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ABSTRACT

There is now a large sample of stars observed by the Kepler satellite with measured rotation periods

and photometric activity index Sph. We use this data, in conjunction with stellar interiors models,

to explore the interplay of magnetism, rotation, and convection. Stellar activity proxies other than

Sph are correlated with the Rossby number, Ro, or ratio of rotation period to convective overturn

timescale. We compute the latter using the Yale Rotating Evolution Code stellar models. We observe

different Sph-Ro relationships for different stellar spectral types. Though the overall trend of decreasing

magnetic activity versus Ro is recovered, we find a localized dip in Sph around Ro/Ro⊙ ∼ 0.3 for the

G and K dwarfs. F dwarfs show little to no dependence of Sph on Ro due to their shallow convective

zones; further accentuated as Teff increases. The dip in activity for the G and K dwarfs corresponds

to the intermediate rotation period gap, suggesting that the dip in Sph could be associated with the

redistribution of angular momentum between the core and convective envelope inside stars. For G-type

stars, we observe enhanced magnetic activity above solar Ro. Compared to other Sun-like stars with

similar effective temperature and metallicity, we find that the Sun’s current level of magnetic activity

is comparable to its peers and lies near the transition to increasing magnetic activity at high Ro. We

confirm that metal-rich stars have a systematically larger Sph level than metal-poor stars, which is

likely a consequence of their deeper convective zones.

Keywords: stars: rotation – stars: activity – starspots – techniques: photometric – methods: data

analysis – catalogs
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1. INTRODUCTION

The magnetic and rotational properties of solar-like

stars are strongly coupled due to the interaction of rota-

tion and convection in their outer envelopes, which fuels

their magnetic dynamos (Brun & Browning 2017). Mag-
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netic activity cycles result from the interaction between

rotation, convection, and magnetic field, processes in-

cluded in dynamo models (e.g. Brun et al. 2004; Jouve

et al. 2008; Brown et al. 2011a; Brun & Browning 2017;

Brun et al. 2017; Käpylä 2022). The level of magnetic

activity hosted by a solar-like star is highly correlated

with stellar rotation (e.g. Barnes 2003; Marsden et al.

2014; Vidotto et al. 2014), and powers the stellar wind

(Réville et al. 2015; Finley & Matt 2018), which governs

their rotation period evolution throughout the main-

sequence (Skumanich 1972; Kawaler 1988; Pinsonneault

et al. 1990; Gallet & Bouvier 2013; Matt et al. 2015).

Current dynamo models allow us to explore the mech-

anisms responsible for maintaining magnetic activity in

solar-like stars (Strugarek et al. 2017, 2018; Brun et al.

2022; Finley et al. 2024), however observational con-

straints are limited. Zeeman broadening and Zeeman-

Doppler imaging techniques have been used to recover

the magnetic field strengths and topologies for a broad

range of stars (e.g. See et al. 2019; Donati et al. 2023),

however this type of observation is limited in number.

Our closest star, the Sun, is subject to a wide variety

of observations at different spatial/temporal scales and

wavelengths, with observations spanning decades (mag-

netograms, Extreme Ultra Violet, X-ray), and some-

times centuries (Ca II H&K, sunspots). Models of the

solar dynamo are subsequently more advanced, however

predicting the magnetic activity level of the Sun remains

challenging (e.g. Nandy 2021). Dynamo models rely on

the knowledge of many parameters, from the convective

flows, internal rotation, and meridional circulation, to

the magnetic field strength at the base of the convec-

tion zone and its emergence to the surface (e.g. Jouve

& Brun 2007; Brown et al. 2011a). Unfortunately, so

far it has not been possible to constrain these processes

and quantities for other stars and for the deep solar con-

vective zone. One key parameter in these models is the

Rossby number (hereafter Ro) that compares timescales

between the Coriolis force and the advection. Typically,

this is evaluated as the ratio between the rotation pe-

riod, Prot, and the convective overturn timescale, τc,

either at a given depth of the convective zone or more

globally as an average value. Obtaining this stellar pa-

rameter is then of prime importance in order to quantify

the rotation-convection interplay at the origin of mag-

netic activity and characterize its evolution over secular

timescales.

From previous spectroscopic and X-ray luminosity

surveys that provided proxies of the magnetic activity in

many other stars, two regimes have been identified: 1)

the saturated regime, at low Ro values, where the mag-

netic activity is flat as a function of the Rossby number

and 2) the unsaturated regime where the magnetic ac-

tivity decreases as a function of Ro (e.g. Noyes et al.

1984; Wright et al. 2011). Similar studies also inves-

tigated other proxies of magnetic activity such as the

magnetic field strength from spectropolarimetric obser-

vations (Marsden et al. 2014) that probed the unsatu-

rated regime. More recently, both regimes have been

recovered with estimates of the flare energy of Kepler

targets (Yang & Liu 2019), with the mid-frequency con-

tinuum in Kepler/K2 data, and by measuring the star-

spot filling fraction obtained from spectroscopic obser-

vations (Cao & Pinsonneault 2022). Note that another

regime at higher Ro may exist according to simulations

(Noraz et al. 2024).

Regarding the Kepler observations (Borucki et al.

2010), several photometric magnetic activity proxies

have been defined in addition to the flare energy. Some

of them measure the range of stellar variability as de-

fined by Basri et al. (2010, 2011, 2013), however this

is a broader definition of the stellar variability and de-

pends on the length of the segments used to compute

it and the time scale of the pulsations or granulation,

making the proxy sensitive to those, and possibly bias-

ing them if one is interested in the magnetic variability

only. For this reason, other proxies are computed based

on the knowledge of the surface rotation period mea-

sured via the presence of spots or active regions that

produce a periodic modulation in the photometric light

curves. This ensures that the variability measured is

linked to spots, and hence to magnetic activity. This

can be measured in the time domain (e.g. Mathur et al.

2014a; McQuillan et al. 2014) or in the power spectrum

density (Brown et al. 2021). Various studies of the re-

lation between the magnetic proxies and the properties

of the stars have been done, showing interesting fea-

tures such as the effect of metallicity or stellar mass on

the evolution of magnetic activity (e.g. See et al. 2021).

However these studies were based on the previous Kepler

rotation catalog (McQuillan et al. 2014). In this work,

we use a more recent one with 60% more stars (Santos

et al. 2019, 2021).

In this paper, following Paper I of this series (Mathur

et al. 2023) that investigated magnetic activity-rotation-

age relations of the Kepler targets, we take advantage

of that larger catalog to study the evolution of their

magnetic activity with the Ro number. In Section 2,

we describe the provenance of the stellar fundamental

parameters from different catalogs as well as the rota-

tion periods and the photometric activity indexes. We

then explain how the Rossby number is computed with

stellar models (Section 3). In Section 4, we present dif-

ferent features in the magnetic activity-Rossby number
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diagram. We discuss their possible origins in Section 5

and conclude in Section 6.

2. STELLAR PARAMETERS OF THE SAMPLE

In this section, we describe the origin of the stellar

parameters and explain how the rotation periods and

magnetic activity proxies were obtained for that sam-

ple. We start with the sample of 55,232 Kepler targets

from Santos et al. (2019, 2021), which represents one of

the largest catalogs of rotation periods available for the

Kepler field to date.

2.1. Stellar fundamental parameters

We followed the same procedure as in Mathur et al.

(2023) that we briefly remind here. Several catalogs with

stellar fundamental parameters have been published for

the stars in the Kepler field: the Kepler Input Cata-

log (Brown et al. 2011b), the revised catalog for Quar-

ters 1-16 (Huber et al. 2014), and finally the Kepler

close-out catalog for the Data Release 25 (Mathur et al.

2017, hereafter DR25). With the Gaia DR2 (Gaia Col-

laboration et al. 2018), an updated catalog that used

the parallaxes of the aforementioned mission was built

(Berger et al. 2020, hereafter B20), providing improved

stellar parameters for 186,301 entries compared to the

197,097 stars targeted during the Kepler nominal mis-

sion. For our sample of stars with measured rotation pe-

riods, we utilize effective temperature, Teff , and metal-

licity, [Fe/H], from five different catalogs.

We prioritized the stellar atmospheric parameters

from spectroscopic surveys in the following order:

Kepler Community Follow-up Observation Program

(CFOP, Furlan et al. 2018), DR16 of the APOGEE

survey (Apache Point Observatory for Galactic Evolu-

tion Experiment, Ahumada et al. 2020), and DR7 of the

Large Sky Area Multi-ObjectFiber Spectroscopic Tele-

scope (LAMOST, Zhao et al. 2012; Zong et al. 2020).

For the remainder of the sample, we used in priority the

B20 Teff and [Fe/H] values and finally, the DR25 val-

ues for the remaining stars. We end up with 402 stars

with CFOP parameters, 2,313 stars with APOGEE at-

mospheric parameters, and 16,473 stars with LAMOST

spectroscopic values. More than 36,000 stars have B20

or DR25 input values.

Finally, we used the luminosity, L, from Gaia DR2 as

given in B20 when available and log g from that same

catalog for the remaining cases. We also take the Gaia

Renormalized Unit Weight Error (RUWE) as we are in-

terested in separating binary candidates. The RUWE

is not available for all the targets so we end up with a

sample of 52,150 stars.

2.2. Rotation and magnetic proxy

The rotation periods and magnetic activity proxies

that are used in this study come from the analysis by

Santos et al. (2019, 2021). We quickly remind here how

those rotation periods were obtained.

Three different methods were used with a time-

period analysis based on wavelets techniques (Torrence

& Compo 1998; Liu et al. 2007; Mathur et al. 2010), the

auto-correlation function (ACF, McQuillan et al. 2013;

Garćıa et al. 2014; McQuillan et al. 2014), and the com-

posite spectrum that is a combination of the first two

methods (Ceillier et al. 2017). In addition to these anal-

yses, a machine learning algorithm, Random fOrest Over

STEllar Rotation (ROOSTER, Breton et al. 2021) was

run to select the most likely rotation periods and leading

to fewer visual inspections.

The measurement of the surface rotation periods relies

on the presence of active regions on the stellar surface.

As a consequence, stars with measured rotation peri-

ods are magnetically active and we can define a proxy

of magnetic activity based on photometric data. This

proxy is produced by evaluating the standard deviation

of the photometric time series (Garćıa et al. 2010). But

we can also use the knowledge of the rotation period of

the star to measure the standard deviation on subseries

of length k ×Prot and then take the mean value (Mathur

et al. 2014a). A value of 5 for k proved to be a good

trade-off to avoid smoothing too much the data while

keeping enough signal from the active regions. This in-

dex has been shown to be a good proxy of the magnetic

activity for both the Sun (Salabert et al. 2017) and other

solar-like stars (Salabert et al. 2016a) where Sph was

compared to other classical magnetic activity indexes

such as chromospheric emission in Ca H&K, R′
HK or the

Mount Wilson S-index (Wilson 1978).

We note that, similarly to the chromospheric activ-

ity indexes (e.g. Sowmya et al. 2021), the photometric

magnetic proxy depends on the projected surface of the

active regions on the line-of-sight, which is related to

the combination between the inclination angle of the ro-

tation axis of the star and the active latitudes. If the

inclination angle is low (closer to pole-on), and assuming

that the active regions form within ± ∼ 30◦ of latitude

like the solar case, the Sph measurement is lower than

the real magnetic activity level of the star. We also note

that the existence of active longitudes could affect the

Sph. For instance, in the case where the active regions

are separated by 180◦ in longitude, we would measure a

smaller Sph value compared to cases where the active re-

gions are at a similar longitude. This was also mentioned

by Basri & Nguyen (2018) for lightcurves with double

dips. In the remainder of the paper, since the inclination

angle of the rotation axis and the active longitudes are
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unknown for most of the stars, we emphasize that the

Sph is a lower limit of the magnetic activity of the star.

Besides, similarly to the Mount Wilson S-index (Duncan

et al. 1991), it depends on the moment of the magnetic

cycle when the star was observed (Santos et al. 2023).

3. ROSSBY NUMBER FROM STELLAR MODELS

The Rossby number, Ro, plays a crucial role in un-

derstanding and characterizing the magnetic activity of

a star. This parameter measures the balance between

the two primary ingredients at the origin of the large-

scale dynamo: rotation and convection. Different ways

can be used to compute it: semi-empirical relations (e.g.

Noyes et al. 1984; Cranmer & Saar 2011; Wright et al.

2011; Corsaro et al. 2021), stellar modeling (e.g. Mathur

et al. 2014b; van Saders et al. 2016; Charbonnel et al.

2017; Somers et al. 2017; Landin et al. 2023), and an-

alytical formula constrained by stellar evolution mod-

eling combined with magneto-hydrodynamical simula-

tions (e.g. Brun et al. 2017; Augustson et al. 2019; Noraz

et al. 2022). Caution should be taken when Ro values

from different approaches are compared. Indeed, while

the definitions can be different, the Rossby number also

depends on the stellar models used and on the loca-

tion in the convective zone where it is evaluated. As

a consequence, the absolute values of the Ro numbers

cannot always be compared directly as there could be

a multiplicative factor between different methods (see

Appendix of Noraz et al. 2024). For this reason, our re-

sults are presented with the Ro number normalized by

the solar value obtained with our approach.

In this work, the Rossby number is computed as:

Ro =
Prot

τc
, (1)

where Prot is the observed surface rotation period at

the active latitudes and τc is the convective overturn

timescale. While the rotation period can be measured

from photometric data as explained in Section 2.2, the

convective overturn timescale requires semi-empirical re-

lations or models in order to be computed. A compari-

son between the different methods developed to measure

this quantity is given in Appendix A.

We derived the convective overturn timescale, τc,

with the model grid interpolation tool named kiauhoku

(Claytor et al. 2020) to fit stellar evolution models to the

observables. We used the models of van Saders & Pin-

sonneault (2013), which were computed using the Yale

Rotating Evolution Code (YREC; Pinsonneault et al.

1989; Bahcall et al. 2001; Demarque et al. 2008). The

convective overturn timescale used in this work is com-

puted one pressure scale height above the base of the

convective zone.

We performed Markov Chain Monte Carlo (MCMC)

using a χ2 log-likelihood of the form

Lχ2 = −1

2

∑
i

(xi − x′
i)

2

σ2
xi

, (2)

where xi and σxi
are input parameters and uncertain-

ties respectively, and x′
i is the model-computed value.

As input we used Teff , [Fe/H], and L (or log g when L

was not available). Compared to Paper I, we did not use

the rotation period as input since the convective over-

turn timescale is sufficiently constrained by an isochrone

fit. We required that the chains ran for at least fifty au-

tocorrelation times (and in practice, they were usually

longer), ensuring at least fifty independent samples in

each chain and increasing the likelihood that the chains

were converged. We also required that the posterior

Teff , [Fe/H], and L (or log g) were within the uncertain-

ties of the input values. Using these criteria, 50,065 out

of 52,150 stars were successfully fit. Finally, the Rossby

number is computed with Equation 1.

4. THE SPH-RO DIAGRAM

4.1. Sample selection

Similarly to what was done in Mathur et al. (2023),

we want to ensure that none of the considered stars are

binary candidates as they can have a different evolution

than single stars. We used different metrics or published

binary candidates to remove them: Gaia Renormalized

Unit Weight Error (RUWE<1.2 to remove binary can-

didates), close-binary candidates (CPCB1 from Santos

et al. 2019, 2021), targets from the Non-Single Stars cat-

alog (Holl et al. 2022), binary candidates from the liter-

ature (Berger et al. 2020; Simonian et al. 2020), stars

flagged as RS Canum Venaticorum variables (Rimoldini

et al. 2023), and photometric binaries from the Color-

Magnitude Diagram (Godoy-Rivera et al. 2025). The

threshold on RUWE is based on the suggestion by Gaia

Collaboration et al. (2018). However, we note that lower

values of RUWE are not a guarantee for a star to be sin-

gle, as this metric favours significant positional changes.

As shown by Beck et al. (2024) ∼40% of all confirmed

binaries in the SB9 catalogue (Pourbaix et al. 2004) have

RUWE≤ 1.2. Since most of the missing binaries in Gaia

are long-period systems, it will not affect the evolution

of our targets and not bias our subsequent analysis.

Finally, in the remainder of the paper, we focus on

the main-sequence stars that we select based on the

Evolution Equivalent Phase (EEP, Dotter et al. 2008)

obtained with the models with EEP< 454. The EEP is

a renormalization of the age such that the same value

corresponds to roughly the same evolutionary stage for

all models. The value 454 corresponds to the terminal



Stellar magnetism evolution with Rossby number 5

Figure 1. Sph as a function of the model Rossby number normalized to the solar value of 2.16 (represented by the red dash line)
for all the main-sequence stars without potential pollution from binary systems and color-coded with the number density of stars.
The inset illustrates where our sample falls compared to the saturated and unsaturated regimes found in X-ray observations
(Wright et al. 2018) (yellow dotted lines), with the slope of the unsaturated regime taken from the bulk of our sample.

age main sequence in our models, as determined by the

core hydrogen fraction (Dotter 2016). We also discarded

stars for which model ages are larger than 14Gyr, which

could be due to improper modeling as we do not expect

to have such old stars. Therefore, we prefer to adopt this

strict criteria to avoid biases in the subsequent analyses.

Removing these stars is both physically motivated and

unlikely to affect any analysis.

With all these cuts done on the stars where the mod-

els converged, we end with a sample of 38,593 stars.

Table 1 provides L, log g, Teff , [Fe/H], τc, Prot, and Ro

for that sample along with the flag on the provenance of

the Teff and [Fe/H].

4.2. The main-sequence sample

In Figure 1, we show the magnetic activity proxy com-

puted from the Kepler light curves as a function of the

Rossby number, where τc was computed from the YREC

models. The Rossby number has also been normalized

to the solar value for the YREC models, Ro⊙ = 2.16.
We clearly see different features in this representation.

For solar-like stars of a given spectral type (F, G, and K)

on the main sequence, the convective overturn timescale

is constant on average with age, which means that we

can globally follow the evolution of stars, as they spin

down, from low Ro values to high Ro values.

First, we emphasize that the Kepler sample is mostly

probing the unsaturated regime in terms of magnetic ac-

tivity. As mentioned in Section 1, Wright et al. (2011)

showed that in the X-ray emission, LX -Ro representa-

tion, two regimes could be observed: the saturated and

the unsaturated regimes. Wright et al. (2018) found

the same behaviour for fully convective M dwarfs, sug-

gesting that similar dynamos operate in partially and

fully convective stars. However the transition from sat-

urated to unsaturated regimes is not fully understood.
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The sample of stars, in the field of view of the nomi-

nal Kepler mission, are rather old and only a very small

sample of stars would be in the saturated regime. Nev-

ertheless, the Kepler sample with the large number of

stars observed allows us to see additional features in the

unsaturated regime. While the change of slope below

0.4Ro⊙ could be mistakenly interpreted as the saturated

regime, Masuda (2022) already showed that it was not

the case by representing the Wright et al. (2018) sample

together with the Kepler sample on the same scale for

the Ro (see Figure 16 of Masuda 2022). This is further

discussed by Santos et al. (2024) and illustrated in Fig-

ure 1 where the orange dotted lines are an approximate

representation of those regimes. It was also found that in

the Kepler sample, the parameter space corresponding

to the saturated regime is populated by binaries, par-

ticularly tidally-synchronized binaries (Simonian et al.

2019; Angus et al. 2020).

Looking at the upper envelope of the Sph-Ro diagram,

we can see an interesting feature with a decrease of Sph

until Romodel/Ro⊙ ∼ 0.3 followed by an increase up to

Romodel/Ro⊙ ∼ 0.4. This feature was already mentioned

by several works as the kink or the dip (Reinhold &

Hekker 2020; Corsaro et al. 2021; See et al. 2021; Ma-

suda 2022). Different interpretations of that dip have

been given, in many of them assuming that the low Ro

stars were part of the saturated regime. Reinhold et al.

(2019) suggested that this could result from a cancel-

lation effect between active regions and bright faculae,

leading to a lower variability. Finally, from that point

moving towards higher Ro, Sph monotonically decreases

when the star evolves. We also see a slight accumula-

tion of points, or a larger number density of stars, at

Romodel/Ro⊙ ∼ 0.8 (Metcalfe et al. 2023) also seen in

the period-effective temperature diagram (David et al.

2022).

Below 1Ro⊙, the upper envelope of the diagram has a

very sharp edge, as also noted by See et al. (2021). That

could correspond to stars that are seen with inclination

angle of the rotation axis of 90 degrees, like the Sun,

allowing us to fully see the magnetic features (in par-

ticular spots) and yielding the maximum values of Sph

possible. Moreover stars near that upper edge should

correspond to stars observed close to the maximum of

their magnetic cycles. We will further discuss this point

with specific stars in Sections 4.5 and 4.6.

4.3. By spectral type

We investigate here the shape and behaviour of the

stars in the Sph-Ro diagram as a function of the spec-

tral type, with some focus on the aforementioned dip

at low Ro. While Masuda (2022) also studied in de-

tails the shape as a function of mass, the author used

a sample of almost 5,000 stars with LAMOST spectra.

With our study we increase that number to more than

38,000 stars with different sources for Teff and [Fe/H].

By comparing the effective temperature from APOGEE,

LAMOST and the Gaia-Kepler catalogs for stars in com-

mon, the differences are within 10%. For the metallicity,

the differences are within 0.2 dex. Though such compar-

ison was done on a few thousands stars, we assume that

having atmospheric parameters from different sources

should not affect much the general behaviors.

We thus divided our sample into different spectral

types as follows (Pecaut & Mamajek 2013): early F

dwarfs are selected with Teff above 6,250K, late F dwarfs

with Teff between 6,000 and 6,250K, G dwarfs with Teff

between 5,200 and 6,000K, and K dwarfs with Teff be-

tween 3,700 and 5,200K (see Figure 2).

We remind that the sample presented here corre-

sponds to stars with detected rotation periods, which

is a fraction of the full sample of stars observed by Ke-

pler. Indeed, Santos et al. (2021) reported that the de-

tection rate was 51% for K dwarfs, 31.1% for G dwarfs,

and 29.3% for F dwarfs. The results that we obtain and

that are discussed below cannot be generalized to all the

stars but stars with measured rotation periods.

Different spectral types present different shapes in the

Sph-Ro diagram. For K dwarfs (top left panel), Sph

probes a smaller Rossby number range than G (top

right panel) and F dwarfs (bottom panels) that have

lower magnetic activity. However, the scatter for a given

Ro appears to be smaller for G dwarfs compared to K

dwarfs. Similarly to Masuda (2022), we see that the

downward slope above 0.4Ro⊙ is steeper for G dwarfs

than for K dwarfs. The magnetic activity of K dwarfs

(and slightly for G dwarfs) seems to keep increasing to-

wards low Ro. This suggests that the behavior of mag-

netic activity of K and G dwarfs is similar but with some

slight differences that could be related to the underlying

physics of the magnetic activity of the stars.

Looking at the dip and the kink for the G and K

dwarfs, we can compare them quantitatively. To de-

fine the location of the dip, we first take bins of size

0.0025 Ro/Ro⊙ and compute the 95th percentile of Sph

in each bin. We then fit a second order polynomial.

The minimum of the polynomial provides the location

of the dip. For the K dwarfs, we measure the dip at

0.294± 0.058Ro⊙ compared to 0.286± 0.077Ro⊙ for G

dwarfs. At the location of the dip, for K dwarfs, the

Sph range (between the 30th percentile and the 95th per-

centile) is between 1070 ppm and 4620 ppm while for G

dwarfs Sph ranges between 2000 ppm and 5370 ppm. We

apply the same method to determine the location of the
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Figure 2. Sph as a function of the model Rossby number normalized to the solar value for different spectral types for all stars
color-coded with the number density of stars. In each panel, the vertical dash line corresponds to the solar Ro. The horizontal
red dash-dot lines for the G dwarfs correspond to the range of Sph for the Sun between minimum and maximum magnetic
activity.
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bump or peak. The peak is located 0.396± 0.092Ro⊙
for K dwarfs and at 0.387± 0.077Ro⊙. For the K

dwarfs, at the peak, the magnetic activity proxy is be-

tween 1760 ppm and 6200 ppm compared to 2350 ppm

and 6900 ppm for G dwarfs.

Observationally, there is a change of behaviour in the

Sph-Ro diagram for F dwarfs, which is clear when com-

paring early and late types. Early F dwarfs do not pop-

ulate the Rossby number space associated with the dip,

and are instead scattered towards higher Ro values and

low Sph values. For the late F dwarfs, a slight increase

in Sph with Ro similar to the G dwarfs can be seen be-

tween 0.2 and 0.4Ro⊙, although the number of stars in

this Ro range is much smaller. Early F dwarfs have a

larger scatter in both Sph and Ro, blurring any correla-

tion between the two quantities. Having a much thinner

convective zone than the late F dwarfs, they go through

an even weaker magnetic braking. This means that they

do not have a significant spin down and remain relatively

fast during the main sequence (Matt et al. 2015). As a

consequence, the larger Ro is mostly due to very small

convective overturn timescale. While Prot is in general

shorter for F dwarfs than for the other spectral types, τc
is much longer for G and K dwarfs. Typical τc values for

F dwarfs range between 1 and 12 days while for G and K

dwarfs they extend from 7 to 25 days. However we note

that for the early F dwarfs, caution should be taken due

to the very thin convective zone. These trends can also

be identified when plotting Sph as a function of Prot in-

stead of Ro (see Figure 7 of Santos et al. 2021). Stars

move from the left of the Sph-Prot diagram (short Prot)

towards the right of the Sph-Ro diagram (high Ro). We

will discuss these differences further in Section 5.

4.4. As a function of mass

We divide our sample into bins of kiauhoku masses

of 0.8, 0.9, 1, 1.1, and 1.2M⊙ (within 0.1M⊙) also by

selecting them in a given temperature range of 5350,

5550, 5750, 5950, 6160K (within 100K) to have a bet-

ter defined sample. We applied these cuts in both

temperatures and mass in order to remove trends of Sph

with metallicity. By taking the median value of Sph in

bins of 0.1Ro/Ro⊙, we represented them for the differ-

ent masses in Figure 3. For a given Ro, Sph decreases

as mass increases.

For stars with masses of 0.8 and 0.9M⊙, Sph increases

towards low Ro. We can see the dip at low Ro, and

an increase in activity towards high Ro (above 1Ro⊙).

Stars with masses between 0.9 and 1.1M⊙ present a

notable increase in Sph above the solar Rossby.

For the 1.2M⊙ track, given the small number of stars

with Ro below 0.3Ro⊙, we represent only the bins with

more than 10 stars. We see a flat behaviour for high Ro

as noted for the F dwarfs in the previous section.

Figure 3. Median Sph in bins of 0.1Ro/Ro⊙ as a function
of the normalized Ro for masses between 0.8M⊙ and 1.2M⊙.

4.5. The Sun and Sun-like stars

Placing the Sun’s magnetic activity in context with

that of its siblings is vital for understanding the so-

lar/stellar dynamo. However, the identification of solar

twins and analogs can be challenging. Different crite-

ria have been used to select these solar analogs (e.g.

do Nascimento et al. 2020; Reinhold et al. 2021). Here

we take stars with atmospheric parameters from spec-

troscopy to have a better comparison sample. We define

the solar analogs as stars with the solar effective tem-

perature ± 100K and solar metallicity ± 0.1 dex. We do

not make any selection on luminosity or surface gravity

to be able to see the evolution with age. The result is

shown in Figure 4.

For the Sun, using data from the Variability of

solar IRradiance and Gravity Oscillations instrument

(VIRGO Fröhlich et al. 1995), between minimum and

maximum activity, Sph varies from 64 to 310 ppm

(Mathur et al. 2019). While comparing these values to

all the G dwarfs of our sample with measured Prot (top

right panel of Figure 2), we could say that the Sun is

less active than solar-like stars. However, compared to

our selection of solar analogs with detection of rota-

tion, we can see that the Sun’s activity fits well within

the range of values from the solar analogs with close to

solar Rossby number (which would correspond to a sim-

ilar age) as pointed out by Metcalfe & van Saders (2020)

and Santos et al. (2023).

There has been some discussion on whether the Sun

would be part of the stars with detected periods by
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Kepler. We analyzed more than 20 years of VIRGO

data taking subseries of 4 yrs to mimic the Kepler ob-

servations and shifting the center of each box by 1 yr.

This gives us 26 subseries for which we ran the rotation

pipeline along with the machine learning ROOSTER

(see Section 2.2). Trained on the same sample as the

one used for the rotation catalog, we obtained the cor-

rect rotation period for 19/26 cases, i.e. 74%. The train-

ing of ROOSTER was done to select the rotation period

from the wavelet analysis, which we know can provide

sometimes half of the rotation periods. If we change

the training to select the rotation period from the Com-

posite Spectrum (the combination of the wavelet power

spectrum and the ACF), in 100% of the cases we retrieve

the correct rotation period of the Sun. This analysis

shows that the Sun would have a detection probability

between 74 and 100% and subsequently would indeed be

part of the sample with rotation detection and with the

correct rotation period.

We also notice that at maximum activity, the Sun is

close to the upper edge of the Sph-Ro envelope, in agree-

ment with our suggestion from Section 4.2 that stars

with a 90 ◦ inclination angle are close to the upper edge

of the Sph-Ro diagram.

We finally note a visible break of slope around the so-

lar Rossby number. Sun-like stars, with larger Rossby

values than the Sun, appear to have larger Sph values

compared to Sun-like stars around the solar Ro. Even

though we removed all known binaries, we cannot ex-

clude that some remain in our sample, including at high

Ro. However it seems unlikely that all of them are in

binary systems. We need more observational targets to

conclude if this is a real trend, but it seems to go in the

direction of Brandenburg & Giampapa (2018) observa-

tions and Noraz et al. (2024) numerical results, that will

be discussed in Section 5.

4.6. Stars with known magnetic cycles

Similarly to the previous comparison of the Sun with

solar analogs, we study a few Kepler seismic targets

known to have cycles or magnetic activity variability.

The first one of them is KIC 8006161 (also known

as Doris) which is similar to the Sun with Teff of

5488± 77K but metal-rich with 0.34± 0.1 dex and a

seismic age of 4.57± 0.36Gyr. By combining the Kepler

observations with ground-based spectroscopic observa-

tions, Karoff et al. (2018) have shown that the higher

metallicity was responsible for a shorter and stronger

cycle. In the left panel of Figure 5, we compare the

minimum and maximum levels of activity of that star

with stars that have similar spectroscopic properties, i.e.

Teff within ± 100K and [Fe/H] within ± 0.1 dex of Doris’

stellar parameters. While we know that during the Ke-

pler observations we could not see the full cycle (known

to be of ∼ 7 years), we probably saw most of the range

of magnetic activity of one cycle. Compared to its pairs,

KIC 8006161 seems to be close to the upper bound of

the Sph-Ro diagram. This means that even though the

inclination angle derived by seismology is lower than the

Sun (∼ 38 ◦), we are still able to see most of the active

latitudes. The upper envelope in the Sph-Ro diagram

should then correspond to stars for which the inclina-

tion angle allows us to observe the majority of the active

regions or active latitudes.

The second star with seismic and magnetic activity

studies is KIC 10644253 (aka Mowgli). It was shown

by Salabert et al. (2016b) that Mowgli has a magnetic

activity going on thanks to the shifts in the frequen-

cies of the acoustic modes as well as with the tempo-

ral variation of Sph. This star is a young Sun with

an effective temperature of 6030± 60K and [Fe/H] of

0.12± 0.6 dex (Salabert et al. 2016b) but with a seismic

age of 1.6± 0.25Gyr. In the right panel of Figure 5,

Mowgli is compared to stars with similar spectroscopic

parameters as done for Doris. It appears to be in the

same range of magnetic activity level between minimum

and maximum (as observed by Kepler) as stars with

similar Ro number.

4.7. Metallicity effect

Previous works based on observations and models

showed that magnetic activity depends on the metal-

licity (e.g. Karoff et al. 2018; Amard & Matt 2020;

See et al. 2021, 2023). Indeed, metal-rich stars have

a deeper convective zone, affecting the convective over-

turn timescale that is larger. The convective veloci-

ties become larger and it leads to higher levels of ac-

tivity. We looked for such effect by selecting stars

with spectroscopic input to ensure that reliable metal-

licity values were used. We then selected stars simi-

lar to the Sun in terms of their effective temperatures

in the range 5500K-6000K and with masses from the

kiauhoku model selection between 0.9M⊙ and 1.1M⊙.

In Figure 6, we represent Sph as a function of

the Rossby number for metal-rich (+0.3± 0.1 dex) and

metal-poor (-0.2± 0.1 dex) stars with a mass between

0.9 and 1.1M⊙ and the Teff cut mentioned above, where

these values were chosen to have a similar number of

stars in both samples. While metal-rich stars (red sym-

bols) seem to lay above metal-poor stars (blue symbols),

we also compute the median values of Sph in bins of 0.1

in Ro/Ro⊙, which allows us to quantify the difference

between the two samples. On the right panel, we can

see that the distribution of the metal-rich stars tends to-
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Figure 4. Sph as a function of Rossby number for solar analogs compared to the Sun represented by the red circles for minimum
and maximum magnetic activity during a solar cycle. Only stars with spectroscopic values were selected and the number of
stars is shown in the top right part of the figure. The ranges of Teff and [Fe/H] are given in the bottom left part of the figure
and as explained in Section 4.5.

Figure 5. Sph as a function of Rossby number for stars similar (see Section 4.6 for details) to two very well seismically studied
Kepler stars : KIC 8006161 (left panel, pink triangles) and KIC 10644253 (right panel, cyan triangles). The colored symbols
represent the range of magnetic activity during the Kepler observations. Only stars with spectroscopic values were selected and
the number of stars is shown in the top right part of the figure. The ranges of Teff and [Fe/H] are given in the bottom left part
of the figure.
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Figure 6. Left panel: Sph as a function of Rossby number
for stars with Teff between 5500K and 6000K and masses
between 0.9M⊙ and 1.1M⊙ for metal-rich (red symbols) and
metal-poor (blue symbols) stars. The solid line (resp. triple
dot-dash line) represents the median values computed in bins
of 0.1 dex for metal-rich stars (resp. metal-poor stars). Right
panel: distribution of the metal-rich (red solid line) and of
the metal-poor (blue dash line).

wards higher magnetic activity compared to the metal-

poor stars. Similarly to the works aforementioned, we

find that metal-rich stars have larger Sph values for a

given Rossby number than the metal-poor stars. We

also note that there may be a bias due to the fact that

we do not see the full magnetic cycles of stars during

the 4 years of Kepler observations. Another potential

bias might stem from the influence of the metallicity on

the the length of magnetic cycles. This was exemplified

in the comparison between the Sun and a comparable

metal-rich star (Karoff et al. 2018), where the latter ex-

hibited a shorter cycle. However, since this analysis was

conducted solely on a single pair of stars, a broader sam-

ple would be necessary to validate this pattern.

According to the YREC evolution models, τc varies

strongly with temperature and more weakly (but mea-

surably, a factor of 1.25 per dex) with metallicity in

a way that is independent of temperature, mass, age,

or Sph. The difference in Sph at fixed Ro but differ-

ent metallicities therefore suggests that Sph has some

metallicity dependence that is separate from the Ro de-

pendence on metallicity.

5. DISCUSSION

For our Kepler targets, the diagram of the magnetic

activity proxy as a function of the Rossby number can

be divided into four different regimes: at very low Ro

(below 0.3Ro⊙), low Ro (between 0.3 and 0.4Ro⊙), in-

termediate Ro (between 0.4 and 1Ro⊙), and high Ro

(above 1Ro⊙). All the regimes are not observed in all

the spectral types and we discuss here some hypotheses

on the physical reasons for these differences and for the

changes during the evolution of a solar-like star.

5.1. Differences between G and K dwarfs for low Ro

While G and K dwarfs show similar behaviors in Fig-

ure 2, one main difference is the level of magnetic ac-

tivity. We saw in Section 4.3 that for a given Ro value

below 0.5Ro⊙, Sph is smaller for K dwarfs compared to

G dwarfs. The scatter in Sph at the dip and the peak is

larger by 180 ppm for K dwarfs than for G dwarfs. This

is more than half of the Sph range between minimum

and maximum activity for the Sun, i.e. not negligible.

This suggests that K dwarfs are less active but more

variable than G dwarfs around the dip. In general, we

assume that Sph is mostly sensitive to spots present on

the surface of the star. Indeed Shapiro et al. (2016)

and more recently Li & Basri (2024) showed that with

the Kepler bandpass and given the rotation time scale,

the detection of rotational modulation is mostly sensi-

tive to the spots. This was also revisited by Meunier &

Lagrange (2019) with synthetic time series for an even

broader range of spectral types. This means that lower

values of Sph could be related to different physical or

geometrical reasons:

• a smaller coverage of spots/active regions on the

stellar surface: for Ro/Ro⊙ below 0.4, G dwarfs

could present a narrower range of spot coverage

compared to K dwarfs. It does not say anything

about the size or number of spots but the general

surface coverage. This is in agreement with the

findings by Cao et al. (2023) who studied the spot

filling factors of G and K dwarfs.

• our magnetic proxy Sph depends on the inclina-
tion angle of the rotation axis, the position of the

active latitudes, and the active longitudes. Given

that dependency, one other hypothesis to explain

the difference between K and G dwarfs is that the

active latitudes in K dwarfs could probe a larger

band than G dwarfs where the spots would appear

in a narrower band of latitudes (Işık et al. 2018).

• finally, the length of the magnetic activity cycles

could also impact the measurement of the mag-

netic activity levels. If a star has long cycle pe-

riods (longer than 10 years), during the 4 years

of the Kepler observations we would see only part

of the cycles and would be biased towards high

or low Sph, while for a star with shorter cycles,

we could measure an average level of magnetic ac-

tivity. One hypothesis on the smaller scatter for
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the G dwarfs compared to the K dwarfs is that we

capture more often a full cycle for the G dwarfs

than for the K dwarfs. We discuss it in Ap-

pendix B by testing the Sph calculation on the

Sun. This also goes in the same direction that

K dwarfs being in general slower rotators than G

dwarfs: we expect them to have longer cycles as

suggested from Mount Wilson observations in Ca

H&K (Baliunas et al. 1995; Saar & Brandenburg

2002; Brandenburg et al. 2017; Bonanno & Cor-

saro 2022). There might be some hint in the spec-

troscopic observations (Brandenburg et al. 2017),

but we would need a larger sample to confirm it.

These are just hypotheses and it could be a combina-

tion of some or all of them. Unfortunately we cannot

confirm any of them due to the lack of information on

the size of spots, inclination angle, and active latitudes.

Asteroseismology, also combined with photometric anal-

ysis, could provide an answer for some of those proper-

ties (e.g. Santos et al. 2017; Bazot et al. 2018; Thomas

et al. 2019; Hall et al. 2021; Benomar et al. 2023) and

in that respect the future European Space Agency mis-

sion PLATO (PLAnetary Transits and Oscillations of

stars; Rauer et al. 2014) is promising in order to provide

a better overview, as we expect several thousands of

solar-like stars very well characterized with seismology

(Goupil et al. 2024).

5.2. Change of behavior for F dwarfs at intermediate

and high Ro

In Section 4.3, we observed a change in the Sph-Ro

diagram when moving towards hotter F dwarfs.

Being more massive stars, they evolve faster than G

and K dwarfs. The lack of F dwarfs with high activity

below 0.3Ro⊙, and hence the absence of dip, could be

related to the fact that they quickly move to higher Ro

rather than an observation bias, since we can detect high

Sph values for the less massive stars. This is in agree-

ment with the models by Spada & Lanzafame (2020).

However, some observational bias cannot be excluded.

Indeed, we could also hypothesize that the manifesta-

tion of magnetic activity for those young F dwarfs is

different and such that it prevents us from detecting ro-

tation periods with our usual techniques. Such absence

of trend is not specific to the Sph proxy for magnetic

activity, as Yang & Liu (2019) found a similar behavior

for the F dwarfs when studying the flare activity of the

Kepler targets.

From a stellar structure point of view, these stars have

a thinner convection zone (a few percent of the stellar

radius) compared to K and G dwarfs (more than 20% of

the stellar radius) leading to smaller τc and thus higher

Ro values and allowing us to probe a not well known

regime above the solar Ro. While late F dwarfs have

their modeled masses peaking around 1.15M⊙, early F

dwarfs are more massive, around 1.3M⊙, close to the

Kraft break where the evolution of rotation is drasti-

cally different (Kraft 1967). This change in the stellar

structure will obviously affect how the dynamo operates

and could explain the lower Sph values for those stars.

Some 3D Magneto-Hydrodynamical simulations started

to look into the dynamo in F stars (Augustson et al.

2013) but more observational constraints are needed as

well. It is also possible that τc from the models is less

well constrained in these regimes of very thin convective

zones, which could lead to some additional scatter that

is not real.

For the high Ro values, there is no clear consensus

in the current simulations on what to expect for these

stars. While the simulations by Brun et al. (2022) are

done up to 1.1M⊙ stars, when stars go beyond the solar

Rossby, the simulations suggest an absence of magnetic

cycles. Such behaviour was found with two very dif-

ferent codes, suggesting a robust finding. This thresh-

old also corresponds to the transition in the simulations

from solar-like differential rotation to anti-solar differen-

tial rotation1, which is thought to sustain stationary dy-

namos without cycles in most cases (Brun et al. 2022).

In our observations we also notice that stars with Ro

above 1Ro⊙ have a low Sph that is flat with Ro. How-

ever, there is no clear consensus on what happens at high

Ro as observational constraints are lacking (Noraz et al.

2022) and other simulations by Viviani et al. (2019) lead

to some cycle variation.

Finally, in contrast to F dwarfs, we also note that G

dwarfs with high Ro have an increased level of mag-

netic activity. Brandenburg & Giampapa (2018) sug-

gested that stars with anti-solar differential rotation,

usually found at high Ro (Noraz et al. 2022), have en-

hanced magnetic activity, which goes in the same di-

rection as some of our observations. Recent findings of

Noraz et al. (2024) report strengthening of large-scale

magnetic topologies at high Rossby number from numer-

ical simulations. As mentioned above, at high Rossby

numbers, stars could transition to anti-solar differential

rotation due to the weakening influence of rotation on

convective motions, as was shown by multiple theoreti-

cal studies (see Gastine et al. 2013; Brun et al. 2022, and

references therein). This changes the sign of the Omega-

effect responsible for regenerating the toroidal magnetic

field from the poloidal field. Flux emergence then pro-

1 faster rotation at the poles than at the equator
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Figure 7. Sph as a function of Rossby for 1M⊙ (top)
and 0.8M⊙ (bottom) color-coded by the distance to the
intermediate-Prot gap.

duces active regions that reinforce the pre-existing ori-

entation of the large-scale field. In this case, the dy-

namo mechanism is therefore no longer cyclic, and in-
stead strengthens the polar magnetic fields until it sat-

urates (either non-linearly by quenching the differential

rotation or by mere turbulent diffusion), reaching effec-

tively stronger fields compared to their cyclic analogs.

This was demonstrated in detail with 2D axisymmetric

mean-field dynamo models by Karak et al. (2020) and

Noraz et al. (2022), and further confirmed with 3D tur-

bulent models in e.g. Brun et al. (2022).

5.3. The dip

We investigate here in more details the dip observed

in the G and K dwarfs around 0.3Ro⊙.

We remind that all the stars are in the unsaturated

regime described by Wright et al. (2011) where the spin

down of the stars follows the Skumanich law. We come

back to the Prot-Teff diagram of the Kepler sample, in

particular to the intermediate rotation period gap seen

for temperatures between 6000 and 4500K (e.g. Mc-

Quillan et al. 2014; Gordon et al. 2021; Santos et al.

2021). Adopting the location of the intermediate-Prot

gap (IPG) by Santos et al. (2024, following Santos et al.

2023), Figure 7 shows the Sph-Ro diagram color-coded

by the distance of each star to the gap, which is rep-

resented by the difference between the Prot logarithms.

Stars rotating more rapidly than the gap are shown in

shades of blue, while stars rotating more slowly than

the gap are shown in shades of red. Light colored sym-

bols show stars close to the gap. We selected stars with

masses between 0.9 and 1.1M⊙ and Teff between 5500

and 6000K (upper panel) and with masses between 0.7

and 0.9M⊙ and Teff between 5000 and 5500K (lower

panel). We clearly see that stars before the gap (or the

so-called fast rotation sequence) are generally before the

dip while stars after the gap (slow rotation sequence)

are after the dip confirming that the surface magnetism

goes through some changes. There is even less overlap

between both rotation sequences for the ∼ 0.8M⊙ stars.

As suggested by other studies (Gordon et al. 2021; Lu

et al. 2022), this could correspond to the beginning of

the coupling of the radiative zone with the convection

zone (Spada & Lanzafame 2020). This is also illustrated

in Figure 8. Since the dip corresponds to the interme-

diate Prot gap, the coupling should start around that

point of the Sph-Ro diagram. However it is not clear if

the decoupling (or the time to be fully coupled) lasts

until the peak at 0.4Ro⊙ (point where Sph starts to de-

crease again). Assuming that the dip corresponds to

the core-envelope coupling, the fact that Sph increases

just after it suggests that some physical process triggers

more magnetic activity before starting to decay again,

in agreement with Cao et al. (2023).

We also see that stars very close to the IPG can have

a significant drop in Sph down to tens of ppm, in par-
ticular for the 0.8M⊙ stars. At this stage, with the

present dataset, we cannot exclude that this reduction

in the surface magnetism is such that the detection of

rotation periods is more complicated, and could be par-

tially responsible for the gap in the IGP. Another pos-

sible explanation for some of those very low Sph stars

(Sph < 500 ppm) could be a low stellar inclination angle.

That dip is not visible in the flare analysis by Yang

& Liu (2019). It could be because they have a smaller

sample of stars or that the coupling does not affect the

physics of the flares. Based on a different sample, Santos

et al. (2024) showed that the X-ray and chromospheric

activity also present such dip corresponding to the inter-

mediate Prot gap. Not observing the dip in the flares of

the Kepler targets could be due to the lower sensitivity
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of flares in the visible than in X-ray or an underestima-

tion of the full flare energy in the visible.

6. SUMMARY AND CONCLUSIONS

We presented here the study of the evolution of mag-

netic activity of 38,930 single main-sequence stars ob-

served by Kepler for 4 continuous years and for which

rotation period and the photometric magnetic activity

index Sph, were computed by Santos et al. (2019, 2021).

• By dividing the sample by spectral types, we found

different behaviours. From K to F dwarfs, i.e. with

increasing mass, stars are less and less active even

accounting for the differences in Ro, and this is

strongest at high and low Ro. More massive stars

probe higher values of Ro.

• At small Ro below 0.3Ro⊙ and for a given value,

the scatter for K dwarfs is larger than for G dwarfs.

This could be due to geometrical effect related to

spot coverage or the location of the active latitudes

that might depend on the spectral type. Another

hypothesis is based on different magnetic activity

cycles lengths between K and G dwarfs as it is

generally found that K dwarfs are slower rotators

than G dwarfs. Hence they should have longer

cycles than G dwarfs.

• There is an absence of low Ro for F dwarfs, which

can be due to a fast evolution of these more mas-

sive stars and also to a larger spin-down time

(Matt et al. 2015). Those hotter stars also probe

a quite unknown regime of Ro larger than the so-

lar Ro. However, we note that the calculation of

the convective overturn timescale for those more

massive stars should be treated with cautious.

• We found that the upper envelope of the Sph-Ro

diagram corresponds to stars observed close to

maximum magnetic activity and with an inclina-

tion angle that allows the active regions to be more

visible.

• By selecting stars similar to the Sun in terms

of their effective temperatures, metallicities, and

Rossby numbers we concluded that the magnetic

activity of the Sun is similar to that of the Kepler

Sun-like stars with measured rotation periods.

• We observed an increase of magnetic activity

above the solar Ro for G-type stars, which is also

suggested in dynamo models where a transition

from solar to anti-solar differential rotation can

occur (Brun et al. 2022; Noraz et al. 2024).

• Using our sample, we found that metal-rich Sun-

like stars seem to be more active than metal-poor

stars, in agreement with previous works.

• We investigated the dip in the Sph-Ro diagram.

This is an extra feature in the unsaturated regime.

We showed that more rapidly rotating stars below

the intermediate period gap are located before the

dip while stars just after the gap go through an

increase of magnetic activity before starting to de-

crease again. Relating the gap to the core-envelope

coupling suggested by Spada & Lanzafame (2020),

it would imply that once the coupling starts some

physical process begins, which seems to trigger en-

hanced magnetic activity until the coupling is fully

done.

Following our discussion, we summarize in Figure 8

the different theories on the changes occurring during

the evolution of solar-like stars in the Sph-Ro diagram.

We highlight the observed stalling and weakened mag-

netic braking (WMB; van Saders et al. 2016) as well as

the expected changes from solar to anti-solar differential

rotation from simulations.

More observations and theoretical development would

be needed to confirm some of the theories and hy-

potheses stated above. Observations with the PLATO

mission that will provide several thousands of stars with

a precise asteroseismic characterization and combined

with magnetic activity monitoring will likely shed a

light on the physics behind these different observations

and evolution of magnetic activity. In this framework,

revisiting the work by Mathur et al. (2019) on the

detection of stellar oscillation modes as a function of

Sph and Prot by taking into account their intrinsic rela-

tionship shown in this work, will be of great importance.
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APPENDIX

A. COMPARISON OF CONVECTIVE OVERTURN TIMESCALES

To compute the convective overturn timescale, some semi-empirical relations have been derived such as the ones

from Noyes et al. (1984); Cranmer & Saar (2011); Wright et al. (2011) where a dependence with color (B-V or V-K)

was established. More recently, Corsaro et al. (2021) used the Legacy sample of Kepler targets with detection of

solar-like oscillations in order to calibrate the Legacy Rossby number. Indeed those stars had enough signal-to-noise

ratio that a precise asteroseismic modeling had been performed, allowing to have detailed information on the deeper

layers of the stars. We can also directly use the models where we look for the best fit to the observables, as explained

in Section 3. From that model, we have access to the convective overturn timescale. Finally, we can go back to 3D

numerical simulations of rotating stars, where a few works are looking for scaling relations to estimate the Rossby

number, and can deduce the convective overturn timescale. We take the fluid Rossby that compares the the advection

term and the Coriolis force in the Navier–Stokes equation (Brun et al. 2022; Noraz et al. 2022).

In addition to the way of computing the convective overturn timescale, it is also important to keep in mind where in

the star it is computed. In general, it is taken at one or half a pressure scale height above the base of the convection

zone but it is not always the case. In the case of a sample with different Rossby definitions/convective depth, the

comparison is still possible as long as each Rossby value is normalized to solar value of its definition, but this latter

can sometime be challenging to constrain (see for instance, Noraz et al. 2022).

In Figure 9, we show the convective overturn timescale computed by different methods as a function of effective

temperature. We clearly see that the relationships are quite different between the different computations. The semi-

empirical formula from Noyes et al. (1984) was obtained for a sample of targets with chromospheric observations at the

Mount Wilson Observatory (Wilson 1978). First they used the convective overturn timescale computed from models

of the convection by Gilman (1979) and combined them with observed rotation periods and the magnetic proxy R′
HK ,

finding a tight correlation when using models with the mixing length parameter α=2 and fitted a polynomial function

between Prot/τc and R′
HK . After subtracting Prot to the fit, which is τc, and representing the values as a function of

B-V, they performed a cubic fit leading to the τc-(B-V) relation. Note that this calibration was based on the Mount

Wilson targets, which were mostly F, G, and K dwarfs. Given that our sample of Kepler stars also contains late-type

stars and subgiants, the relation is not valid in all the domains. We can see in the top left panel of Figure 9 showing

τNoyes as a function of the effective temperature that for stars cooler than 5,000K the value reaches a kind of plateau,

which is not coherent with the fact that those stars should have a deep convective zone, if not fully convective. Similar

calibration was also done by Wright et al. (2011) using stars with X-rays observations.
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Figure 8. Same as Figure 1 with points discussed in Section 5. The vertical red dash line represents the solar Rossby number
and separates the solar latitudinal differential rotation (DR) regime from the anti-solar differential rotation one as expected
from simulations. The location of the stalling (corresponding to the intermediate period gap, IPG) and the weakened magnetic
braking (WMB) are shown with the purple arrows. The white semi-opaque area represents the location of the possible coupling
between the radiative and convective envelopes discussed in Section 5.3. The red solid lines are shown to guide the eye on the
average evolution of Sph. The regime above 1Ro⊙ is little known.

For the τc calibrated with the Kepler Legacy sample (Silva Aguirre et al. 2017), Corsaro et al. (2021) computed

it as the ratio of the depth of the convective zone and the average convective velocity that they relate to the stellar

parameters such as mass, radius and luminosity. They then applied it to the stars with the best seismic analysis

(Silva Aguirre et al. 2017) where individual modes were fitted (Lund et al. 2017), allowing to have precise information

on the stellar interiors, such as the depth of the convective zone and the stellar parameters. With their definition,

τc is computed at the base of the convective zone. After performing a polynomial fit of the theoretical convective

overturn timescale and the B-V color, they derived a relation between the B-V color and τc. As the seismic sample

had only a small range of B-V values, this implies that the relation is only valid for B-V between 0.38 and 0.75, i.e.

7000K> Teff > 5000K, as shown in the top right panel of Figure 9.

From the best-fit model computed as explained in Section 3, we compute the convective overturn timescale one

pressure scale height above the base of the convective zone, as done traditionally. The model τc is shown in the bottom

left panel of Figure 9. Since this calculation is based on models that take into account the evolution of stars, we can

see different features that were not in the previous estimations of the convective overturn timescales. For instance,

for the cool stars, τc increases with a sharp slope due to the deeper convection zone in those stars. We can also see

a departure of another “branch” around 6000K, corresponding to the subgiants where the convection zone starts to

deepen during the more evolved state of the stars.
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Table 1. Input parameters for modeling (Teff , L, [Fe/H]), resulting stellar fundamental parameters (log g, M , Ro) from
kiauhoku, and the rotation periods from Santos et al. (2021).

KIC Teff (K) logL/L⊙ [Fe/H] (dex) log g (dex) M (M⊙) Ro Prot flagspec

893033 4707± 84 -0.715± 0.034 -0.240± 0.110 4.331+0.029
−0.026 0.89+0.03

−0.02 0.528 25.9± 1.9 3

893209 6051± 108 0.586± 0.036 0.030± 0.140 4.474+0.053
−0.052 0.94+0.08

−0.07 0.354 4.6± 0.4 3

893286 5297± 100 -0.302± 0.039 -0.040± 0.140 4.235+0.037
−0.050 1.00+0.04

−0.05 0.658 24.5± 2.2 3

893383 5680± 103 -0.152± 0.034 -0.170± 0.130 4.409+0.032
−0.037 0.89+0.04

−0.04 0.758 21.2± 2.6 3

893559 5095± 91 -0.417± 0.044 -0.040± 0.130 3.659+0.035
−0.045 1.91+0.04

−0.04 0.350 14.7± 1.1 3

1026287 4800± 233 -0.524± 0.032 -0.130± 0.220 4.587+0.034
−0.039 0.75+0.04

−0.04 0.606 27.8± 5.2 3

1026838 5952± 75 0.177± 0.030 0.160± 0.100 4.622+0.032
−0.034 0.68+0.04

−0.04 0.834 15.6± 1.9 3

1027330 4886± 81 -0.459± 0.035 0.160± 0.120 4.037+0.038
−0.059 1.23+0.04

−0.04 0.639 31.3± 2.6 3

1027536 6017± 75 0.242± 0.029 0.150± 0.100 4.530+0.033
−0.041 0.86+0.04

−0.04 1.026 16.4± 4.4 3

1027740 5347± 94 -0.201± 0.027 0.030± 0.140 4.513+0.040
−0.067 0.91+0.05

−0.06 0.735 26.8± 2.7 3

1027900 5893± 125 0.101± 0.027 -0.280± 0.100 3.904+0.049
−0.088 1.25+0.05

−0.07 0.944 18.8± 3.4 3

...

Notes. flagspec corresponds to the origin of the atmospheric parameters (0:CFOP, 1:APOGEE, 2:LAMOST, 3:B20). The full
table is available online in a machine readable format.

Finally the bottom right panel of Figure 9 shows the convective overturn timescale computed from the combination

of stellar models and 3D simulations of convection in the middle of the convection zone (Noraz et al. 2022). In addition,

we convert it to stellar Ro (τc = Prot,∗/Ros = Prot,∗/(2.26 × Rof), where Rof is the fluid Rossby number defined in

Noraz et al. (2022)), following the result from the comparison between the fluid and stellar Ro by Noraz et al. (2024).

We show it for 2 different values of solar references of 0.6 and 0.9 that correspond to the range of the solar fluid

Rossby expected from simulations. The small scatter that we observe is related to the different metallicity of the stars.

The main differences comes from the location where the convective overturn timescale is computed. While the

models from kiauhoku compute it at one pressure scale height above the base of the convective zone, the fluid Rof is

computed in the middle of the convection zone, and the Legacy calibration that is at the base of the convection zone.

To this we should add the differences on the stellar models used in each method and the way the calibration was done.

Since the reference solar value is also different between the different methods and at different depths, this comparison

shows the importance to normalize τc to the solar value.

B. IMPACT OF THE RATIO BETWEEN OBSERVATION AND CYCLE LENGTHS ON Sph

We investigate the impact of the duration of the photometric observations on the Sph calculation depending on the

magnetic cycle length, Pcyc. To do so, we use the red and green channels of the VIRGO photometric observations

spanning 27 years (more than 2.5 magnetic cycles). We computed Sph for different observation lengths, Tobs: 1 to 14

yrs and where we slide the box by 1 yr. For each length selected, we have 27 to 2 independent measurements possible.

Given that the cycle length for the Sun is about 11 years, this can be extrapolated to any cycle length with the ratio:

R=Tobs/Pcyc, which we vary from 9 to 127%. If we assume that K dwarfs have longer cycles than G dwarfs (e.g.

Brandenburg et al. 2017), K dwarfs would be represented by the cases with R∼ 10-30% and G dwarfs by the cases

R∼ 40-60%.

In the left panel of Figure 10, we show the variation of Sph as a function of Tobs/Pcyc. On the right panel, we display

the minimum and maximum Sph values for each ratio during the first two magnetic cycles. We remind that except for

the first ratio value, the points are not independent. We can see how the maximum Sph value decreases with increasing

ratio. This is also depicted in the right panel.

For a 1 yr observation (or R∼ 10%), we obtain a broad range of Sph values (from 50 to 400 ppm) depending on when

during the cycle the observation is done. When we increase the ratio, the Sph range between minimum and maximum

activity slowly decreases (from 100 to 230 ppm). This agrees with K dwarfs having lower Sph values (when observed

at minimum activity) compared to G dwarfs. This also suggests that the K dwarfs should have a larger scatter in Sph.
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Figure 9. Convective overturn timescale computed with the Noyes et al. (1984) relation (top left panel), the Legacy calibration
(top right panel), from the best-fit model with YREC (bottom left panel) where subgiants are color-coded in red, and from the
fluid computation with simulations (bottom right panel) with two values for the solar Rossby (0.6 in black and 0.9 in cyan) and
converted to stellar Ro as explained in Section A.

Figure 10. Left panel: variation of Sph with the ratio R using the photometric observations of the Sun with VIRGO. Right
panel: Minimum (blue) and maximum (orange) Sph for the Sun as a function of the ratio in percentage.
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However this is assuming that all the stars (K and G) have similar levels of activity at minimum and maximum of the

magnetic cycle.
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Garćıa, R. A., Mathur, S., Salabert, D., et al. 2010, Science,

329, 1032, doi: 10.1126/science.1191064
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