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ABSTRACT

Context. Stellar rotation on the main sequence is a complex function of mass and age, displaying multiple regimes whose physical
origin remains only partially understood. In particular, the connection between the diversity of observed rotation rates and the internal
structure and thermodynamic properties of stellar interiors is still unclear.

Aims. We investigated how the depth of the convective zones and the degree of plasma coupling, quantified through the plasma cou-
pling parameter, relate to the observed rotation rates of solar-mass stars.

Methods. We used a grid of 1 M, MESA stellar models with a wide range of metallicities to identify the best-matching models for
243 main-sequence stars with measured rotation periods. We then examined correlations between their rotation rates and both the
structural properties of the convective zones and the corresponding convective plasma coupling parameter.

Results. For this sample, rotation rates show only weak correlations with either the convective-zone depth or the plasma coupling
parameter when considered independently. However, during the first two-thirds of the main-sequence lifetime, the correlation strength-
ens when both factors are considered jointly through a combined convective coupling index, indicating a moderate and statistically
significant relationship. For older stars, these correlations weaken and lose significance, although the thermodynamic component
becomes relatively more influential. These trends suggest that microphysical plasma properties may contribute to the regulation of

angular momentum loss and may be connected to the onset of weakened magnetic braking.
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1. Introduction

Low-mass stars with outer convective zones begin their main-
sequence evolution rotating rapidly, and as they age, they lose
angular momentum through a process known as magnetic brak-
ing. In low-mass stars, magnetic braking occurs when dynamo-
generated magnetic fields in the outer convective envelope
drive magnetized stellar winds that extract angular momen-
tum over the course of main-sequence evolution (Kraft 1967;
Weber & Davis 1967; Skumanich 1972; Kawaler 1988). Rota-
tion in these stars also exhibits a clear relationship with several
magnetic activity indicators, such as nonthermal emission, X—
ray emission, and rotational modulation (e.g., Noyes et al. 1984;
Pizzolato et al. 2003; Santos et al. 2021). Slower rotation is gen-
erally associated with weaker magnetic activity, in what is com-
monly termed the rotation—activity relationship. This relation-
ship comprises two regimes: the saturated regime, where mag-
netic activity is independent of rotation, and the unsaturated
regime, where magnetic activity decreases with increasing rota-
tion period (e.g., Wright et al. 2011; Yang et al. 2025). The tran-
sition between these regimes occurs at a critical value of the stel-
lar Rossby number, Ro = PT;;“, where Py is the rotation period
and 7, is the convective turnover time (e.g., Noraz et al. 2024).
Solar-like stars typically enter the main sequence in the
saturated regime, characterized by rapid rotation and intense
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magnetic activity. As they evolve, magnetized stellar winds
extract angular momentum, leading the stars to transition into
the unsaturated regime. This loss of angular momentum, and
the resulting spin-down, occurs more rapidly in fast rotators
than in slower ones. The spin-down rate also depends on
stellar mass, with lower-mass stars taking longer to converge
onto the so-called slow-rotation sequence (Gallet & Bouvier
2013, 2015). Once stars reach this sequence, their rota-
tion periods increase approximately as the square root of
stellar age: Py o vt (Skumanich 1972). These obser-
vational trends form the basis of the technique known as
gyrochronology, which uses stellar rotation as a proxy for age
(Barnes 2003; Barnes & Kim 2010; Mamajek & Hillenbrand
2008; Barnes 2007; do Nascimento et al. 2014; Fritzewski et al.
2021; Lu et al. 2024). This method is particularly valuable for
main-sequence stars for which asteroseismic age determinations
are not available.

The launch of the Kepler space telescope provided a wealth
of high-precision asteroseismic measurements (McQuillan et al.
2014; Angus et al. 2015). Asteroseismology is a powerful tech-
nique for probing the internal structure and evolutionary state of
stars through their oscillation mode frequencies (e.g., Aerts et al.
2010; Brito & Lopes 2019). The high-quality oscillation data
from Kepler allow us to measure stellar rotation periods and
to construct calibrated theoretical stellar models constrained
by seismic observables (e.g., Nielsen et al. 2015; Davies et al.
2015). Comparisons of stellar ages and rotation rates derived
from asteroseismology show that older main-sequence stars
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deviate from the Skumanich law: they rotate faster than pre-
dicted by gyrochronology. This phenomenon, known as weak-
ened magnetic braking, indicates that stars beyond roughly half
of their main-sequence lifetime no longer obey the standard
gyrochronology relations (van Saders et al. 2016; Metcalfe et al.
2016; Hall et al. 2021).

It is well established that rotation on the main sequence is a
complex function of both mass and age. Moreover, stellar rota-
tion and magnetic activity are tightly interconnected through the
activity—rotation relationship. Magnetic activity encompasses a
variety of energetic phenomena observed in stellar atmospheres,
such as starspots, flares, and coronal mass ejections. Similar to
the Sun’s 11-year activity cycle, many other stars exhibit cyclic
variations in magnetic activity, with periods ranging from a few
years to more than a decade (Radick et al. 2018; Wargelin et al.
2017; Jeffers et al. 2023; Zhang et al. 2024). The magnetized
stellar winds responsible for magnetic braking are themselves a
continuous manifestation of this activity. The underlying engine
that drives all these phenomena is the stellar dynamo: a physical
process operating in stellar interiors that amplifies and sustains
magnetic fields (e.g., Brun & Browning 2017; Augustson et al.
2019; Képyld et al. 2023).

The physical processes driving the evolution of stellar
rotation and magnetic activity on the main sequence remain
poorly understood, as revealed by discrepancies between obser-
vations and theoretical models. In particular, the relationship
between the thermodynamic properties of stellar interiors and
the observed stellar rotation rates remains largely unexplored.
A recent study by Brito & Lopes (2024) identified a correlation
between stellar rotation periods and the thermodynamic prop-
erties of the stellar plasma, expressed through the plasma cou-
pling parameter. This dimensionless quantity measures the ratio
of the average Coulomb potential energy between particles to
their average kinetic (thermal) energy, thereby indicating the
degree of coupling within the plasma. In the present work, we
aim to further investigate this correlation. Because stellar rota-
tion is a complex function of both mass and age, we restrict our
analysis to stars of approximately the same mass, specifically
around 1 M, to minimize these dependencies. Moreover, since
the thickness of the convective zone in such stars is a key fac-
tor in the operation of the stellar dynamo (e.g., Charbonneau
2020; Charbonneau & Sokoloff 2023), we explore how a com-
bined index that accounts for both the convective zone extent
and the degree of plasma coupling can help explain the observed
diversity in stellar rotation periods.

In Section 2, we describe the selection of stars with obser-
vationally determined rotation periods and the input physics
adopted for the theoretical models. Section 3 presents the prop-
erties of these models, including the diversity in the locations of
the bases of the convective zones, stellar ages, and the degree of
plasma coupling characterized by the plasma coupling param-
eter. In this section, we also introduce the convective coupling
indicator. We discuss the connection between stellar structure,
internal thermodynamics, and rotation rates in Section 4. Finally,
we summarize our conclusions in Section 5.

2. Sample selection and theoretical modeling

The Kepler space telescope enabled the collection of a large sam-
ple of stars with measured rotation periods (Santos et al. 2021).
The catalog also provides measurements of magnetic activity
through the photometric activity index S, (Mathur et al. 2014)
for thousands of stars. We combined the observational data from
this catalog with the results from our theoretical models to inves-
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Fig. 1. Red dots represent all the stars from the catalog of Santos et al.
(2021) with masses in the range 0.99 M, < M < 1.005 M,,.

tigate the joint influence of stellar structure and internal thermo-
dynamics on the observed rotation rates. To reduce the complex-
ity of the analysis, we focused on stars with approximately one
solar mass. Specifically, we selected only stars with masses in
the range 0.99 My < M < 1.005 My, resulting in a sample of
1404 stars, shown in red in Figure 1.

2.1. Stellar evolution modeling

To estimate the structural and thermodynamic properties of this
sample of stars, we computed a grid of theoretical stellar mod-
els with one solar mass using the Modules for Experiments
in Stellar Astrophysics (MESA) stellar code, version 1r24.08.1
(Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.
2023). The metallicities of our models range from Z = 0.0005
to Z = 0.04, specifically including Z; € {0.0005, 0.001, 0.003,
0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04}. We scaled the
initial helium mass fractions with metallicity according to the
standard chemical enrichment relation,
AY

Yi=Yo+ =2,

A7 ey

where Y = 0.2454 is the primordial helium abundance and % =
1.5 is the helium enrichment ratio (Planck Collaboration VI
2020).

For each of the 11 metallicities considered, we evolved a
1 Mg, stellar model from the zero-age main sequence (ZAMS)
to the terminal-age main sequence (TAMS) using identical input



Brito, A. and Lopes, I.: A&A, 709, A196 (2026)

243 stars (0.99 < M/M, < 1.01)
243 models (1 M)

e

e

6000 1

Terr (theory) [K]

Identity line
1o region (—131, +126 K)

5000 1 . . .
5500 6000 6500
T (observational) [K]
243 stars (0.99 < M/Ms < 1.01)
4.69 243 models (1 M)
=444
=
o}
o}
=
= 421
B0
i)
4.01
***** Identity line
3.81 1o region (—0.09, +0.07 dex)

40 42 44 46
log g (observational)

Fig. 2. Comparison between observed and best-fit theoretical stellar
parameters for our sample of 243 main-sequence stars with masses
0.99M,; < M < 1.005 M, matched to 1 M, theoretical models. Top
panel: Effective temperature (7) identity plot. Bottom panel: Surface
gravity (log g) identity plot. In both panels, the dashed violet line rep-
resents the one-to-one relation, while the shaded violet band indicates
the typical 1o~ asymmetric observational uncertainty region. Individual
asymmetric error bars for each star are shown in gray. The close clus-
tering of points around the identity lines demonstrates the robustness of
our chi-square matching algorithm in recovering physically consistent
atmospheric parameters.

physics. We stored stellar structure profiles at regular intervals
during the evolution, using the MESA output settings to save a
profile every five timesteps. Because the timestep size is deter-
mined adaptively by the code and the main-sequence lifetime
depends on metallicity, the total number of stored profiles differs
slightly from one metallicity to another. In total, the grid com-
prises 388 stellar models corresponding to different evolutionary
stages along the main-sequence tracks.

For input physics, our models adopt the solar abundance
mixture of Grevesse & Sauval (1998). We took radiative opac-
ities from the OPAL tables (Iglesias & Rogers 1993, 1996) and
complemented them at low temperatures with the opacities of
Ferguson et al. (2005). The MESA code uses a composite equa-
tion of state that combines several formalisms (Saumon et al.
1995; Timmes & Swesty 2000; Rogers & Nayfonov 2002; Irwin
2004; Potekhin & Chabrier 2010; Jermynetal. 2021). We
adopted the nuclear reaction rates from JINA REACLIB
(Cyburt et al. 2010) and included screening effects following the
prescription of Chugunov et al. (2007).

All models include atomic diffusion, following the formula-
tion of Thoul et al. (1994), due to its well-established importance
in element transport in low-mass stars (e.g., Nsamba et al. 2018).

We modeled convection with the time-dependent formalism of
Kuhfuss (1986), using a mixing-length parameter of @ = 2.0.
We defined the outer boundary conditions using a gray Edding-
ton atmosphere.

All models computed in this work do not include rotation.
The connection between the thermodynamic properties of stellar
interiors and observable stellar rotation remains largely unex-
plored. Therefore, as a first step toward understanding these
relationships, we deliberately adopted nonrotating models to
keep the input physics as simple and homogeneous as possible.
This approach establishes a clear baseline before introducing the
additional complexities associated with rotational physics.

2.2. Description of the stellar sample

From the 1404 one-solar-mass stars in the catalog described
above, we aimed to identify those that could be accurately
represented by our grid of theoretical models. As a first step,
we excluded stars whose measured rotation periods or activity
indices had uncertainties larger than the measurements them-
selves, resulting in a subsample of 1391 stars. Furthermore, to
identify the theoretical models that best reproduce the observed
stellar parameters, we implemented a y*> minimization procedure
that accounts for the uncertainties in both the effective temper-
ature (Teg) and the surface gravity (logg). The y? statistic is
defined as

2 _ (Teff,obs _zTeff,model)2 n (10g YJobs _210g gmode1)2 . (2)

g Tlogg

The statistic dynamically selects the appropriate positive or neg-
ative error bar (o) for each parameter based on whether the
observed value is lower or higher than the theoretical one. We
then selected the theoretical point in the T.z—logg plane that
corresponds to the absolute minimum for a given observation as
its best-match model. We retained only the results with y?> <
0.03, as this threshold minimizes the scatter around the iden-
tity lines (Teff model VErsus Tef obs and 108 gmodel VErsus 10g gops)-
Figure 2 shows these identify lines and validates the robustness
of our chi-square matching technique. Some scatter is always
expected due to the intrinsic uncertainties in both observational
and theoretical values.

After applying this selection, we obtained a final set of 243
stars for which we could reliably extract key structural and ther-
modynamic properties, such as the plasma coupling parameter
and the depth of the convective zone. This subsample consti-
tuted our working set, for which we established a precise map-
ping between the observed parameters and the underlying stellar
physics. Figure 3 shows a Kiel diagram color-coded by derived
stellar ages. The nearly parallel evolutionary tracks, offset from
each other, reflect the different metallicities of our model grid.
The smooth monotonic gradient in normalized age (#/frams),
from lower fractional ages at the bottom to higher fractional ages
at the top, further demonstrates that our method effectively sep-
arates the effects of metallicity from those of the evolutionary
phase.

3. Structure and internal thermodynamics: A link to
rotation rates

In a previous study, Brito & Lopes (2024) investigated the elec-
trostatic properties of stellar interiors using a set of models cov-
ering a range of stellar masses and evolutionary stages. They
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Fig. 3. Kiel diagram comparing observed stellar parameters with best-fit
theoretical models. The blue circles represent the 243 observed main-
sequence stars (0.99 M, < M < 1.005 M), while the age-colored tri-
angles show their corresponding best-fit 1 M, theoretical models from
our chi-square matching procedure. The color scale indicates the nor-
malized stellar age. The clear progression from younger (pink) to older
(yellow) models along the evolutionary track demonstrates that our
matching algorithm successfully recovers physically meaningful age
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Fig. 4. Global convective plasma coupling parameter, ['c,ny, as a func-
tion of normalized main-sequence lifetime (¢/#.y) for our set of 243
stellar models of 1 M, and different metallicities. Each curve corre-
sponds to a distinct metallicity value, as indicated in the legend. Increas-
ing metallicity leads to higher I',,,, values, indicating stronger plasma
coupling and more significant collective effects in metal-rich stellar con-
vective zones.

identified a connection between these electrostatic effects, quan-
tified by the plasma coupling parameter, and the rotation rates of
low-mass main-sequence stars. Their results indicate that slower
rotators tend to correspond to stars with higher plasma coupling
parameter values, whereas faster rotators are associated with
lower values of this parameter.

In this study, we focused on stars with the same mass (1 M)
to examine whether the previously reported correlation between
the rotation rate and the plasma coupling parameter remains
valid for stars of identical mass. Furthermore, since the cou-
pling properties of stellar interiors alone do not account for the
entire diversity of observed rotation periods, we also investigated
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Fig. 5. Locations of the base of the convective zone (BCZ), expressed
as a fractional stellar radius (Rgcz/Ry) for 1 M, stellar models with dif-
ferent metallicities (Z). Each line corresponds to a distinct metallicity,
with values indicated on the left side. The locations of the BCZ are
shown at three evolutionary stages along the main sequence: the zero-
age main sequence (ZAMS), intermediate-age main sequence (IAMS),
and terminal-age main sequence (TAMS). The IAMS is defined as the
evolutionary stage at which the stellar age corresponds to 50% of the
total main-sequence lifetime (¢/frams = 0.5). The figure illustrates the
diversity in the depths of the convective zones and how they vary with
both age and metallicity. For reference, the MESA standard solar model
(computed with Z = 0.02) predicts Rgcz/Ro = 0.714 at the solar age of
4.61 Gyr.

potential synergies between the structural and coupling proper-
ties that help to better understand the complex rotational behav-
ior of main-sequence stars.

Low-mass stars, such as those considered in this work,
are expected to host stellar dynamos that operate similarly to
the solar dynamo (Charbonneau & Sokoloff 2023). The stellar
dynamo is the physical process responsible for generating and
maintaining a star’s magnetic field. Rotation and the presence
of convective zones are among the main ingredients of this
mechanism. The very existence of convection zones arises from
the microphysics and thermodynamics of stellar interiors, for
instance, from high opacities that hinder radiative energy trans-
port or from ionization regions where ionized gas efficiently
absorbs photons.

In this section, we describe the key properties of our stel-
lar models, focusing on the characteristics of their convective
zones from both a structural perspective (e.g., the location of the
base of the convective zone) and a thermodynamic perspective,
quantified by the plasma coupling parameter. We also introduce a
new index that combines structural information, specifically the
thickness of the convective zones, with the corresponding values
of the global plasma coupling parameter.

3.1. The global characterization of plasma coupling in
convective zones

The plasma coupling parameter, I', is a dimensionless quan-
tity defined as the ratio between the average Coulomb potential
energy of interaction among particles and their average thermal
kinetic energy. We considered the ionic plasma coupling param-
eter [';, given by

22
_Zl.e

= kT 3
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Fig. 6. Top panel: Rotation periods as a function of effective temperature
for the sample of 243 1 M, stars described in Section 2. Data points are
color-coded by the values of the convective plasma parameter, and the
gray bars indicate the observational uncertainties in the rotation periods.
A linear regression fit to the data yields a Spearman correlation coeffi-
cient of p = —0.21 with a p-value of 1.4 x 10~>. Bottom panel: Con-
vective plasma parameter (Eq. 4) as a function of effective temperature
for the same set of stars. Data points are color-coded by the measured
rotation periods. A linear regression fit yields a Spearman correlation
coefficient of p = —0.27 with a p-value of 1.2 x 1073, For reference, the
solar values are indicated by the symbol ©. The theoretical solar model
is computed using the GS98 metallicity.

where Z; is the mean ionic charge, 7 is the local temperature, e
is the elementary charge, k is the Boltzmann constant, and ga; is
the Wigner—Seitz radius, which represents the mean inter-ionic
distance (e.g., Paquette et al. 1986).

To characterize the overall degree of plasma coupling
within the convective zones of our models, we adopted the
global plasma coupling parameter, introduced by Brito & Lopes
(2024), defined as

MSU
— Sy Tidm(r)

Feoy = ————, 4
co Mo “

where dm(r) = 47rr2p dr, My, and Mg,s denote the mass coordi-
nates at the base and surface of the convective zone, respectively,
and M,y 1s the total mass of the convective outer envelope.

A higher value of I'.o,, corresponds to a stronger degree of
plasma coupling within the convective zone of a model. Figure 4

shows the variation of the global convective plasma parameter
along the main sequence for stellar models of different metallic-
ities. The figure highlights the clear influence of metallicity on
the degree of plasma coupling in the convective zones: higher

metallicity leads to higher values of Topy, indicating that collec-
tive plasma effects become more significant in metal-rich stars.

3.2. Depth of the convective zones

Within the stellar dynamo mechanism, convective motions in the
outer envelope and stellar rotation act together to amplify and
maintain an organized magnetic field. For stars with masses in
the range 0.35 My < M < 1.3 M, the thickness of the con-
vective zone plays a crucial role in dynamo action for several
reasons.

First, the convective zone constitutes the turbulent region
where the dynamo operates. Second, a deeper convective zone
can be associated with a more powerful dynamo engine; for
instance, in the context of the a-effect, helical turbulence con-
verts toroidal magnetic fields into poloidal components. More-
over, a greater convective depth implies a broader range of pres-
sure and density conditions, allowing magnetic flux tubes to rise
more efficiently due to buoyancy.

Finally, and perhaps most importantly, a thicker convective
zone contributes to the stability of the tachocline, the stratified
shear layer at the interface between the radiative interior and the
convective envelope. The tachocline plays a fundamental role in
stretching the poloidal field into a toroidal one through differen-
tial rotation (the so-called Q-effect). Therefore, the thickness of
the outer convective zone is a key parameter in determining the
possible configurations and efficiency of the stellar dynamo.

For 1 M, stellar models, one typically recalls the solar value
of approximately 0.3 Ry, which corresponds to the depth of the
solar convective zone. This value, however, applies specifically
to a star with solar metallicity and solar age. In our set of models,
both the metallicity and the age vary significantly, leading to a
wide diversity in the depths of the convective zone bases.

Figure 5 illustrates this diversity for our 1 My models, show-
ing that the base of the convective zone can lie anywhere from
less than 1% below the stellar surface to as deep as 38% of the
stellar radius. Understanding this variation in convective zone
extent is essential for predicting and modeling stellar magnetic
activity, stellar winds, and the observed rotation rates of low-
mass stars.

3.3. The convective coupling index

Figure 6 shows that the linear trend of the convective plasma
parameter with effective temperature (Spearman p = —0.27, p-
value = 1.4 x 107%) exhibits a similar behavior to that of the rota-
tion periods with effective temperature (Spearman p = —0.21, p-
value = 1.2x1073). For reference, Figure 6 includes the observed
solar values Tego = 5772K and Py o = 27.3 days (PrSaet al.
2016; Beck 2000). The corresponding theoretical quantities
derived from the MESA standard solar model (computed with
the GS98 metallicity) are Teg o = 5767 K and ['copy o = 0.089.
This result is noteworthy because it reproduces the main con-
clusion of Brito & Lopes (2024), although in a different context.
Brito & Lopes (2024) explored the connection between electro-
static effects and stellar rotation rates using a grid of models
that span a range of stellar masses (0.7 Mg, to 1.4 M), ages, and
metallicities. In the present study, we find a similar relationship
between the convective plasma parameter, which characterizes
the degree of plasma coupling, and the rotation rates of our sam-

A196, page 5 of 9



Brito, A. and Lopes, I.: A&A, 709, A196 (2026)

ple of stars. This shows that the correlation between the electro-
static properties of the plasma and stellar rotation rates can also
be recovered among stars of the same mass, in this case 1 M.

However, these correlations are weak and do not fully
account for the observed diversity in stellar rotation rates, as
rotation is a complex physical process influenced by multiple
interrelated factors.

We next investigated the direct correlations between stel-
lar rotation rates (measured via rotation periods), the convec-
tive plasma parameter, and the extent of the convective zones,
treating each separately. We introduced an index that combines
both structural information, represented by the extent of the con-
vective zones, and thermodynamic information, characterized by

the global convective plasma parameter (Icony ) defined above. To
construct a meaningful composite index, we first normalized the
two physical quantities to a common, dimensionless scale before
combining them. For this purpose, we applied a percentile-based
normalization as follows: (1) we computed the percentile rank
of each value of the location of the base of the convective zone
(BCZ) within the full range of BCZ values in our sample, and
(2) we compute the percentile rank of each value of I'¢,py Within
the full range of Topy values in the sample.

We then combined both percentiles into a single index, which
we refer to as the convective coupling index (CCI), defined as

&)

CCI = wy X ppez + W X Pcoupling

where pue; and peoupling represent the percentile ranks corre-

sponding to the location of the BCZ and the values of [y,
respectively. The coefficients w; and w, are the weighting fac-
tors that we discuss in the next section.

This dimensionless quantity, which ranges from O to 1, cap-
tures the combined relative influence of two key stellar prop-
erties: the depth of the convective envelope and the degree of
plasma coupling within the convective zone.

We expect stars with deeper convective zones and stronger
Coulomb coupling to exhibit longer rotation periods, as these
conditions favor more efficient magnetic braking. Consequently,
we anticipate a positive correlation between the CCI and the
rotation period.

4. Enhanced rotation-CCI correlation in younger
main-sequence stars

Figure 4 shows that the behavior of ..y differs between the first
~T70% of the main-sequence lifetime and the remaining ~30%.
The values of I'.,y decrease more steeply during the early main-
sequence phase for almost all metallicities. In the later stages,
the decrease in I'¢ony slows down and may even reverse near the
terminal-age main sequence (TAMS). The exception occurs for
stellar models with the lowest metallicities (Z = 0.0005 and
Z = 0.001), for which I_“CO,W continues to decrease throughout
the main sequence.

This general behavior of the global plasma parameter is con-
sistent with the results obtained when the parameter is computed
over the entire stellar structure (Brito & Lopes 2024), rather than
restricted to the convective zones, as in the present study. From
a physical perspective, this indicates that the degree of plasma
coupling decreases as a star evolves along the main sequence,
reaching a minimum around 70% of its main-sequence lifetime.

To investigate possible correlations between I'cony and the
observed rotation rates, we divided the analysis into two parts,
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motivated by the behavior of I'yn, described above. We sepa-
rated the full sample of 243 stars into two subsamples according
to stellar age. The first subsample includes stars located within
the first 70% of their main-sequence lifetime, whereas the sec-
ond subsample comprises stars in the final 30% of the main-
sequence evolution. We refer to these groups as younger main-
sequence and older main-sequence stars, respectively. Using
these two subsamples, we analyzed the correlations between
the two percentile ranks (corresponding to the BCZ depths and

I'conv) and the rotation rates separately. We then investigated
whether the correlation improves when the CCI is considered,
which accounts for the combined influence of both structural and
thermodynamic properties, namely, the depth of the convective
zones and the plasma coupling characteristics within them.

4.1. Statistical calibration of the convective plasma
parameter index

Our analysis used multiple statistical approaches to charac-
terize the relationships described above. We computed differ-
ent correlation coefficients (Spearman, Pearson, and Kendall)
together with bootstrapped confidence intervals. Specifically,
we obtain 95% confidence intervals through bootstrapping with
1000 resamples to ensure robust uncertainty estimates.

For the CCI, we implemented an optimization procedure to
determine the optimal weighting between the two percentiles
(Pvez and peoupling)> With the goal of maximizing the correlation
with the stellar rotation periods. The optimization follows a grid-
search approach, testing 100 different weight combinations (w;
ranging from O to 1 in steps of 0.01, with w, = 1 —w;). For each
combination of weights, we calculated the three correlation coef-
ficients (Spearman, Pearson, and Kendall) as well as regression
metrics (R?, RMSE, and MAE).

We selected the optimal combination of weights by maxi-
mizing the Spearman correlation coefficient, which we adopted
as the primary criterion because of its robustness against nonlin-
ear relationships. Furthermore, we validated the optimized CCI
through statistical comparison tests to assess whether it signifi-
cantly outperformed the individual predictors (puc, and peoupling)-
We also applied a five-fold cross-validation to evaluate the stabil-
ity of the optimized weights across different data subsets. Over-
all, this optimization framework ensures that the resulting CCI
weighting is both statistically optimal and robust against over-
fitting, providing a data-driven combination of the two physi-
cal parameters for investigating and predicting stellar rotation
behavior.

4.2. Younger main-sequence stars

Figure 7 shows the correlations between pycz, Peoupling, and
the CCI index with the rotation period for the younger main-
sequence stars and Table 1 provides a summary of the statisti-
cal results. When considered individually, both py., and peoupling
exhibit statistically significant but modest positive correlations
with the stellar rotation period. The combined CCI index (Eq. 5)
yields a notable improvement, with a Spearman coefficient of
p = 0.345, corresponding to a 28% increase relative t0 Peoupling
alone and a 66% increase relative to py., alone. The nearly equal
optimal weighting—57% for the influence of the convective-zone
depth (w;) and 43% for the coupling properties of the plasma
(wy)-indicates that both quantities contribute substantially to
predicting stellar rotation periods.

This synergy between the depth of the convective zone
and the plasma coupling degree clearly enhances the correla-
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Fig. 7. Dependence of stellar rotation period on fundamental convective properties for the sample of younger main-sequence stars. Left panel:
Rotation period vs. percentile rank of the convective plasma parameter (Pcoupiing)- Middle panel: Rotation period vs. percentile rank of the convective
zone depth (pyc,). Right panel: Rotation period vs. convective coupling index (CCI). In all panels, rotation periods are shown with error bars, and
in the right panel points are color-coded by stellar age. The dashed red line indicates the linear regression fit to the data, with the associated
Spearman’s rank correlation coefficient (o) displayed.

Table 1. Younger main-sequence stars.

Comparison Spearman Pearson Kendall Regression
Prot VS Peoupling p =0.269 r=0.257 7=0.192 R? = 0.066
(0.087-0.434) (0.085-0.418) (0.057-0.322) RMSE=7.417
p=438x102 p=641x10"° p=389x10° MAE=5.554
Prot VS Dbz p =0.208 r=0.175 7=0.148 R?> =0.031
(0.025-0.386)  (-0.019-0.388)  (0.009-0.276) = RMSE=7.557
p=288x102% p=654x102 p=257x102 MAE=5.490
Py vs CCI p =0.345 r=0.250 7=0.248 R* = 0.062
(0.177-0.501) (0.099-0.409) (0.122-0.363) RMSE=7.432
p=208x10"* p=815x107° p=192x10"* MAE=5.406

Notes. Correlation coeflicients (Spearman’s p, Pearson’s r, and Kendall’s 7) and linear regression metrics for the relationship between stellar
rotation period (P,,) and the percentile ranks for the depth of the convective zone and for the convective plasma parameter. Confidence intervals

and p-values are provided for correlation coefficients.

tion with rotation rates, suggesting that these two mechanisms
jointly influence angular-momentum evolution. In this sample of
younger main-sequence stars, the percentile rank of the convec-
tive plasma parameter emerges as a physically important con-
tributor. Although the correlation with the CCI remains moder-
ate and the proportion of variance explained (R> = 0.066 for
Deoupling alone and R?> = 0.062 for the CCI may appear small,
these values still represent statistically significant and physi-
cally meaningful trends in the context of stellar rotation dynam-
ics. Stellar rotation is a function of multiple interconnected pro-
cesses, including magnetic braking efficiency, internal angular
momentum transport, stellar winds and mass loss, initial rota-
tional conditions, different magnetic topologies, and metallicity
and age uncertainties. In this context, isolating the contribution
of only two parameters (one structural and one thermodynamic)
is not expected to account for a large fraction of the total vari-
ance in the data. Moreover, the existence of observational uncer-
tainties in rotation periods and atmospheric parameters naturally
reduces the fraction of variance in the rotation period that can be
explained by a simple linear model. It is also important to note
that we evaluated the correlations through the Spearman coef-
ficient, which is sensitive to monotonic trends even when the
relationship is not strictly linear. In such cases, the R? derived
from a linear fit may underestimate the strength of the underly-
ing monotonic association. Therefore, even with the modest R?
values, the statistically significant correlation coefficients indi-
cate the presence of a genuine, although partial, physical con-

nection between convective properties and stellar rotation in the
younger main-sequence regime.

4.3. Older main-sequence stars: The fading signature

For the sample consisting of older main-sequence stars, we do
not obtain an enhanced correlation with the rotation periods
when considering the combined influence of the convective-zone
depth and the plasma coupling degree. Figure 8 shows the cor-
relations between ppc,, Peoupling, the CCI index, and the rotation
rates. We find that none of the correlations are statistically sig-
nificant, in contrast to the results for the younger stars. Interest-
ingly, the percentile rank pcoypiing becomes relatively more influ-
ential (see Table 2).

The optimization process yields a different balance between
w; and wy: the convective-zone depth contributes only 20% (wy),
whereas the coupling properties of the plasma contribute 80%
(wy). This pattern suggests that as stars evolve along the main
sequence, the relative influence of the convective-zone depth on
rotation weakens (o = 0.029, p = 0.074), while the thermo-
dynamic properties associated with the plasma coupling retain
some influence (p = 0.158, p = 0.07), becoming almost the sole
contributor to the weakened CCI correlation.

5. Conclusions

In this work, we investigate whether the electrostatic properties
of stellar convective zones, together with their structural char-
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Table 2. Older main-sequence stars.

Comparison Spearman Pearson Kendall Regression
Prot VS Peoupling p =0.158 r=20.145 7=10.106 R? =0.021
(-0.006-0.313)  (-0.017-0.301)  (-0.001-0.217) RMSE=8.679
p=702x102 p=980x102 p=738x10"2% MAE=6.793
Prot VS Doz p =0.029 r=0.061 7=0.018 R? = 0.004
(—0.131-0.194)  (-0.082-0.214)  (-0.092-0.124) RMSE=8.755
p=740x10"" p=489x10"" p=759x10"" MAE=6.846
Pyt vs CCI p=0.171 r=0.128 7=0.114 R? =0.016
(=0.003-0.331)  (-0.017-0.286) (0.000-0.224) RMSE =8.699
p=496x1072 p=1434x10"" p=551x102 MAE=6.816

Notes. Correlation coefficients (Spearman’s p, Pearson’s r, Kendall’s 7) and linear regression metrics for the relationship between stellar rotation
period (P,,) and the percentile ranks for the depth of the convective zone and for the convective plasma parameter. Confidence intervals and

p-values are provided for correlation coefficients.
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Fig. 8. Panels and symbols follow the same conventions as in Figure 7, but for the sample of older main-sequence stars.

acteristics, specifically the depth of the convective zones, can
be linked to the observed rotation rates of a sample of 1 M
stars. To this end, we introduced an index that combines struc-
tural information, expressed through the percentile ranks of the
convective-zone depths, with the percentile ranks of the plasma
coupling parameter integrated over the stellar convective zones.
We then studied the correlations between each percentile rank
individually and between their combined effect using the CCI
index introduced in Section 3. Our main conclusions are as fol-
lows.

1. Younger main-sequence stars (those with ages less than 70%
of their main-sequence lifetime) exhibit a statistically signif-
icant correlation between the rotation period and the com-
bined structural and thermodynamic properties of their con-
vective zones (p = 0.345, p = 2.08x10™*). In a context char-
acterized by high complexity and multiple interconnected
physical processes, these statistical results likely indicate a
genuine underlying physical relationship.

These findings also suggest that the coupling properties of
plasma in the convective zones of low-mass, main-sequence
stars may be linked to the observational phenomenon
known as weakened magnetic braking (Saunders et al. 2024;
See et al. 2024). Brito & Lopes (2024) propose a connection
between plasma coupling and weakened magnetic braking
using a grid of stellar models that span different masses,
metallicities, and ages. The present work finds a similar rela-
tion using a grid of models all having the same stellar mass,
providing independent verification of the earlier result.

. For the older main-sequence stars (those older than 70%
of their main-sequence lifetime), the correlations between
the rotation periods and the CCI index weaken considerably
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and lose statistical significance. However, this evolutionary
change is scientifically meaningful, as it reflects a shift in
the physical processes governing angular-momentum evo-
lution. Interestingly, while the overall correlations decrease
with age, the plasma coupling properties become relatively
more influential, accounting for 80% of the CCI weighting.
The present work can be extended in several ways. In partic-
ular, applying the same framework to stars of different masses
would allow us to explore how the interplay between convec-
tive structure and plasma coupling evolves across distinct rota-
tional regimes, for example, below and above the Kraft break
(e.g., around 0.8 My and 1.3 M). Such an analysis would pro-
vide valuable insight into how the mass-dependent internal struc-
ture influences the evolution of the angular-momentum. Extend-
ing this approach further to lower masses, i.e., to partially con-
vective M dwarfs, is especially interesting, given the importance
that electrostatic interactions assume in their interiors. This will
become feasible with the upcoming PLATO (PLAnetary Transits
and Oscillations of stars) mission (Rauer et al. 2025). Incorpo-
rating rotating stellar models in future studies could also enable
a more self-consistent treatment of angular-momentum transport
and its feedback on internal structure within this context.
Finally, we place this study in a broader astrophysical con-
text. For low-mass main-sequence stars, rotation and magnetic
activity are tightly linked through the well-established rotation—
activity relationship (e.g., Noyes etal. 1984; Fritzewski et al.
2025). Magnetic activity, in turn, arises from an underlying
dynamo mechanism operating in stellar interiors, particularly
within their convective zones. Stellar dynamo processes depend
sensitively on transport coefficients such as viscosity and mag-
netic diffusivity (or electrical conductivity). The equation of
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state, which sets temperature and density profiles, determines the
plasma coupling parameter, which in turn controls the physical
processes that govern the transport coefficients used in stellar
dynamo theory.
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