Gaia Collaboration 2020). The stellar inclination was inferred from geomet-
rical considerations (see Sect. 5). The Rossby number was taken from See et al. (2019) and the remaining parameters from Marsden et al.
(2014) and references therein. The solar parameters were extracted or derived from the values in the NASA Sun fact sheet available at
https://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html. The age of the Sun was taken from Guenther (1989).

rotation rate that is at most 1.3 times faster than the solar value.
HD 166435 and HD 175726 are the fastest rotators among our
stars, with rotation rates that are 7.8 and 6.6 times solar, and
correspondingly they are the most magnetically active. Finally,
HD 73350 and HD 76151 show an intermediate rotation, with
rotation rates that are 2.2 and 1.5 times faster than solar, respec-
tively. Although small, our sample of stars is representative of
Sun-like stars with different activity levels, and is thus suit-
able for investigating the presence and shape of magnetic cycles
depending on stellar rotation. Ultimately, this helps us put the
solar Hale cycle into a broader context.

2.1. ESPaDOnS, Narval, and Neo-Narval

We analysed optical spectropolarimetric observations collected
with Narval between 2007 and 2019. Narval is the spectropo-
larimeter on the 2 m Télescope Bernard Lyot (TBL) at the Pic du
Midi Observatory in France (Donati et al. 2003), which operates
between 370 and 1050 nm at high resolution (R ~ 65000). As
of September 2019, Narval has been upgraded to Neo-Narval,
with the installation of a new detector and improved veloci-
metric capabilities (Lépez Ariste et al. 2022). The instrument
maintains the main performances of Narval: a spectral coverage
from 380 to 1050 nm, and a median spectral resolving power of
65000 after data reduction. From 2019 to 2024, our observa-
tions were performed with Neo-Narval. We also included in our
analyses observations from ESPaDOnS, which is the twin spec-
tropolarimeter on the 3.6 m Canada-France-Hawaii-Telescope
(CFHT) located atop Mauna Kea in Hawaii (Donati et al. 2003).
Combining observations of these instruments improves the tem-
poral sampling of our time series, considering that ESPaDOnS is
mounted at CFHT for a small fraction of time and (Neo-)Narval
suffers from poorer weather conditions at TBL.

A polarimetric sequence was obtained from four consecu-
tive sub-exposures. Each sub-exposure was taken with a dif-
ferent rotation of the retarder waveplate of the polarimeter rel-
ative to the optical axis. The observations were carried out in
circular polarisation mode, and hence they provide unpolarised
(Stokes 1), circularly polarised (Stokes V), and null (Stokes N)
high-resolution spectra. The Stokes / spectrum was computed
by summing the four sub-exposures, the Stokes V spectrum was
computed from the ratio of sub-exposures with orthogonal polar-
isation states, and the Stokes N one was computed from the ratio

of sub-exposures with the same polarisation states. The Stokes N
spectrum is a useful check for the presence of spurious polar-
isation signatures (see Donati et al. 1997; Bagnulo et al. 2009;
Tessore et al. 2017, for more details). The data were reduced
with the LIBRE-ESPRIT pipeline (Donati et al. 1997), and the
continuum-normalised spectra were retrieved from PolarBase
(Petit et al. 2014). For Neo-Narval observations, a different
reduction pipeline was used (Lépez Ariste et al. 2022).

We used least-squares deconvolution (LSD; Donati et al.
1997) to compute average line profiles from the unpolarised,
circularly polarised and null spectra. In practice, we adopted
the Python implementation LSDPY*. This numerical technique
combines the information of thousands of photospheric spec-
tral lines included in a synthetic line list, which is a series of
Dirac delta functions located at each absorption line in the stel-
lar spectrum and with the associated line features such as depth,
and Landé factor (encapsulating the line sensitivity to Zeeman
effect and indicated as g.g). To respect the requirement of self-
similarity (e.g. Kochukhov et al. 2010), the spectral lines con-
tained in the list are only metal lines (hydrogen and helium lines
are excluded). The line lists were produced using the Vienna
Atomic Line Database® (VALD, Ryabchikova et al. 2015). The
effective temperature and the surface gravity of the model were
selected to be close to the value reported in the literature. They
contain information of atomic lines with known Landé factor and
with depth larger than 40% the level of the unpolarised contin-
uum.
The full list of observations is provided in Appendix D (pub-
licly available on Zenodo), and examples of Stokes V profiles are
shown in Fig. 1. The vertical dotted line in the plots indicates the
radial velocity of the star. The latter was computed as the cen-
troid of the Stokes [ profile, which was modelled with a Voigt
kernel and a linear component to account for residuals of con-
tinuum normalisation. We recorded substantially lower S/N in
Stokes V LSD profiles for six observations of HD 9986 on Octo-
ber 11 2011, November 17 2020, September 7 2021, September
26 2021, October 24 2021, and February 6 2023, and a double-
peaked Stokes I profile on October 28 2012, which is a clear
outlier with respect to all other Stokes I profiles. These seven
observations were therefore not used for the analyses. We did

4 Available at https://github.com/folsomcp/LSDpy
> http://vald.astro.uu.se/
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Fig. 1. Least-squares deconvolution profiles for the six solar-like stars
examined in this work. Each panel corresponds to a different star and
contains one typical example of the Stokes V (solid green line) and
Stokes N (dashed green line) profiles. The vertical dotted red line
indicates the radial velocity of the star, and the stellar rotation period
obtained with ZDI and date of observations are included.

not detect a clear Zeeman signature in circularly polarised light
for the 2020 and 2021 Neo-Narval time series; hence, they were
not used in the analyses outlined below. In addition, we removed
two low-S/N observations for HD 56124 on November 2 2017
and November 19 2021, eight observations for HD 76151 on
February 25 2021, March 25 2021, May 11 2021, May 17 2021,
January 29 2022, January 17 2022, February 28 2023, January
25 2024, one observation for HD 166435 on August 31 2020,
and one observation for HD 175726 on July 10 2008.

Using the Stokes N LSD profiles to check for spurious sig-
nals, we noticed that some of the Narval observations exhibit a
signature with a positive sign centred at the radial velocity of
the star. In previous studies (Folsom et al. 2016; Bellotti et al.
2023a), such a signal was attributed to an imperfect background
subtraction during data reduction, and it was removed by com-
puting the LSD profiles using only the red region of the spec-
tra (4 > 500nm), but such mitigation was not effective in our
case. We noticed that the Stokes N signal is not present for all
stars, and in most cases it only manifests for a limited number
of observations within an epoch. Furthermore, when the sig-
nal is present, its shape appears to be systematically the same,
but without affecting the Stokes V profile in an evident way.
Indeed, the Stokes V profile shape and amplitude is the same
between two observations close in time, whether the Stokes N
profile is present or not. The Stokes N signal likely stems
from an instrumental effect because, following the same reason-
ing as Mathias et al. (2018), we did not find this signal in the
ESPaDOnS observations of HD 76151 on January 7 and 9 2018,
whereas it is present in the Narval observation on January 24
2018. Furthermore, there are observations in which the Stokes N
signature is present, while there is no detected Stokes V signa-
ture, which suggests that this Stokes N signature does not leak
into Stokes V. In conclusion, despite the presence of a Stokes N
signal in some observations, the spectra can be used for reliable
spectropolarimetric characterisation of the stellar magnetic field.

In the following sections, the observations will be phased

with the following ephemeris:
HID = HIDg + Py - Agye, 1)

where HJDy is the heliocentric Julian date reference (the first
one of the time series for each star), P, is the stellar rotation
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period of the star (see Table 1), and n.y. represents the number
of the rotation cycle. In Table 1, we also list the Rossby num-
ber, which is the rotation period normalised by the convective
turnover time (Ro = Pro/T¢yc), and which encapsulates the inter-
play between convection and rotation, two main ingredients for
stellar dynamo. The values were computed by See et al. (2019).

2.2. TESS

All our stars except HD 175726 were observed by the Tran-
siting Exoplanet Survey Satellite (TESS; Ricker et al. 2015).
Considering that the typical time span of TESS light curves is
20-304d, and that our primary usage is to infer stellar rotation
periods, we decided to use photometric data only for our fast
rotator HD 166435. This way, the light curves are representa-
tive of multiple stellar rotations and can be used efficiently for
temporal analyses (see Sect. 4.1). For the remaining stars, their
rotation period is of the same order of magnitude as the light
curve time span; therefore, an extraction of the stellar rotation
period is not reliable. In addition, for quiet stars like these, the
photometric amplitude can become very small, which makes the
extraction of rotational modulation from TESS light curves even
more challenging.

HD 166435 was observed by TESS in June and July 2020,
2021, and 2022 as part of sector 26, 40, and 53, respectively.
We analysed the Pre-search Data Conditioning Single Aperture
Photometry (PDC-SAP) light curves publicly available at the
Mikulski Archive for Space Telescope (MAST)®, in which the
reduction pipeline has already corrected the photometric flux for
instrumental systematics. We further removed data points whose
quality flag was different than zero, symbolising data conditions
outside nominal values (e.g. flares).

Each light curve of HD 166435 shows a smooth modula-
tion of the photometric flux, as is shown in Fig. B.2. Following
Petit et al. (2021), we binned the data using a window of 0.2d in
order to reduce the number of data points, while preserving the
light curve modulation (we also used a window of 0.05 d but the
results did not change). The error bar of each bin was computed
using either the median error of the bin or an inverse-variance
weighting scheme (Petit et al. 2021). The results of the tempo-
ral analysis (see Sect. 6) are robust with respect to the choice of
error bar formalism.

3. Longitudinal magnetic field

The longitudinal magnetic field (B)) is the line-of-sight compo-
nent of the magnetic field integrated over the stellar disc. We
used the centre-of-gravity prescription of Rees & Semel (1979)
to compute B;. Formally, it is the first-order moment of the
Stokes V LSD profile

~2.14- 10" [oV(v)do
Aogefre f (I — Ddv’

where Ay and g.q are the normalisation wavelength (in nm) and
Landé factor of the LSD profiles, I, is the continuum level, v
is the radial velocity associated with a point in the spectral line
profile in the star’s rest frame (in kms~!), and c the speed of light
in vacuum (in kms™).

For all our stars, we set the normalisation parameters to
Ao = 700nm and g = 1.2. The velocity range over which the
integration is carried out should encompass the width of both

B, [G] = ()

® https://archive.stsci.edu/
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Stokes I and V LSD profiles. One way to determine the velocity
interval is to visually inspect the median Stokes V profile and
identify its lobes. Another way consists of computing the stan-
dard deviation per velocity bin of the Stokes V profile, across
the observations. This procedure allows one to easily locate
regions of large dispersion, which correspond to the lobes of the
Stokes V profile. We set the velocity interval to 20kms~! for
all our stars except for HD 76151 and HD 175726, for which we
set it to 15kms~!' and 25kms~!, respectively. The same ranges
were used for the ZDI reconstructions (see Sect. 5).

The longitudinal magnetic field is a practical magnetic activ-
ity diagnostics because of its sensitivity to magnetic regions
on the visible stellar hemisphere. The surface distribution of
the magnetic regions may not be axisymmetric, making the
variations in B; modulated to the stellar rotation period. For
this reason, the stellar rotation period can be inferred via peri-
odograms (Hébrard et al. 2016; Folsom et al. 2018; Petit et al.
2021; Klein et al. 2021; Carmona et al. 2023) or GP regres-
sion (e.g. Yu et al. 2019; Fouqué et al. 2023; Donati et al. 2023;
Bellotti et al. 2023a; Rescigno et al. 2024). Moreover, the direct
link with the Stokes V Zeeman signatures makes B; a use-
ful tool for a preliminary assessment of large-scale magnetic
field topologies (e.g. Bellotti et al. 2023b; Lehmann et al. 2024;
Bellotti et al. 2024b). This quantity represents an average over
the stellar disc, while tomographic inversion (see Sect. 5) pro-
vides more details of the magnetic geometry.

4. Temporal analysis
4.1. Periodogram

We applied a generalised Lomb-Scargle periodogram
(Zechmeister & Kiirster 2009, and references therein) to
the full B; time series, in order to search for the main peri-
odicities in the time series. The algorithm proceeds by fitting
sinusoidal models at distinct period values (or equivalently,
frequency) over a selected grid (for more details see e.g.
VanderPlas 2018). This way it is possible to characterise the
periodic content for a time series with uneven cadence. The
metric for the significance of a periodicity is the false alarm
probability (FAP), which measures how likely it is that random
noise can generate a signal with the same periodicity.

In this work, we considered a grid of periodicities between
1 and 10*d, to investigate both short (i.e. rotation) and long
(i.e. cycle) timescales. We also computed the window function,
which is a good indicator of spurious signals and aliases due to
the observing cadence in the data sets (VanderPlas 2018).

4.2. Gaussian process regression

We employed GPs to characterise the long-term evolution of the
longitudinal magnetic field. They are a statistical tool to define a
probability distribution over functions, which is especially prac-
tical to find a functional form that describes the variations in
a time series (for more details see for instance Haywood et al.
2014; Angusetal. 2018; Aigrain & Foreman-Mackey 2023).
Compared to a standard Lomb-Scargle periodogram, the GP
model allows more flexibility by including additional evolution
timescales that make the variations deviate from strictly peri-
odic ones, which is also the case for the Sun (Usoskin 2008;
Charbonneau 2010). Moreover, Olspert et al. (2018) applied a
quasi-periodic GP on chromospheric §-index data of solar-like
stars to search for cycles, and found that such statistical tool per-
forms better than a periodogram.

We adopted the quasi-periodic covariance kernel

t=tY 1 . ,(nt-1)
77 sin ( o
2 4
where 6, is a Kronecker delta and 6; are the hyperparameters of
the model. 6, is the amplitude of the curve in G, 6, is the evolu-
tion timescale in d expressing how rapidly the modulation of B;
evolves, 05 is the recurrence timescale (i.e. the rotation period,
P.ot) in d, and 6, is the smoothness factor which determines the
harmonic structure of the curve (dimensionless). We added an
additional hyperparameter (S, in G) to account for the excess
of uncorrelated noise, which acts only on the diagonal of the
covariance matrix. The log likelihood function to maximise is
the following:

k(t,1') = 6 exp |- )} +8%6,,  (3)

“

where y is the array containing the n values of B; that we mea-
sured, K is the covariance matrix built with the kernel in Eq. (3),
and X is the diagonal variance matrix of our measured B;.

A nested sampling algorithm (Skilling et al. 2004) was used
to explore the posterior distribution of the five hyperparam-
eters (6; and S') by means of the Python package CPNEST
(Del Pozzo & Veitch 2022). Nested sampling was applied with
2000 live points and using uniform priors for all the hyperpa-
rameters. The details of the adopted prior distributions are given
in Table 2. The error bars are the 16th and 84th percentiles of the
posterior distribution, with which it is possible to capture asym-
metries of the distribution and potential harmonic (multi-peak)
structures, as is described in Sect. 6.

1
log £=-> (n log(27) + log |K + 2| + y' (K + 2)*1y) ,

5. Zeeman-Doppler imaging

Zeeman-Doppler imaging was applied to reconstruct the large-
scale magnetic field topology for the stars in our study. One map
was obtained for each epoch in which a star was observed, pro-
vided a sufficient number of observations were collected or a suf-
ficient number of circularly polarised Zeeman signatures were
detected. The ZDI algorithm inverts a time series of Stokes V
LSD profiles into a magnetic field map in an iterative fashion (for
more information see Skilling & Bryan 1984; Donati & Brown
1997). More precisely, synthetic Stokes V profiles are compared
and updated with respect to the observed ones at each itera-
tion, until convergence at a specific target x? is reached. Such
a problem is ill-posed, meaning that infinite solutions could fit
the observed data equally well; thus, ZDI employs a regular-
isation scheme based on maximum entropy to choose a solu-
tion (Skilling & Bryan 1984). The algorithm searches for the
maximum-entropy solution at a given y? level; that is, the mag-
netic field configuration compatible with the data and with the
lowest information content.

The magnetic field vector is expressed as the sum of poloidal
and toroidal components, each described via a spherical har-
monics formalism. Specifically, we employed the decomposition
described in Lehmann & Donati (2022). The simulated spheri-
cal surface of the star was divided into 1000 cells of approx-
imately equal area and the local Stokes / and V profiles for
each cell were calculated assuming the weak-field approxima-
tion. Stokes / LSD profiles were modelled with a Voigt kernel,
and the weak-field approximation allows us to describe Stokes V
as proportional to the first derivative of I with respect to the
velocity,

&)
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Table 2. Results of the GP fit carried out on the B, time series for all our stars.

Hyperparameter Prior HD9986 HD56124 HD73350 HD76151 HD166435 HD 175726
B, amplitude [G] (6)) UO.100) O8RS LERT 32te 2 520 4.7+19
Evolution time [d} () U(1,3000) 85270 SUTE  1497,R 23050 632l 1agT
Proc [d] (65) UOLSO 227653 203050 1420050 167050 35200 404
Smoothness (64) U0.1,1.2) 0.4’:%:‘% 0.9f%§ O.Zf%f; 1.21’%:}1 1.0’:%:2 O.]f%:i
Uncorrelated noise [G] (S) ~ 4(0,100) ~ 0.03*017 093702 13036 77011 391308 45i013
)(% 0.63 2.2 1.50 1.74 18.9 0.85
Residuals (RMS, [G]) 0.83 1.7 2.13 1.06 4.26 1.27

Notes. The columns are: hyperparameter name, uniform prior distribution of the form U (min, max), and mode of the posterior distribution for
each star. The error bars are the 16th and 84th percentiles of the posterior distribution. The rows list the five hyperparameters of the GP along
with the y? of the model and the RMS scatter of the residuals. ® the uniform prior was restricted to 1-10d for HD 175726 and was changed to a

Gaussian prior G(3.47d,0.10d) for HD 166435 (see Sect. 6).

where Adp is the Zeeman splitting in wavelength units and y
is the angle between the magnetic field vector and the line of
sight (see Landi Degl’Innocenti et al. 1992, for more details).
The choice of weak-field approximation is typically valid until
the field strength reaches 1kG (Kochukhov et al. 2010), and
it is justified in our work because local field strengths do
not exceed 70G for any of our stars (see Sect. 6). Mag-
netic fields at unresolved spatial levels likely exceed 1kG, as
has been demonstrated by Zeeman broadening measurements
(e.g. Robinson et al. 1980; Kochukhov et al. 2020; Hahlin et al.
2023).

Our model further assumes that there are no large-scale
brightness inhomogeneities over the stellar surface, so that none
of the synthetic Stokes I profiles vary over the photosphere.
This assumption is probably well verified for low-activity stars
for which, by analogy with the Sun, most brightness inhomo-
geneities (e.g. starspots) are expected to be restricted to spatial
scales much smaller than the typical extent of magnetic regions
resolved here.

We employed the zdipy code described in Folsom et al.
(2018). We set the linear limb darkening coefficient to 0.7
(Claret & Bloemen 2011) and the maximum degree of spheri-
cal harmonic coefficients to {n.x = 8, except for the fast rota-
tors, for which we used {i,,x = 15. This choice was dictated by
the projected equatorial velocity (veq sini) of our stars. We note,
however, that most of the magnetic energy is stored in the £ < 5
modes, as is explained in Sect. 6 and listed in Table A.1 (see also
Lehmann et al. 2019, for more details).

The zDIPY code includes solar-like latitudinal differen-
tial rotation as a function of colatitude (6), expressed in the
form

(6)

where Q.q = 27/P,y is the rotational frequency at equator and
dQ is the differential rotation rate in radd~'. For all epochs of
each star, we jointly searched for the optimised value of equa-
torial projected rotation period and dQ2 following Donati et al.
(2000) and Petit et al. (2002). We generated a grid of (Pyor, d€2)
pairs and searched for the pair that minimised the y? distri-
bution between observations and synthetic LSD profiles, at a
fixed entropy level. The best parameters are measured by fitting
a 2D paraboloid to the )(2 distribution, and the error bars are
obtained from a variation in Ay?> = 1 away from the minimum
(Press et al. 1992; Petit et al. 2002). The latitudinal differential
rotation search was performed for the epochs whose time span
is between two and five weeks, allowing the latitudinal surface

Q6) = Qeq — dQsin*(6),
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shear to distort the magnetic features and be possibly detected.
If an epoch spanned more than five weeks, we performed the
search on both the full epoch and subsets of it, provided that the
number of observations examined is at least ten and with reason-
able longitudinal coverage of the stellar rotation. We proceeded
this way, since it is known that the magnetic field topology of
Sun-like stars may change rapidly on timescales of months (e.g.
Morgenthaler et al. 2011; Jeffers et al. 2018).

All the stars in our sample have rotation period esti-
mates, computed from chromospheric activity indicators in
Marsden et al. (2014). When applying ZDI, we decided to opti-
mise the stellar rotation period for each star. Unless this is per-
formed in conjunction with the differential rotation search, the
P, optimisation proceeds in a similar manner, but it generates
a x? distribution in 1D instead of 2D. The final value and error
bars are obtained by fitting a parabola to the minimum of the
x? curve. For each star, we optimised Py for every epoch in
which ZDI is applicable. We then computed the median P, and
its error bar as the standard deviation of the measurements. The
median value, which is reported in Table 1, is assumed for ZDI
reconstructions of all epochs for a specific star (see Sect. 6 for
more details). The colour of the maps encodes the polarity and
strength (in G) of the magnetic field, and therefore highlights
whether a polarity reversal has occurred.

The stellar inclination was estimated comparing the stel-
lar radius provided in the literature with the projected radius
Rsini = Pryveq sini/50.59, where R sin(i) is measured in solar
radii, Py in days, and veq sini in km s~L. If the estimated incli-
nation was larger than 80°, we adopted a value of 70° to con-
servatively prevent mirroring effects between the stellar north
and south pole. Indeed, for a high inclination value, an ambigu-
ity between north and south hemisphere would appear, and the
spherical harmonics modes with odd £ and m = 0 would can-
cel out. The properties of the ZDI maps and the results of the
differential rotation search are summarised in Table A.1.

6. Results
6.1. HD 9986 (HIP 7585)

HD9986 is a solar analog (Portode Melloetal. 2014;
Datson et al. 2015) and the star in our sample with proper-
ties most similar to those of the Sun (see Table 1). It is a
G5 dwarf with an age of 3.7 Gyr and a rotation period of 22.4d
(Marsden et al. 2014). Previous studies have reported measure-
ments of the chromospheric activity index, log R}, between

HK’
—4.93 and —4.83 (Wright et al. 2004; Isaacson & Fischer 2010;
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Pace 2013; Boro Saikiaetal. 2018b; Gomes da Silva et al.
2021). This means that the star is slightly more active than the
Sun, the latter exhibiting log Ry, = —4.905 and —4.984 at cycle
maxima and minima, respectively (Egeland et al. 2017).

Figure 2 illustrates the time series of longitudinal field mea-
surements for HD 9986, from 2008 to 2023. Overall, B; assumes
positive and negative values, spanning between —2.2G and
3.3 G, with a median of —0.2 G. We note an oscillation of the
median B, for each epoch, going from 0.3 G in 2008 to —0.8 G
in 2012, up to 1.7G in 2017, and down to —0.38 G in 2023.
Likewise, the interval of B, values goes from +2 G, to +1 G, and
finally between —2 and 3 G.

The Lomb-Scargle analysis of the B; data for HD 9986 was
not conclusive, as no significant (FAP < 0.1%) peak was
observed (see Fig. B.1 publicly available on Zenodo). The results
of the GP regression are shown in Fig. 2. The model identifies a
stellar rotation period of 22.83_748 d, which is in good agreement
with the reported value of 22.4 d (see Marsden et al. 2014). The
larger upper error bar stems from the presence of harmonic peri-
odicities around 40-50 d that were sampled by the GP. This can
be seen from the posterior distributions in Fig. 2. Given that the
posterior distribution is reasonably symmetric around the peak
at 22.8 d, a more realistic upper error bar is 2.4 d, as is reported
in Table 2. We also retrieved an amplitude of the variations
of 0.8G and an excess of uncorrelated noise S of 0.03*)}7 G,
which is consistent with zero, signifying an appropriate estimate
of the error bars. Although the retrieved evolution timescale is
852*37d (or 2.3 yr), implying fast evolution of the longitudi-
nal field, the GP captures a long-term sinusoidal trend of ~13 yr
(upper panel of Fig. 2), which can be representative of a mag-
netic cycle.

The ZDI-reconstructed magnetic field maps are presented
in Fig. 3, and the line fits are provided in Fig. C.1. For the
reconstructions, we assumed an inclination of 60° and a pro-
jected equatorial velocity veq sin(i) = 2.6km s7! (see Table 1).
The differential rotation search pointed at dQ = 0.0radd™' in
most epochs; that is, consistent with solid body rotation. We
then performed a rotation period optimisation (see Sec. 5) for
the examined epochs, finding an average of P;o = 21.03+0.44 d.
This value is compatible with the literature range: between 19d
(Isaacson & Fischer 2010), 22.4d (Marsden et al. 2014), and
23.4 +3.4d (Lorenzo-Oliveira et al. 2019).

The properties of the magnetic field maps are listed in
Table A.1. We fitted the observed Stokes V LSD profiles down to
x? of 1.00-1.20, suggesting that in some cases our models do not
fully reproduce the observations, likely due to undetected intrin-
sic variability. The average field strength features a decrease
from 1.5 to 1.2 G in the first years, then rises to 2.6 G in 2018.74
and drops to 1.9 G in the latest epoch, showing similarities with
the long-term trend captured by the GP in the B, data.

The topology of HD9986’s large scale magnetic field is
predominantly poloidal, dipolar, and non-axisymmetric for all
the epochs. The fraction of total magnetic energy stored in the
poloidal component starts at 75% in 2008.08, then increases
to 99% in 2012.85, then decreases down to 58% in 2018.74,
and finally it increases to 79% in 2023.09. In 2012.85, the
toroidal fraction is at the lowest value over the time series, and
it is largely non-axisymmetric compared to the other epochs. In
2023.09, the axisymmetric fraction of the poloidal energy is at
the minimum value of the time series. The dipolar component
accounts for more than 58% of the poloidal energy, and the frac-
tion of total energy in the axisymmetric component decreases
from 38 to 16%, then increases to 55—-60%, and finally decreases
to 19% in the last epoch.
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Fig. 2. Longitudinal magnetic field measurements for HD 9986 and GP
regression analysis. Top: GP model of the full time series of B,;. The
shaded area corresponds to the 10~ uncertainty interval. The lower panel
contains the residuals between the model and the observations. Bottom:
Posterior distributions of the hyperparameters characterising the GP.
The panels on the diagonal display the 1D marginalised distributions
of the hyperparameters, while the other panels contain the 2D posterior
distributions. The vertical solid lines indicate the modes of the distribu-
tions, while dashed lines indicate the 16th and 84th percentiles.

There are striking features characterising the evolution of
the large-scale field (see Fig. 3). The radial component exhibits
a hemisphere dominated by a positive polarity in 2008.08,
which then switches to a negative polarity between 2010.76 and
2012.85, before finally reverting back to a positive polarity in
2017.76 and 2018.74. This correlates with a decrease in the
toroidal energy fraction from 25% to 1%, and then a rise to 40%.
The timescale of the double polarity flip of the radial field is of
the order of 10-11 yr, which is half of the Hale cycle period of
the Sun. This is consistent with the sinusoidal trend suggested by
the GP model of the B, data (see Fig. 2). The azimuthal compo-
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Fig. 3. Reconstructed large-scale magnetic field map of HD 9986, in
flattened polar view. From the left, the radial, azimuthal, and meridional
components of the magnetic field vector are illustrated. Concentric cir-
cles represent different stellar latitudes: —30 °, +30°, and +60 ° (dashed
lines), as well as the equator (solid line). The radial ticks are located at
the rotational phases when the observations were collected. The rota-
tional phases are computed with Eq. (1) using the first observation of
each individual epoch (see Appendix D, publicly available on Zenodo).
The colour bar indicates the polarity and strength (in G) of the magnetic
field. Indications of polarity reversals of the radial field have occurred
in 2010.76 and 2017.76 epochs, and of the azimuthal field in 2023.09.

nent of the field transitions from a negative-dominated polarity,
to a more complex configuration, to a negative sign, and finally
to a positive-dominated polarity.

6.2. HD 56124 (HIP 35265)

HD 56124 is a GO dwarf with an age of 3.9Gyr and a
rotation period of 20.7+0.2d (Marsden etal. 2014). Mea-
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surements of the chromospheric activity index, logRy,
were reported between —4.84 and —4.65 (Wright et al. 2004,
Isaacson & Fischer 2010; Pace 2013), making the star more
active than HD 9986, as was expected from the shorter rotation
period.

The time series of B; measurements is shown in Fig. B.3,
from 2008 to 2021. The values are initially all positive, with a
median value of 2.3 G, and then transition to a mostly negative
sign from 2010 onwards, with a median around —0.7 G. In the
latest epoch, the median measurement is 1.7 G, and the RMS
scatter has also visibly increased to a value of 3.7 G. The gen-
eralised Lomb-Scargle periodogram analysis reveals a promi-
nent peak (FAP < 1072%) at 2870d or equivalently 7.9 yr (see
Fig. B.1, together with a forest of peaks between 107 and 103 d.
The latter are mirrored in the window function, meaning that
they stem from the irregular observational cadence and temporal
gaps in the time series. For this reason, some of the power may
have been injected in the predominant peak.

The GP applied to the B; time series found an oscillatory
trend directed towards negative values of the field at start, and
towards positive values at the end of the time series. The lack of
data between 2012 and 2017 prevented us from discerning how
realistic the oscillation in such a time gap is, which is encap-
sulated by the larger uncertainty band of the GP fit in Fig. B.3.
Assuming positive values of the magnetic field during this gap
would imply an oscillatory trend of 810 yr. The model is char-
acterised by a rotation period of 21.321:32 d, which is larger than
previous estimates (Marsden et al. 2014), but compatible within
1o The largely asymmetric error bar is due to harmonic struc-
ture in the posterior distribution, owing to the large scatter in the
last epoch, since the model would be able to fit multiple, shorter
periodicities. A more realistic lower error bar is —2.0 d. The evo-
lution timescale of B; is 511322 d (or 1.4yr), which is roughly
six times shorter than the periodicity measured with the Lomb-
Scargle periodogram.

The ZDI-reconstructed magnetic field maps are presented
in Fig. 4 and the properties are listed in Table A.1 for four
epochs: 2008.08, 2011.90, 2017.88, and 2021.29. The corre-
sponding ZDI line fits are shown in fig. C.2. We assumed an
inclination of 40° and veqsin(i) = 1.5km s~!. The differential
rotation search was inconclusive in each case, since the Xf land-
scape built over the dQ— P, grid (see Sect. 5) featured multiple,
stretched valleys, preventing a straightforward identification of a
minimum. The optimisation of the rotation period alone yielded
a value of 20.749 + 1.028 d for 2008.08 epoch, which is highly
compatible with the literature value (Marsden et al. 2014). For
2011.90 and 2017.88, the minimum of the )(f distribution is at
lower values (around 5—10 d), but there is a sharp secondary min-
imum at 20.898 + 0.476 and 20.158 + 1.292 d, respectively. The
2021.29 data set is not suitable for a rotation period search of this
order of magnitude because the observations span around 20 d.
We only find a spurious minimum of the distribution around 9 d.
We therefore decided to fix the rotation period to 20.70 + 0.32d
and assume solid body rotation for all epochs. The target x? is
between 0.97 and 1.15 for the maps, as is listed in Table A.1.

The ZDI reconstructions of HD 56124 feature a predom-
inantly poloidal (>95%), dipolar (>88%) and axisymmetric
(>70%) field. The maps reveal two evident polarity reversal,
since the pole underwent a switch between positive sign in
2008.08 to negative in 2011.90, and then positive again in
2021.29 (see Fig. 4). In 2017.88, we observe a similar topol-
ogy and polarity as 2011.90, but a weaker average strength
from 2.3 to 0.7 G, and in 2021.29 the axisymmetry is the low-
est value reconstructed (~70%). With this information, we can
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Fig. 4. Reconstructed large-scale magnetic field map of HD 56124, in
flattened polar view. The format is the same as Fig. 3.
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see how HD 56124 experiences a magnetic cycle characterised
by a timescale of ~3—4 yr between polarity reversals. If exactly
3 yr, we would have expected the same magnetic field strength in
2011.90 and 2017.88, whereas in the latter epoch we most likely
observe the onset of a reversal after the peak at negative polarity.
The evolution timescale of 1.4 yr obtained from the GP fit on B,
data would be too fast to explain the polarity reversal, since in
this case the same magnetic field configuration would have been
observed in 2008.08 and 2011.90.

6.3. HD 73350 (HIP 42333)

HD 73350 is a G5 dwarf with an age of 1.4 Gyr and a rota-
tion period of 14.0 d (Marsden et al. 2014). Measurements of the
chromospheric activity index, log R};,, were reported between
—4.61 and —4.45 (Wright et al. 2004; Isaacson & Fischer 2010;
Pace 2013; Boro Saikia et al. 2018b), which are 0.3-0.5 dex
larger than the solar values (Egeland et al. 2017).

The time series of B; measurements is shown in Fig. B.4,
from 2007 to 2018. The field has both positive and negative val-
ues within the same epoch, ranging between 6 and —4 G. This
suggests that the topology is possibly non-axisymmetric or com-
plex. The field has a strength of —2.0 and —2.6 G in 2017 and
2018, but these are individual B; measurements, which prevents
us from drawing any conclusion on a possible trend towards neg-
ative values.

The generalised Lomb-Scargle periodogram analysis
revealed a marginally significant peak (FAP < 107'%) at
13.74d, compatible with the rotation period reported in the
literature. However, we did not detect any significant prominent
long-term periodicity (see Fig. B.1). The GP regression pro-
duced a model with a rotation period of 14.20’:{_37'86 d, which is
on the same order of magnitude as literature values (Petit et al.
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Fig. 5. Reconstructed large-scale magnetic field map of HD 73350, in
flattened polar view. The format is the same as Fig. 3.

2008; Marsden et al. 2014), and an evolution timescale of
149745992 d (or 4.1yr). The large error bars for both hyper-
parameters reflect the difficulty of constraining the timescales
encapsulated in the data set, due to the multi-peak nature of the
posterior distributions (see Fig. B.4). In turn, this may be due to
the fact that the bulk of our observations span a shorter interval
than the evolution timescale; thus, we were not able to constrain
it robustly. In a similar manner as for HD 9986 and HD 56124, a
more realistic upper error bar for Py is 2.0d.

We obtained three magnetic field maps corresponding to the
2007.09, 2011.06, and 2012.04 epochs, as is illustrated in Fig. 5.
The properties are listed in Table A.1 and the model Stokes V
profiles are shown in Fig. C.3. We only have seven observations
for the 2011.06 epoch, but their longitudinal coverage allows for
a reliable ZDI reconstruction. As stellar input parameters, we
used an inclination of 70° and veq sin(i) = 4.0km s7!, and we
assumed solid body rotation, since the number of observations
per each epoch did not allow a robust estimate of differential
rotation. We optimised the stellar rotation period and obtained
an average P, = 12.27 + 0.13 d, the same as Petit et al. (2008).
By applying ZDI on the 2007.09 time series of Stokes V LSD
profiles, Petit et al. (2008) revealed a complex field with a dom-
inant toroidal component (more than 60%), and the poloidal
component had a substantial amount of energy in the dipolar,
quadrupolar, and octupolar modes (40%, 20%, and 20%, respec-
tively). Our reconstruction of the 2007.09 map is consistent with
Petit et al. (2008).

The field topology is shown in Fig. 5. The poloidal compo-
nent increases from 54% to 99% and the dipolar component from
37% to 83%, with a contemporaneous decrease in the quadrupo-
lar (from 27 to 10%) and octupolar (from 23% to 5%) compo-
nents. The axisymmetric fraction follows the dominant compo-
nent of the field. In the first epoch, the axisymmetry is 44% due
to the combination of an axisymmetric toroidal component and
non-axisymmetric poloidal component. In the second epoch, the
field is axisymmetric because both components are also axisym-
metri. The last epoch exhibits the same level of axisymmetry
as the significantly dominant poloidal component. Within five
years, the average field strength seems to show a decreasing,
monotonic trend from 30 to 13 G.

A269, page 9 of 21



Bellotti, S., et al.: A&A, 693, A269 (2025)

Therefore, the magnetic topology of HD 73350 manifests an
initially complex radial field that transitions towards a simple
configuration in five years. The azimuthal field is predominantly
negative in the first epoch, flips to positive after four years, and
almost switches off one year later. If the polarity switch of the
azimuthal field were on a yearly timescale, we would expect the
field in 2011.06 to have the same polarity as in 2007.09, so we
can exclude it. Instead, if we assume a timescale of the azimuthal
field reversal of four years, the two polarity switches become
more consistent. These values are consistent with the photomet-
ric cycle period of 3.5 yr reported by Lehtinen et al. (2016).

6.4. HD 76151 (HIP 43726)

HD 76151 is a G2 dwarf with an age of 2.1Gyr and a
rotation period of 18.6+0.4d (Marsdenetal. 2014). Mea-
surements of the chromospheric activity index, logRy,
were reported between —4.82 and —4.50 (Wright et al. 2004;
Isaacson & Fischer 2010; Pace 2013; Boro Saikia et al. 2018b;
Gomes da Silva et al. 2021). The spectropolarimetric analysis
of Petitetal. (2008) on 2007 data showed a predominantly
poloidal, dipolar, and mostly axisymmetric field.

The time series of B; measurements is shown in Fig. B.5,
from 2007 to 2024. In the first part of the time series (until
2012), the values are mostly negative, with a slight increasing
trend towards positive polarity, since the median value goes from
-3 Gin 2007 to —0.9 G in 2012. After a gap of almost four years,
the field is negative and stronger, with a median of —4.6 G. From
2016 to 2024, we observe rapid variations in the bulk of the data,
indicating fast variations in the field. From 2016, there is a rise
towards positive values (median of 1.7 G), then a switch to a
median of —0.6 G in 2019 and —-3.1 G in 2021, another rise to
—2.1Gin 2022 and 6.6 G in 2023, and finally a decrease to 0.4 G
in 2024. The fast variations in B; in the second part of the time
series illustrate that the observational cadence of the first part
of the time series was likely missing the oscillations of the field
between positive and negative polarities.

The Lomb-Scargle periodogram applied to the B, time series
is shown in Fig. B.1. It features several significant peaks (FAP <
1072%), but most are mirrored in the window function, signify-
ing signals with periods of the order of months or a year due
to aliases of the observing cadence. The most prominent peak
is at 1727d (or equivalently 4.7 yr), and has a counterpart in
the window function shifted towards longer periods (2000 d).
The quasi-periodic GP model retrieved a well-constrained stel-
lar rotation period of 16. 70*8 18d (see Fig. B.5), which is
lower than the values of 20. 5+O 3d (Petitetal. 2008) and
18.6 £ 0.4d (Marsden et al. 2014) reported in the literature. We
also obtained an evolution timescale of 232*40 d, or equivalently
0.6 yr.

The reconstructed maps with ZDI are shown in Fig. 6, and
the Stokes V line fits are illustrated in Fig. C.4. We assumed
an inclination of 30°, veqsin(i) = 1.2kms™', and solid body
rotation, since the differential rotation search was inconclusive.
The rotation period optimisation yielded an average of Py, =
17.47 = 0.81 d, where the larger error bar compared to the other
stars stems from a larger dispersion of the epoch-optimised rota-
tion periods. The value falls in the range of the literature mea-
surements of 14.4 + 0.19d (Olspert et al. 2018) and 20.5 = 0.3d
(Petit et al. 2008). Possibly, we could attribute this range of rota-
tion period values to solar-like differential rotation, with dom-
inant active regions occurring at different latitudes over time,
although our data sets cannot capture such a signal. Assuming
Pequator = 14.4 £0.19 and Ppoe = 20.5 + 0.3, the corresponding
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Fig. 6. Reconstructed large-scale magnetic field map of HD 76151, in
flattened polar view. The format is the same as Fig. 3.

differential rotation rate would be 0.13 + 0.01rad d™!, which is
almost twice as solar.

As is reported in Table A.1, the Stokes V LSD profiles were
fitted to a /\/% of 1.20-1.90, except for the 2015.95 epoch, for
which only y? = 2.65 can be reached before overfitting. The
time span of 2015.95 epoch is 20 days, which is not signifi-
cantly different from the time span of other epochs like 2017.02
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or 2019.02 in which a y? of 1.5 and 1.6 could be reached. This
indicates that the evolution — that is, the emergence and decay —
of magnetic regions was likely faster during the 2015.95 epoch.

The large scale magnetic field exhibits a dominant (more
than 84%) poloidal component over the entire time series, with
most of the magnetic energy stored in the dipolar mode (more
than 80%). The average field strength oscillates mostly between
1 and 6 G, with a peak at 8.5 G in the 2023.10 epoch. The recon-
struction of the 2007.09 epoch is compatible with the map of
Petit et al. (2008). The most striking feature is the fluctuation in
axisymmetry, and in particular the poloidal-axisymmetric com-
ponent since it is the dominant one. In 2007.09, the axisymmetry
is large (75%) and it decreases to 44.05% in 2012.05 and rises
again to 90% in 2015.95. Then, it lowers to 50% in 2017.02 and
to 5% within 2019.02, before rising again to 95% in 2021.25. In
the latest epochs, we see a rapid decrease from 73% in 2022.07
to 5% in 2022.28, then another increase to 88% in 2023.10 and a
decrease to 4% in 2024.06. The epochs of low axisymmetry gen-
erally correlate with an increased amount of magnetic energy in
the quadrupolar and octupolar modes of the poloidal component.

During the 17yr of the time series, we observe only one
polarity reversal in 2023.10, and a fast variation between
axisymmetric and non-axisymmetric configurations, overall
deviating from a Hale-like magnetic cycle. The highly non-
axisymmetric configurations in 2019.02, 2022.28, and 2024.06
are not sufficient to determine whether additional polarity rever-
sals occurred around such epochs or whether only a tempo-
rary variation in axisymmetry occurred. As we shall discuss in
Sect. 7, we cannot robustly constrain a timescale for the vari-
ations in the large-scale topology, since they can be explained
by a short-period magnetic cycle for which we did not capture a
polarity reversal, or by the superposition of two cycles, a shorter
one that modulates the axisymmetry and a longer one responsi-
ble of polarity reversals.

6.5. HD 166435 (HIP 88945)

HD 166435 is a young, fast-rotating, G1 dwarf with an estimated
age of 0.2Gyr and a rotation period of 4.2d (Marsden et al.
2014). The chromospheric activity index, log Ry, , was measured
between —4.36 and —4.20 (Isaacson & Fischer 2010; Pace 2013;
Marsden et al. 2014; Boro Saikia et al. 2018b), which is approx-
imately 0.7 dex larger than the Sun. HD 166435 is the most active
star in our sample, and it is a benchmark for the limitations that
stellar activity poses on radial velocity searches of exoplanets
(Queloz et al. 2001).

The time series of B; measurements is shown in Fig. B.6,
from 2007 to 2020. The values oscillate in sign, between —10
and 15 G, but the bulk of measurements is mostly positive. More
precisely, the median B; over individual years varies between
3.5G, to 0.5G and up to 7G in the latest epochs. The evident
scatter of B; data for an individual epoch is stemming from a
most likely complex or non-axisymmetric field.

The Lomb-Scargle periodogram, shown in Fig. B.1, did not
reveal any significant periodicity in the time series. There is a
forest of peaks between 4 and 10 d which is not reflected in the
window function, but the associated FAP is higher than 1%. We
therefore decided to apply the same tool on three different TESS
light curves (see Sect. 2.2), to extract the main periodicity from
the light curves. The results are shown in Appendix B (publicly
available on Zenodo). We found a highly significant (FAP «
0.01%) peak for each light curve, with a mean of 3.47 + 0.10d,
where the error bar represents the standard deviation of the three
measurements.

An initial attempt to fit the B, time series with a GP produced
a posterior distribution of the stellar rotation period with a maxi-
mum at ~30d, but it also showed an additional peak below 10 d.
Considering that 30d most likely corresponds to the observa-
tional cadence, and that literature estimates of P,y are one order
of magnitude lower, we restricted the uniform prior on the stellar
rotation period between 1 and 10d. A shorter rotation period is
also more consistent with the activity level of the star (see e.g.
Noyes et al. 1984) and it is supported by the value obtained from
the TESS light curves. We found Py, = 3.54703) d, which is
consistent with the value obtained from TESS data and literature
values (Wright et al. 2004). Given the robust and independent
result from the TESS light curves, we decided to set a Gaussian
prior on the stellar rotation period centred on 3.47 + 0.10d and
perform GP regression again. The results are listed in Table 2
and shown in Fig. B.6. We found a visually similar GP fit as
when using a uniform prior on P;q, with an evolution timescale
of 6523‘9‘; d (or 1.8 yr).

The Stokes V models are illustrated in Fig. C.5. We assumed
an inclination of 40° and veq sin(i) = 7.9km s~1. The search of
latitudinal differential rotation resulted in P,,; = 3.48 + 0.01d
and dQ = 0.14 + 0.0l radd™" for 2010.51 and P,,y = 3.26 %
0.04d and dQ = 0.41 + 0.03rad d~' for 2010.60, as is shown in
Fig. 7. For the other epochs, the search was inconclusive. With
such differential rotation rates, the rotation period at the pole is
3.77+£0.02d and 4.14 + 0.10d.

Both values of equatorial rotation period are consistent
with the average P;, of the TESS light curves and the best
fit hyperparameter constrained by the GP. Although cases of
substantial differential rotation (up to dQ = 0.5radd™') have
been reported before, such as HD 29615 (Waite et al. 2015),
EK Dra (Waite et al. 2017), V889 Her (Brown et al. 2024), and
7 Boo (Donati et al. 2008; Fares et al. 2009), the value of
dQ = 0.41 + 0.03radd™' from August 2010 may be spuri-
ous. This because the y? landscape does not show an indi-
vidual and well-constrained minimum, rather a more complex
shape with an additional (but less pronounced) minimum around
dQ = 0.15-0.20radd' (see Fig. 7). This secondary minimum
would be compatible with the differential rotation rate found
in 2010.51, which is a factor of two greater than the solar
value. Overall, the measurement of a differential rotation rate
greater than the solar value for HD 166435 is consistent with
the increasing trend of differential rotation with stellar photo-
spheric temperature (Barnes et al. 2005; Collier Cameron 2007;
Balona & Abedigamba 2016).

Since we cannot constrain a reliable value of dQ from the
other epochs, the ZDI reconstructions were performed fixing
Prot =3.48+0.01dand dQ = 0.14 +0.01 radd™!, for all epochs.
Assuming solid body rotation for epochs other than 2010.51 and
2010.60 would have been contradictory, and would have led to
a poorer quality of the Stokes V models (as quantified by y?
increases between 1.0 and 5.0 for different epochs). However,
using the same value of dQ for all the epochs may limit us in
accounting for the intrinsic variability of the surface shear and its
evolution. Indeed, previous studies on cool stars have shown that
the amount of latitudinal differential rotation can change over a
timescale of a few years (Donati et al. 2003a; Boro Saikia et al.
2016), which was interpreted as the feedback of the magnetic
field on the surface shear flow. Given the lack of additional con-
straints on dQQ for the other epochs, our choice represents a trade-
off.

The Stokes V LSD profiles were fitted to a y? of 1.50-2.50
for most epochs, and to 4.0 for 2016.49. Although a y? = 4.0
represents an improvement compared to the case of assuming
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Fig. 7. Joint search of differential rotation and equatorial rotation period
for HD 166435 and HD 175726. Two epochs are shown for HD 166435
and one for HD 175726. The panels illustrates the y? landscape over a
grid of (Proreq,d€2) pairs, with the 1o~ and 30~ contours. The best values
are obtained by fitting a 2D paraboloid around the minimum, while their
error bars are estimated from the projection of the 1o~ contour on the
respective axis (Press et al. 1992).

solid body rotation (for which only y? = 5.5 could be reached),
its high value for the 2016 epoch suggests that significant evo-
lution of the surface magnetic features occurred within the time
span of such an epoch. This evolution, presumably related to
the limited lifetime of magnetic spots, cannot be modelled under
the simple assumption of a surface progressively distorted by
differential rotation. The equator-pole lap time, representing the
amount of time it takes for the magnetic map to be sheared until
it is unrecognisable, is indeed shorter (~45 d) than the time span
of the 2016.49 epoch (~50d)

The maps of the large-scale magnetic field are shown in
Fig. 8. HD 166435 exhibits a large-scale magnetic field with
a complex topology, where the poloidal component accounts
for 60% of the magnetic energy for most of the epochs,
with a peak to 84% in 2016.49. The dipolar, quadrupolar and
octupolar modes of the poloidal component start with val-
ues between 20 and 25% in the first epoch, then the dipo-
lar and octupolar remain reasonably stable around 30% and
20% until 2020.59, while the quadrupolar component oscil-
lates between 32% to 16% and back to 20%. In 2020.59, the
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Fig. 8. Reconstructed large-scale magnetic field map of HD 166435, in
flattened polar view. The format is the same as Fig. 3.

dipolar component increases to 67%, and the quadrupolar and
octupolar decrease to 10%. The poloidal component is mostly
non-axisymmetric (10-40%) with an increase to 56% in the lat-
est epoch, while the toroidal component is more axisymmetric
(50-90%), making the global axisymmetry oscillate between 20
and 66%.

Although it is not straightforward to pinpoint cyclic features
in the magnetic field topology of HD 166435 due to its mul-
tipolar nature, we notice that globally the field experiences a
decrease in complexity reaching a more poloidal, axisymmet-
ric configuration in the final epoch. The azimuthal field main-
tains a negative polarity with an oscillating strength through-
out. In addition, we note the intermittent presence of a mag-
netic spot between 30 and 60 deg in latitude, with positive polar-
ity and stronger average field. Therefore, the magnetic topol-
ogy seem to be characterised by various and distributed mag-
netic spots in certain epochs (2010.60 and 2016.49), and a
more concentrated field of positive polarity at others (2010.51,
2011.52, 2017.35, and 2020.59). If corroborated, the timescale
of the appearance of such a feature is approximately one
year.
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6.6. HD 175726 (HIP 92984)

HD 175726 is a young, fast-rotating, GO dwarf with an estimated
age of 0.6Gyr and a rotation period of 5.1d (Marsden et al.
2014). The chromospheric activity index, log Ry, was mea-
sured between between —4.44 and —4.36 (Isaacson & Fischer
2010; Pace 2013; Marsden et al. 2014; Boro Saikia et al. 2018b),
which makes it the second most active star in our sample.

Figure B.7 illustrates the B, time series, from 2008 to 2024.
The field values span between —23.0 and 13.1 G, and the bulk of
the measurements per each epoch does not show significant signs
of evolution. In a similar manner to HD 166435, the fact that
the field becomes positive and negative within a stellar rotation
indicates a rather non-axisymmetric or complex field.

The Lomb-Scargle periodogram, shown in Fig. B.1, fea-
tures a series of peaks around 2-5d and no evident long-term
periodicity. The most significant peak is at 2.03 d, with a FAP
lower than 0.01%. This period is lower than the literature val-
ues of 3 (Isaacson & Fischer 2010), 4.0d (Mosser et al. 2009),
and 5.1d (Marsden et al. 2014), possibly reflecting an alias of
the high-frequency observing cadence in 2008. Indeed, during
2008 multiple observations were taken during multiple nights,
rather than one observation per night like the other stars. If
we restrict the Lomb-Scargle analysis to the 2008 and 2016
epochs separately, we observe the most prominent peaks to be
around 2 d and 4 d, respectively. Knowing that their surface mag-
netic field evolves fast, we further restricted the search between
2008.55 and 2008.63 separately, we observe peaks at 2d and
4d for both subsets. In 2008.55, the two peaks are significant
(FAP < 0.01%), while in 2008.63 neither peak is significant. The
period at 4d is closer to the reported literature value. Splitting
over the 2008.55 and 2008.63 subsets is performed considering
the dense monitoring of the 2008 epoch, and the fact that, owing
to an increased spatial resolution correlated to the large value of
Ueq Sin(i), we may be sensitive to faster evolution timescales of
inhomogeneities on the stellar surface.

The GP fitting was performed while limiting the uniform
prior on the stellar rotation period between 1 and 10d, to pre-
vent unnecessary harmonic peaks from emerging. The model is
shown in Fig. B.7 and it is characterised by a stellar rotation
period of Py = 4.04fg:il d. The large upper error bar stems
from the multiple peaks of the posterior distribution, in a similar
manner as HD 9986, and a more realistic estimate is 0.11 d. The
retrieved P,y is within the range of reported values, and com-
patible with the estimate of Mosser et al. (2009). The evolution
timescale is not well constrained, partly because the field may
possess a complex and fast-evolving topology between epochs,
and additionally because of the large observational gaps in the
time series, preventing the GP from finely probing the changes
in B; over the long term.

The maps of the large-scale magnetic field are shown in
Fig. 9, and the Stokes V models are illustrated in Fig. C.6.
We assumed an inclination of 70° and veq sin(i) = 12.3km s7L.
The latitudinal differential rotation search was conclusive for the
2008.55 epoch, which is not surprising considering that it con-
tains the largest number of observations with an evident and
evolving Stokes V signature (see Fig. C.6). The results of the
optimisation process are shown in Fig. 7, and we found a min-
imum )(% located at P,y = 4.12 + 0.03 and dQ = 0.15 =
0.03radd™!.

The differential rotation rate is 2.2 times larger than on
the Sun, of the same order of magnitude as the solar-like star
HD 35296 (Waite et al. 2015), but not as extreme as HD 29615
(Waite et al. 2015), EK Dra (Waiteetal. 2017) or 7 Boo

HD 175726
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2008.55 =

Fig. 9. Reconstructed large-scale magnetic field map of HD 175726, in
flattened polar view. The format is the same as Fig. 3.

(Donati et al. 2008; Fares et al. 2009), reaching up to 0.5 rad d-L.
Finally, the value of dQ2 we found for HD 175726 implies a rota-
tion period at the pole of 4.55+0.91 d. Since we cannot constrain
a reliable value of dQ from the other epochs, we decided to fix
the value of rotation period and differential rotation values to
those inferred from 2008.55 epoch, with the same caveats as for
HD 166435.

Assuming Py, = 4.12d and dQ = 0.15radd™! for all
epochs, we fitted the Stokes V LSD profiles down to a x? of
0.80-1.70. The topology of HD 175726 is complex (see Fig. 9),
which also stems from the increased available spatial resolu-
tion given the larger value of veq sin(i) compared to the other
stars (see for instance Donati et al. 2003b). The poloidal field
accounts for more than 70% of the magnetic energy in general,
with more than 20%, 20%, and 8% in the dipolar, quadrupo-
lar, and octupolar components, respectively. The toroidal com-
ponent is also significant, in most cases storing between 11%
and 30% of the energy, except for the last epoch when it is
5%. The field is mostly non-axisymmetric, with about 23-47%
of the energy stored in the axisymmetric field. In all epochs
the poloidal field is mainly non-axisymmetric (less than 50%)
while the toroidal component oscillates between axisymmetric
(in 2008 and 2024.53) and non-axisymmetric (in 2016.53 and
2024.63) configurations.

Owing to the large observational gap in the time series, it
is not straightforward to draw conclusions in terms of mag-
netic cycles for this star. If we consider that its properties are
analogous to &£ Boo A (Morgenthaler et al. 2012) and HN Peg
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(Boro Saikia et al. 2016), we expect short-term (months to a few
years) evolution of the magnetic geometry to occur. This can
occur in the form of fluctuating poloidal-to-toroidal energy frac-
tion as well as the change in complexity; that is, the distribution
of the energy content in the modes of the poloidal component.

7. Discussion
7.1. Trends from the Gaussian process evolution timescale

As is described in Sect. 4.2, we applied a quasi-periodic GP to
the time series of B, data of each star to constrain its temporal
variation 5-17 yr. One of the hyperparameters of the model is
the evolution timescale (6,), which describes how the rotational
modulation of B; varies over time. It is generally associated
with the lifetime of active regions on the stellar sur-
face (Nicholson & Aigrain 2022; Aigrain & Foreman-Mackey
2023); therefore, it may not necessarily reflect a putative cycle
timescale, as in the case of fast rotators presented here.

We found values mostly between 232 and 852d. For
HD 73350 and HD 175726, we found values of 1497 d and 148d,
respectively, with large error bars stemming from unconstrained
posterior distributions. Although this is consistent with the
expected rapid evolution of the magnetic field for the younger,
fast-rotating star HD 175726 with respect to the older HD 73350,
the GP model cannot put robust constraints on these values
owing to the cadence of the observations, as the time series have
gaps of 4 yr. Owing to the limited sample of stars, we did not
observe striking trends of 6, as a function of stellar rotation
period, mass, age, and Rossby number, average S index, and By .

Giles et al. (2017) computed the decay lifetime from the
autocorrelation function of Kepler light curves of stars rang-
ing between M- and F-type, and whose rotation period was
close to either 10d or 20d. Compared to the decay lifetime of
starspots inferred by the authors, our values of 6, for our stars
are larger by at most a factor of two. This difference may be
a consequence of the different method employed to capture the
timescale; that is, the autocorrelation function or GP. Addition-
ally, the physics probed by photometric and spectropolarimetric
activity proxies may be distinct. Indeed, B; is derived from spec-
tropolarimetric data; therefore, it is sensitive to polarity cancella-
tion effects (especially at low veq sin i) and may not be modulated
over long timescales in the same manner as photometric light
curves. An example is V889 Her, for which brightness oscilla-
tions were reported to be twice as fast as the magnetic field vari-
ations (Brown et al. 2024). A similar distinction can be made
with respect to the results of Olspert et al. (2018), who used a
GP applied to Ca 1 H&K data with a different formalism; that
is, with the cycle period as the only timescale in the covariance
kernel.

A general complication in using the GP for constraining
the cycle period timescale is the sensitivity to short-term vari-
ations, which could be misinterpreted for a fast cycle. Indeed,
there is evidence for such variations also on the Sun, like the
Rieger modulations, on a timescale of ~150d (Rieger et al.
1984), and the quasi-biennial oscillations (Mendoza et al. 2006;
Velasco Herrera et al. 2018). Subsequent ‘Sun-as-a-star’ work in
this direction is therefore required to address this point further.

7.2. Comparisons with the solar cycle

The magnetic field of the Sun undergoes a polarity reversal in
the poloidal and toroidal components during cycle maximum,
which is every 11 yr on average (Richards et al. 2009). The activ-
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ity is found to increase over 3-5yr and then to decline over
6-8 yr depending on the cycle strength (e.g. Clette & Lefevre
2012). The behaviour of the solar large-scale magnetic field as
it would be reconstructed by ZDI was reported by Vidotto et al.
(2018) and Lehmann et al. (2021): at cycle minimum, the large-
scale magnetic field is poloidal, dipolar, and axisymmetric, while
it is less poloidal, more complex, and non-axisymmetric dur-
ing cycle maximum. This likely stems from the equator-ward
emergence of sunspots when approaching solar maximum, con-
sidering also that the toroidal energy fraction and the sunspot
number are correlated. In terms of magnetic energy, the large-
scale field intensifies during maximum and decreases during
minimum (Vidotto et al. 2018; Lehmann et al. 2021). Using this
information of the large-scale field topology during solar Hale
cycle as benchmark, we compare the magnetic field evolution of
the stars in our sample.

For the two slow rotators in our sample — HD 9986 and
HD 56124 — we observe some similarities with the solar cycle.
As is shown in Fig. 3, the large-scale magnetic field of HD 9986
exhibits two polarity reversals of the radial field within approxi-
mately 11 yr, which is twice as fast as the solar cycle. Our obser-
vations of HD 9986 grasped phases of the magnetic cycle in
which the large-scale field was mostly non-axisymmetric; that
is, 15 to 50% of the magnetic energy is in the axisymmetric
modes. Correspondingly, the obliquity of the positive polarity of
the dipole oscillated between 55°, 125° and back to 40° (as mea-
sured relative to the stellar rotation axis). In 2008.76, the visible
hemisphere of the star is dominated by a positive polarity, which
flips to negative in 2010.76, suggesting that a maximum of the
cycle occurred within this interval. From 2010.76 to 2012.85,
the topology sees a rise in poloidal (and dipolar) component,
while the axisymmetry remained low, hence it resembles the ini-
tial stages of a magnetic cycle descending phase. We observe
a second polarity flip in 2017.76, meaning that a second maxi-
mum of the cycle likely occurred between 2012.85 and 2017.76.
The maps of 2017.76 and 2018.74 show a poloidal, stronger and
more axisymmetric topology, so they could be placed in the sec-
ond descending phase of the cycle. Finally the map of 2023.09
features a low axisymmetry like 2012.85, hence it may reflect
the start of another descending phase.

For HD 56124, our observations capture mostly axisymmet-
ric configurations of the large-scale magnetic field (see Fig. 4), in
2008.08, 2011.90, 2017.88, and 2021.29. We inferred a polarity
switch of the radial component timescale of around 3 yr, consid-
ering that the topology in 2008.08 is similar to 2011.90 but with
opposite sign. The maps are not exactly identical apart from the
polarity reversal; therefore, the timescale may be larger than 3 yr.
This is supported by the fact that if the timescale is 3 yr, the map
of 2017.88 would have a stronger magnetic field, as is seen in
2011.90. Therefore the sought magnetic switch timescale is a
factor of 3—4 shorter than the solar polarity reversal timescale.
If we assume the Hale cycle paradigm for HD 56124, then the
maps of 2008.08 and 2011.90 may represent two cycle minima,
in which the field is poloidal, dipolar, and axisymmetric. Then,
the 2017.88 map may be capturing the final stages of a descend-
ing phase or the initial stages of an ascending phase, given the
weak, poloidal, and axisymmetric topology. Finally, the 2021.29
map could be placed in the middle of an ascending phase given
the strong, poloidal, and less axisymmetric field.

The case of HD 73350 is also similar to the Sun, although
the star rotates in 14 d (twice as fast as the Sun). From the three
reconstructed ZDI maps (see Fig. 5), we note that the radial
magnetic field starts in 2007.09 from a complex geometry and
then becomes weaker and more poloidal, dipolar, and axisym-
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metric in the subsequent five years. This resembles a descend-
ing phase of the solar cycle, for which high-order harmonics
dominate during activity maximum and the dipolar mode dur-
ing minimum. This findings suggest a putative magnetic polar-
ity reversal timescale between 10 and 15 yr, given the similarity
to the Sun, but we cannot exclude a faster evolution, given the
restricted number of available data and the polarity reversal in
the toroidal field.

For HD 76151, which rotates in roughly 18 d, the ZDI recon-
structions captured one clear polarity reversal in the large-scale
topology, which is mostly dipolar and with fast-varying levels of
axisymmetry. One possible scenario is that the polarity reversal
occurs on timescales of 2-2.5 yr and our observing cadence did
not capture this phenomenon clearly. Indeed, we can consider an
axisymmetric dipolar topology with a dominant negative polar-
ity in 2006, 2011, 2016, and 2021, and the same with a posi-
tive polarity in 2008, 2013, 2018, and 2023. This is supported
by the magnetic topology with opposite polarity reconstructed
in 2015.95 and 2023.10 (consistently with the B; measurements,
see Fig. B.5). This scenario would be similar to a fast, solar-like
magnetic cycle.

An alternative scenario for HD 76151 could be that there is
a superposition of a short- and long-term cycle that affects the
large-scale magnetic field. The short cycle would be responsi-
ble for the fast variations in axisymmetry, and the long term
for the polarity reversal. We indeed saw a drop of the field
axisymmetry to 45% in 2012.05 and 2017.02 and a more sub-
stantial decrease down to 5% in 2019.02, 2022.28, and 2024.06,
possibly due to a combination of the short-term and long-
term cycles. Having detected only one polarity reversal does
not allow us to constrain the timescale for the longer cycle.
Although the configurations in 2015.95 and 2023.10 are oppo-
site, suggesting a magnetic cycle of 16yr, reconstructing a
map with either of these configurations would be more defini-
tive. Previous work on the chromospheric and photometric vari-
ability of HD 76151 revealed a long-term cycle of 16—18yr
(Olspert et al. 2018; Boro Saikia et al. 2018b) and a fast cycle
of 2.5-3yr (Baliunas et al. 1995; Brandenburg et al. 2017) or
5yr (Oldh et al. 2016; Egeland 2017); therefore, this non-solar
cycle scenario cannot be ruled out. Such variations may resem-
ble other cases like & Eri (Jeffers et al. 2022) and V889 Her
(Brown et al. 2024), and can be also interpreted as the equiva-
lent of the biennial variations observed on the Sun (Fletcher et al.
2010; Bazilevskaya et al. 2014).

Our two remaining stars, HD 166435 and HD 175726, are the
fastest rotators in our sample, with a rotation period 7.7 and 6.5
times shorter than the Sun, respectively. They exhibit somewhat
discordant behaviour relative to the solar cycle, with complex
field topologies and mainly an oscillation in strength.

7.3. Comparisons with other Sun-like stars

The application of ZDI to a time series of spectropolarimet-
ric observations has revealed solar-like magnetic cycles for
other stars in the past: notable examples of solar analogs are
HD 190771 and «Cet. In this section, we compare and dis-
cuss the magnetic cycles reported for these stars to the patterns
observed for our sample.

HD 190771 has a temperature of 5834 K, a mass of 0.96 Mg,
and a rotation period of 8.8 d (Morgenthaler et al. 2011); there-
fore, it lies close to HD 73350. There is a striking resemblance of
the evolution of HD 73350’s field relative to HD 190711. More
precisely, the ZDI reconstructions of HD 190771 by Petit et al.
(2009) and Morgenthaler et al. (2011) showed a polarity reversal

in the azimuthal field, the transformation of a toroidal-dominated
geometry into a poloidal-dominated one, and finally a polarity
reversal in the radial field. Our observations of HD 73350 cap-
ture the first two stages of this evolution, since the azimuthal
field switches polarity from 2007.09 to 2011.06 and becomes
mainly poloidal (see Fig. 5). The map of 2012.04 shows a
poloidal field with lower axisymmetry than 2011.06, and thus
additional monitoring is required to potentially observe the
polarity flip of the radial field.

The ZDI reconstructions of HD 56124 (see Fig. 4) show
two evident polarity reversals of the radial field as well as an
increased complexity of the toroidal field from a mostly nega-
tive configuration at the start of our time series. These charac-
teristics are similar to the field maps of x Cet (Boro Saikia et al.
2022), which is a G5 dwarf with a mass of 0.95 M, and a rotation
period of 9.2d. The observations of k Cet span between 2012
and 2018, and exhibit two polarity flips of the radial field sepa-
rated by epochs with a highly complex field. The azimuthal field
shows one polarity reversal with a transition phase of high com-
plexity as well. The inferred timescale for the Hale-like cycle
of « Cet is approximately 10 yr. Our observations of HD 56124
capture only phases in which the radial field was dipolar and
axisymmetric, and possibly miss phases of evident high com-
plexity. Together with the similarity of the maps in 2008.08 and
2021.29 and the polarity reversal between 2008.08 and 2011.90,
this comparison supports a magnetic cycle for HD 56124 with a
timescale shorter than « Cet.

Considering the radial field component of the large-scale
magnetic field, the ZDI reconstructions of our fast rotators
(HD 166435 and HD 175726) suggest fast evolution in the
polar regions. Examples are the epochs 2010.51-2010.60 for
HD 166435, and 2008.55-2008.63 and 2024.53-2024.63 for
HD 175726. Magnetic polarity reversals of polar regions
were observed in young Sun-like stars, such as V 1385 Ori
and possibly HD 35296 (Waite et al. 2015; Rosén et al. 2016;
Willamo et al. 2022).

7.4. Correlations with chromospheric cycles

The wavelength coverage of ESPaDOnS and Narval gives access
to useful chromospheric diagnostics: the Ca I H&K lines at
3968.470 and 3933.661 A. By normalising the unpolarised flux
contained within these lines with respect to the nearby contin-
uum, it is possible to define the S index (Vaughan et al. 1978).
This is a canonical proxy to gauge the activity level of a star and
it has been used extensively to search for stellar activity cycles
since the Mt. Wilson Project (Wilson 1968; Duncan et al. 1991;
Baliunas et al. 1995).

The S index is computed from unpolarised spectra by defi-
nition; therefore, it is expected to be sensitive to magnetic fields
of both small and large spatial scales. Studies on the temporal
variability of the S index of the Sun over the Schwabe cycle
have shown a direct correlation with photometric time series
(Radick et al. 2018). Furthermore, the variations in the solar S
index are also connected to the evolution of the large-scale field
geometry over the Hale cycle, since the S index correlates with
the number of spots and active regions. In turn, the spot number
correlates to the large-scale magnetic field. Over the cycle, the
magnetic field topology is complex when the S index is at maxi-
mum, and it is a simple dipole when the S index is at minimum.
This correlation was also observed for 61 Cyg A over the course
of its 7.3 yr Hale-like cycle (Boro Saikia et al. 2016, 2018a), as
well as for the 120-d cycle of T Boo (Jeffers et al. 2022) and
the 1.1yr cycle of HD 75332 (Brown et al. 2021). Jeffers et al.
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(2022) recently showed that, for 61 Cyg A and ¢ Eri, the axisym-
metric component of the toroidal field (which is a proxy for flux
emergence) follows the respective S-index cycle, in a similar
manner as for the Sun (Cameron et al. 2018).

To provide an additional insight into the relation between
chromospheric diagnostics and the large-scale field geometry,
and their temporal evolution, we computed the S index for all the
ESPaDOnS and Narval observations following the prescription
of Marsden et al. (2014). We then compared the variations in the
S index with respect to the longitudinal magnetic field and the
magnetic field topology. The time series of the S index, abso-
lute value of B, and main properties of magnetic field topolo-
gies are shown in Fig. 10. The extraction of the blue spectral
orders (below approximately 400 nm) from Neo-Narval observa-
tions encountered problems (L6pez Ariste et al. 2022), thus we
did not compute the S index for these observations.

For the first half of the time series of HD 9986, the epoch-
averaged values of S index and |B,| exhibit an anti-correlated
modulation, whereas for the second half the two quantities show
a correlation. We note that the amplitude of variations in the S
index is around 0.02, which is similar to the Sun (Egeland et al.
2017). When compared to the evolution of the large-scale field,
we notice that the S index decreased from 2008.08 to 2012.85
when the poloidal (toroidal) fraction increased (decreased), and
in the latest epochs the S index increased when the poloidal
(toroidal) fraction decreased (increased). This may be a first
hint at a correlation between toroidal flux emergence and the
S index, as was expected for the Sun (as conveyed by the
butterfly diagram, see e.g. Maunder 1904; Vidotto et al. 2018;
Lehmann et al. 2021). It is also interesting to point out that the 5—
6 yr long-term evolution of the S index of HD 9986 is of the same
order of magnitude as the one of 18 Sco (do Nascimento et al.
2023), which is a solar analog with similar stellar properties to
HD 9986.

Another notable star in our sample is HD 76151 (see Fig. 10).
The long-term modulation of the average S index appears anti-
correlated with |B,| in the first half of the time series and reason-
ably correlated in the rest, but the interpretation is not straight-
forward. We checked where our observations fall in the con-
text of previous work on the long-term behaviour of chromo-
spheric activity indices (Baliunas et al. 1995; Olspert et al. 2018;
Boro Saikia et al. 2018b). These studies analysed S -index time
series for observations collected between 1965 and 1995 within
the Mt. Wilson project, and found multiple cycle timescales,
of 2.5-5yr and 16-18 yr, for HD 76151. Considering the long-
term modulation, for which there are cycle minima in 1970
and 1988 (Boro Saikia et al. 2018b), we would expect the next
ones in 2006 and 2024. Likewise, the cycle maxima were
recorded in 1978 and 1977; hence, they would occur again
in 2015 and 2033. Although our data set is not as dense as
those of Baliunas et al. (1995) and Boro Saikia et al. (2018b),
we observe that our S-index values in 2007.09 are at mini-
mum, and the values in 2015.95 are at maximum. This is con-
sistent with what is expected from the timescales reported in
Boro Saikia et al. (2018b). We also note that our time series
shows a maximum of S-index values in 2009.95 followed by
a rapid decrease, similar to the fast variation after the max-
imum in 2015.95. This is compatible with the fast cycle of
2.5yr.

When compared to the evolution of the large-scale magnetic
field of HD 76151, the maximum of S -index values in our time
series corresponds to when the field was dipolar, axisymmet-
ric, and the most intense (6 G on average). This is at odds with
respect to the solar cycle, since the solar S -index maximum cor-
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Fig. 10. Long-term evolution of activity indices and large-scale mag-
netic field topology for all our stars. Each panel corresponds to a star
and contains the time series of |B,| (top), S-index (middle) and large-
scale topology reconstructed with ZDI (bottom). In the |B;| and S -index
panels, the epoch-averaged values are shown as grey diamonds, and they
are connected by a solid grey line. In the topology panels, the symbol
size, colour, and shape encode the ZDI average field strength, poloidal
or toroidal energy fraction, and axisymmetry, respectively, as is illus-
trated in the side bar.

relates with a complex magnetic field topology. The situation
may resemble the case of ¢ Eri, which does not show a polarity
reversal at S-index maxima every 3 yr (Jeffers et al. 2022), but
rather it is synchronised to the long-term chromospheric cycle
of 13 yr (Metcalfe et al. 2013).

For HD 56124 and HD 73350, respectively, we observe an
overall anti-correlation and correlation between the S index and
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[B;|, but no striking connection with the large-scale field topol-
ogy. For HD 166435 and HD 175726, we do not observe specific
patterns between the S index and |B,| or the magnetic topology
evolution. For HD 73350 and HD 175726, we may still observe
a hint of the correlation between toroidal energy fraction and
S index (like for HD 9986), albeit with fewer ZDI reconstruc-
tions. HD 56124 almost supports this feature, but the amount
of toroidal field reconstructed during activity maximum in our
time series (2017.88 epoch) is not substantial. Considering that
the inclination of HD 56124 is 40° and it has a low veq sini at
1.5 km s~!, perhaps we may be losing some sensitivity to the
axisymmetric toroidal field in such conditions. A similar consid-
eration could also apply for HD 76151 (inclination of 30° and
Ueg Sini of 1.2 km s7h.

The lack of specific patterns between magnetic maps and
activity indices is partly due to a time series with scarce sampling
(especially for HD 175726). The complex temporal variations
in the activity indices for our fastest rotators (HD 166435 and
HD 175726) are somewhat consistent with that expected from
chromospheric activity analyses of cool stars, in particular the
absence of clear cycles for P,y < 10d (Boro Saikia et al. 2018b),
as well as with photometric monitoring of young, fast-rotating
stars (Oldh et al. 2016). A clear example for this is AB Dor
(Donati et al. 2003b), whose magnetic maps do not display obvi-
ous polarity reversals but rather show an erratic evolution.

7.5. Connection to dynamo simulations

Studying differential rotation and magnetic cycles on stars other
than the Sun provides additional observational constraints for
numerical simulations of dynamo models (Brun & Browning
2017) and self-consistent models of convection, differential rota-
tion and dynamo driving (Képyla et al. 2023). In this section we
contextualise our findings with respect to some trends that have
emerged and that have been reproduced by these simulations.

Differential rotation is expected to vary with stellar rota-
tion period and spectral type, with larger values for F-types
and lower for M-types (Barnes et al. 2005; Collier Cameron
2007; Balona & Abedigamba 2016). This sensitivity to stel-
lar mass and effective temperature was also captured by sim-
ulations (Brown et al. 2008; Brunetal. 2017). Consistently
with the expected trend, we measured values of dQ =
0.14 and 0.15radd™' (i.e. twice than solar) for HD 166435
and HD 175726, which are the hottest stars in our sample
(~100-200 K hotter than the Sun).

Furthermore, Gastine et al. (2014) reported solar-like differ-
ential rotation (dQ2 > 0) for rapidly rotating stars with a small
convective Rossby number, and anti-solar cases (dQ2 < 0) for
slowly rotating stars with a large convective Rossby number. At
the transition region between these two regimes, both cases of
differential rotation can occur. While we cannot directly compare
the differential rotation rates we derived with the simulations,
owing to a different Rossby number formalism (see Brun et al.
2017, for a discussion), we note that dQ2 > 0 for our fast rota-
tors, namely HD 166435 and HD 175726. For our slow rotators
(Ro = 1.0), our search of differential rotation does not yield con-
clusive constraints, but does not exclude the presence of differ-
ential rotation for these stars. This could stem from two main
reasons (as already pointed out by Petit et al. 2002): i) the large-
scale magnetic field topology is not favourable because it does
not possess multiple magnetic features probing different lati-
tudes, and ii) the span of the observations may limit our moni-
toring of active regions, which decay before we are able to grasp
their influence on Stokes V over multiple stellar rotations.

Turning to the magnetic topology, our observations of
HD 166435 and HD 175726 did not capture an evident mag-
netic cycle (see Figs. 8 and 9), rather a fast evolution of
the magnetic features in the polar regions. The emergence
of magnetic flux at the pole is expected for fast rotators
(Schuessler & Solanki 1992), and it was observed on, for
instance, AB Dor (Mackay et al. 2004). In particular, stars rotat-
ing 4-8 times faster than the Sun show polar magnetic regions
from flux transport simulations (Isik et al. 2007; Isik et al. 2018);
therefore, our ZDI reconstructions are consistent (HD 166435
and HD 175726 rotate 7.8 and 6.6 times faster). The lack of
Hale-like cycle signatures could be due to an underlying cycle
timescale longer than the time span of our observations: about
10yr and 16yr for the two stars, respectively. This is com-
patible with magnetohydrodynamical simulations based on a
Babcock-Leighton model (Jouve et al. 2010; Karak et al. 2014;
Hazra et al. 2019), for which we expect fast rotating stars to
possess a slower meridional circulation, and ultimately a longer
magnetic cycle. Additional simulations by Brun et al. (2022)
of solar-like convective dynamos found long magnetic cycles
for small fluid Rossby numbers, while other studies obtained
irregular patterns for fast rotators (Vashishth et al. 2023). Recent
numerical simulations by Noraz et al. (2024) showed that fast
rotators tend to exhibit rapid evolution and local polarity rever-
sal. In our sample, we could potentially observe this behaviour
for HD 166435, since the polar region flipped polarity between
2010.51 and 2010.60.

The slower rotators in our sample — HD 9986, HD 56124,
and HD 73350 — exhibit an evolution of the large-scale mag-
netic field topology that resembles a Sun-like magnetic cycle,
although with faster timescales. Viviani et al. (2018) present
global magnetohydrodynamic convection simulations of solar-
like stars with rotation rates between 1 and 31 times the solar
rotation rate. They reported the presence of magnetic cycles with
polarity reversals in the slow rotation regime (that is with rota-
tion rate larger than 1.8 the solar value), and the absence of
cycles in the fast-rotating regime, in overall agreement with our
observational results.

In accordance with the flux emergence simulations and cor-
responding ZDI reconstructions of large-scale field for solar-like
stars by Lehmann et al. (2019) and Lehmann et al. (2021), we
observe that the reconstructed axisymmetry (the shape of the
data points in Fig. 10) has a reasonable correlation with the S
index; that is, the field topology is more axisymmetric when the
S index increases. The sharp decrease in the toroidal fraction for
HD 9986 in 2012.85 epoch can be indicative of activity mini-
mum (Lehmann et al. 2021). We also observed a concentration
of large-scale azimuthal field at low latitudes, up to approxi-
mately 30°, as is illustrated in Figs. 3, 4, and 5. The interpre-
tation of such an observation as solar-like cycles is supported
by the magnetohydrodynamic simulations of Strugarek et al.
(2017). They modelled solar-type stars with rotation periods
between 14 and 29 d (i.e. the same range as HD 9986, HD 56124,
and HD 73350), and captured regular polarity reversals with
timescales of ~10yr, together with an equatorial propagation
of the large-scale magnetic field. Our observations are also in
agreement with simulations of solar convection zones reporting
decade-long polarity switches (Ghizaru et al. 2010; Képyli et al.
2012; Augustson et al. 2015; Noraz et al. 2024).

The case of HD 76151 is more complicated because our
observations could be explained by short-term attempts at polar-
ity reversals modulated over a long-term cycle, in a similar man-
ner to & Eri (Jeffers et al. 2022) and V889 Her (Brown et al.
2024). As is pointed out by the authors, short-term variations
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with polarity reversals were reproduced by magnetohydrody-
namic simulations of dynamo in the upper part of the convec-
tion zone (Kipyld et al. 2016; Strugarek et al. 2018; Brun et al.
2022). These short cycles can be explained by a near-surface aQ
dynamo, in contrast to the long-term cycles that would require
a deep-seated dynamo (Brun et al. 2022). Additional spectropo-
larimetric observations of HD 76151 are required to further
investigate its cyclic variations.

8. Conclusions

We have carried out long-term spectropolarimetric monitoring of
six solar-like stars, in order to search for evolution of the large-
scale magnetic field in the form of a magnetic cycle. The Sun is
the primary benchmark. Our stars were observed as part of the
BCool programme (Marsden et al. 2014) and possess analogous
properties to the Sun. The masses are at most 6% larger than
the solar value and the temperatures are at most 200 K higher.
The rotation periods range between 3.5 and 21 d, which makes
our stars a suitable sample with which to probe different levels
of stellar magnetic activity and investigate the nature of dynamo
cycles based primarily on the rotation period.

With a baseline covering 17 years (between 2007 and 2024)
of high-resolution, circularly polarised spectra, we computed a
time series of longitudinal magnetic field values for each star
in our sample. We analysed the temporal content of these time
series using a generalised Lomb-Scargle periodogram as well
as a quasi-periodic GP. Correspondingly, we reconstructed the
large-scale magnetic field topology via Zeeman-Doppler imag-
ing to analyse in detail the evolution of the field properties. For
four stars — HD 9986, HD 56124, HD 166435, and HD 175726 —
we reconstructed field maps for the first time. Finally, we com-
puted the chromospheric S index from Ca 1 H&K lines to com-
pare its long-term behaviour to the evolution of the magnetic
field.

Our conclusions are the following:

1. There is a variation in the long-term evolution of the
field topology that depends on the stellar rotation period.
For HD 9986, HD 56124, and HD 73350 (which have rota-
tion rates up to 2.2 times faster than the Sun, and Ro
between 0.93 and 1.80), the stars exhibit cyclic variations
with polarity reversals. These are observed in both the
poloidal and toroidal components, but not simultaneously.
The star HD 76151 (rotation rate equal to 1.5 times solar
and Ro = 1.50) may represent an exception, with short-
term cyclic oscillations in axisymmetry modulated by a long-
term cycle for which only one polarity reversal was captured.
HD 166435 and HD 175726 are the fastest rotators in our
sample (6.6 and 7.8 times solar and Ro = 0.3 — 0.5), and
they do not manifest magnetic cycles, but they have a persis-
tently complex magnetic topology over the time span of our
observations with possibly fast polarity reversals in the polar
regions.

2. For stars showing cyclic evolution, the timescale between
polarity reversals is shorter than for the Sun. In particular,
for HD 9986 we have Py, = 21.03 d and Py = 5-6yr, and
for HD 56124 we have P, = 20.70d and Peye = 2 — 3 yr.
For HD 73350 (P, = 12.27 d), the field topology seems to
have a cycle as well, but we most probably captured only the
descending phase; thus, a robust timescale cannot be con-
strained.

3. In a similar manner to the Sun, the variations in the S index
for HD 9986 seem to follow the fluctuations in the toroidal
energy fraction, possibly hinting at a connection between the
S index and toroidal flux emergence. The long-term evolu-
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tion of the epoch-averaged S index and unsigned longitu-
dinal field exhibit an overall anti-correlation for HD 56124
and a correlation for HD 73350. For the other stars, the evo-
lution of these quantities is less straightforward to interpret
because either the time series are partly correlated and anti-
correlated, or the observational gaps in the time series pre-
vent us from following the evolution efficiently.

4. The quasi-periodic GP modelling of the longitudinal field
time series allowed us to obtain evolution timescales for most
of our stars between 230 and 850 d, with two unconstrained
cases corresponding to stars with scarce sampling and long
observational gaps. For HD 56124, the timescale retrieved
by the GP is half the timescale topology evolution and for
HD 76151, it is on the same order of magnitude as the short-
term cycle. As opposed to the ZDI analysis, it is not straight-
forward to identify magnetic cycles from the GP analysis on
B; alone because, despite being sensitive to polarity rever-
sals, information related to the main magnetic field compo-
nent, complexity, and axisymmetry is not recovered in detail.
Considering that magnetic cycles induce a seismic signal

that alters the parameters of p-mode oscillations in the stel-

lar interior — namely, the frequency, amplitude, and energy

(Garcfa et al. 2010; Basu 2016; Kiefer et al. 2018) — our findings

provide an interesting set of stars for multi-technique follow-

up (Karoff et al. 2009; Chaplin & Basu 2014). In these regards,
the future space-based mission PLAnetary Transits and Oscilla-
tions of stars (PLATO; Rauer et al. 2014) will play a crucial role,
provided that the observational baseline will be long enough
to grasp long-term modulations of photometric light curves for

hundreds of solar-like stars (Breton et al. 2024).

More generally, our findings provide additional motivation
for tailored campaigns targeting solar-like stars, since combined
studies can bring more insights into the connection between
the large-scale magnetic field at the stellar surface and other
observables such as cycle-induced internal signatures. Long-
term spectropolarimetric monitoring of solar-like stars is also
paramount to provide reliable information on stellar activity
and aid extreme-precision radial velocity searches of exoplan-
ets (see e.g. Rescigno et al. 2024), which is particularly rel-
evant, for instance, in light of the development of HARPS3
(Thompson et al. 2016; Hall et al. 2018).

Finally, stellar magnetic fields govern the environment
in which exoplanets are embedded, and ultimately affect
the conditions of climate (Edmonds 2024), and habitabil-
ity (e.g. Vidottoetal. 2013, 2014; Airapetian et al. 2017).
Information regarding the large-scale magnetic field is cru-
cial for the accurate modelling of stellar magnetospheres,
space weather, and star-planet interactions (e.g. Vidotto et al.
2014; Villarreal D’ Angelo et al. 2018; Kavanagh et al. 2021;
Rodgers-Lee et al. 2023; Bellotti et al. 2023a, 2024a), which can
be modulated by magnetic cycles (Hazra et al. 2020). In this con-
text, our findings provide additional observational constraints on
the evolution of these environments.

Data availability

Supplementary material of Appendices B, C, and D is publicly
available on Zenodo.
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Appendix A: Characteristics of ZDI maps

In this appendix we report the characteristics of the ZDI-
reconstructed large-scale geometry for the six stars over different
epochs.

Table A.1. Properties of the magnetic maps.

Star EpOCh X % B Vv Bmax fpol ftor f dip f quad f oct .ﬂlxisym f axisym,pol f axisym,tor
(Gl [G] [%] [%] [%] (%] (%] [%] (%] [%]
HD 9986 2008.08 1.00 1.5 41 748 252 667 21.0 11.1 377 18.1 95.7
2010.76 120 1.3 41 875 125 585 254 118 27.1 18.7 86.2
2011.78 112 1.2 27 877 123 61.0 244 112 242 14.7 92.2
2012.85 1.01 1.6 32 986 14 799 101 73 16.2 16.2 21.9
2017.76 120 1.9 36 771 229 67.1 206 10.6 553 43.6 95.1
2018.74 1.07 2.6 50 584 416 88.1 84 2.7 60.1 32.1 99.3
2023.09 097 1.9 45 790 210 839 109 34 19.4 0.1 92.0
HD56124  2008.08 1.10 3.3 6.7 948 52 973 24 0.2 90.7 90.4 96.2
2011.90 1.15 23 46 996 04 922 50 24 80.3 80.3 63.2
2017.88 1.14 0.7 14 956 44 940 43 1.6 85.7 85.5 90.1
2021.29 097 25 54 980 20 878 638 4.4 68.8 69.5 374
HD 73350  2007.09 1.80 10.2 314 542 458 374 266 234 437 0.4 94.2
2011.06 140 113 209 474 526 682 194 95 79.8 58.9 98.7
2012.04 1.25 6.1 126 99.1 09 834 98 5.1 46.8 46.6 76.3
HD 76151 2007.09 130 3.7 7.6 977 23 930 52 1.6 74.5 74.2 85.6
2009.95 125 2.7 54 990 10 925 56 1.8 86.0 85.9 96.6
2012.05 137 1.0 21 980 20 824 114 59 44.8 43.8 94.8
201595 265 62 124 959 41 938 438 1.2 93.0 92.7 98.8
2017.02 148 2.1 46 984 16 861 85 49 45.2 44.6 82.1
2019.02 1.60 2.1 48 969 31 80.1 11.8 75 5.2 2.5 89.7
2021.25 190 4.7 97 977 23 950 44 0.6 95.2 95.3 91.0
2022.07 1.55 3.6 82 837 163 916 69 1.2 72.6 69.6 88.0
202228 122 33 82 971 29 839 94 54 5.0 3.8 42.8
2023.10 1.77 85 175 956 44 936 50 1.2 87.8 87.5 94.4
2024.06 124 4.0 90 975 25 856 8.7 5.0 39 3.8 10.6
HD 166435 2010.51 2.00 12.7 456 66.6 334 222 269 229 322 11.2 74.3
2010.60 2.00 155 358 61.5 385 332 321 212 566 37.3 87.4
2011.52 2.00 234 62.7 682 31.7 344 29.1 206 49.7 37.7 75.5
201649 4.00 86 233 874 126 321 16.1 203 18.9 14.2 52.1
2017.35 250 183 538 623 377 409 207 165 513 27.1 91.2
2020.59 150 192 431 65.1 349 675 95 8.9 66.1 56.2 84.5
HD 175726 2008.55 1.60 104 243 70.0 30.0 374 266 83 459 28.9 85.8
2008.63 1.70 29 74 789 21.1 345 359 202 354 21.8 86.2
2016.53 1.60 80 206 892 10.8 31.6 222 13.6 47.1 48.5 36.1
202453 084 62 141 86.8 132 20.1 303 309 229 15.8 69.1
2024.63 1.00 11.1 328 946 54 175 41.6 245 27.0 27.8 12.9

Notes. The following quantities are listed: star’s name, median epoch of observations in decimal units, target 2 of the ZDI reconstruction, mean
unsigned magnetic strength, maximum unsigned magnetic strength, poloidal and toroidal magnetic energies as a fraction of the total energy,
dipolar, quadrupolar, and octupolar magnetic energy as a fraction of the poloidal energy, axisymmetric magnetic energy as a fraction of the total
energy, poloidal axisymmetric energy as a fraction of the poloidal energy, toroidal axisymmetric energy as a fraction of the toroidal energy.
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