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ABSTRACT

Context. In the partially ionized material of stellar interiors, the strongest forces acting on electrons and ions are the Coulomb inter-
actions between charges. The dynamics of the plasma as a whole depend on the magnitudes of the average electrostatic interactions
and the average kinetic energies of the particles that constitute the stellar material. An important question is how these interactions
of real gases are related to the observable stellar properties. Specifically, the relationships between rotation, magnetic activity, and
the thermodynamic properties of stellar interiors are still not well understood. These connections are crucial for understanding and
interpreting the abundant observational data provided by space-based missions, such as Kepler/K2 and TESS, and the future data from
the PLATO mission.

Aims. In this study, we investigate the electrostatic effects within the interiors of low-mass main sequence (MS) stars. Specifically,
we introduce a global quantity, a global plasma parameter, which allows us to compare the importance of electrostatic interactions
across a range of low-mass theoretical models (0.7—1.4 M) with varying ages and metallicities. We then correlate the electrostatic
properties of the theoretical models with the observable rotational trends on the MS.

Methods. We use the open-source 1D stellar evolution code MESA to compute a grid of main-sequence stellar models. Our models
span the log g — T space of a set of 66 Kepler main-sequence stars.

Results. We identify a correlation between the prominence of electrostatic effects in stellar interiors and stellar rotation rates. The
variations in the magnitude of electrostatic interactions with age and metallicity further suggest that understanding the underlying
physics of the collective effects of plasma can clarify key observational trends related to the rotation of low-mass stars on the MS.

These results may also advance our understanding of the physics behind the observed weakened magnetic braking in stars.
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1. Introduction

It is well understood that various types of plasma exist in nature,
each characterized by significant variations in temperature and
electron density. Within the innermost layers of low-mass stars,
we commonly encounter what is generally referred to as a hot
and dense plasma. Chen (2016) describe plasma as a quasi-
neutral gas of charged and neutral particles that exhibits col-
lective behavior. In this definition there are two key concepts.
Quasi-neutrality refers to the fact that the ionic density is not
exactly equal to the electronic density (n; ~ n.). Small local
imbalances of electric charge are not only possible but unavoid-
able, according the plasma definition. Therefore, the plasma
maintains an overall state of neutrality, but is not so neutral that
it loses all its interesting and important electromagnetic proper-
ties. Collective behavior implies that the motions of plasma par-
ticles depend not only on local conditions but also on the state
of the plasma in distant regions. Thus, the collective behavior of
plasma is a consequence of the long-range properties of electro-
magnetic forces.

Two important quantities that classify the properties of all
astrophysical plasmas, including those found in stellar interi-
ors, are the Debye length and the plasma coupling parameter
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(e.g., Maeder 2009). The Debye length is a characteristic length
scale over which the Coulomb potential of a charged particle is
“screened” by the redistribution of the surrounding charged par-
ticles of opposite sign. Hence, as a consequence of this Debye
shielding, and for scales substantially larger than the Debye
length, such as the stellar radii, a state of overall quasi-neutrality
is achieved. The second important quantity, the plasma coupling
parameter, measures the degree of coupling within the plasma,
indicating the strength of Coulomb interactions between its con-
stituent particles (e.g., Potekhin et al. 2009; Stanton & Murillo
2016). More specifically, the plasma coupling parameter is a
ratio between two magnitudes: the average energy of electro-
static interactions and the average kinetic energies of the parti-
cles. This ratio can serve as an indicator of the dynamics of the
plasma as a whole; that is, it is an indicator of the significance of
the collective effects of the plasma.

In the initial part of this study, we investigate the proper-
ties of critical quantities from the perspective of plasma physics.
These quantities enable us to describe the electrostatic effects
within the interiors of low-mass stars. Specifically, we exam-
ine the properties of the Debye length and the energy density of
electrostatic interactions throughout the stellar interiors. Special
attention is given to the plasma coupling parameter, along with
some related quantities such as electron number density, electron
degeneracy parameter, and mean molecular weight. For the first
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Fig. 1. Kiel diagram of the sample of 66 Kepler stars that serve as a
basis for the theoretical models. These stars are represented in red. The
theoretical data points, representing stellar model values, are colored
according to age in the top panel and to metallicity in the bottom panel.
The location of the Sun is also represented with its usual symbol for
reference.

time, we explore how the internal Coulomb interactions between
charged particles compare across a large set of theoretical mod-
els of main sequence (MS) low-mass stars. We computed the
internal profiles of the plasma coupling parameter for a group of
models with masses ranging from 0.7 to 1.4 M. For each model,
we define a global parameter that allows us to classify the star
from the perspective of Coulomb interactions. Additionally, we
analyze how this global parameter varies with mass, age, and
metallicity.

Stellar magnetic fields are crucial for understanding stel-
lar structure and evolution, stellar oscillations, and the mag-
netic activity and space weather around the stars. In particular,
for low-mass MS stars, the dynamo-generated magnetic fields
are thought to be tied to the formation of stellar winds,
which carry away angular momentum, supporting the stel-
lar spin-down observed in these stars (e.g., Schatzman 1962;
Weber & Davis 1967; Kawaler 1988; Vidotto et al. 2014). Mag-
netic activity manifestations, such as chromospheric or coronal
emissions, have long since revealed strong correlations between
stellar rotation and magnetic activity (e.g., Halletal. 1991;
Hempelmann et al. 1995; Bohm-Vitense 2007; Garcia et al.
2014; Marsden et al. 2014; do Nascimento 2014; Olah et al.
2016). Generally, it is found that rapid rotators exhibit higher
levels of magnetic activity than slow rotators (e.g., Kraft 1967).
The transition from slow to fast rotators is believed to be related
to the efficiency of magnetic braking, which occurs due to angu-
lar momentum loss through magnetized stellar winds. Low-mass
stars below the Kraft break have deep convective envelopes
capable of hosting dynamos that produce efficient magnetized
winds, contributing to the observed spin-down in these stars.
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On the other hand, stars above the Kraft break have shal-
lower convective envelopes that cannot host efficient dynamos,
resulting in weaker magnetized winds and rapid rotation (e.g.,
van Saders & Pinsonneault 2013).

Collectively, the observational evidence of the activity—
rotation relationship obtained over recent decades has allowed us
to establish empirical relations between the stars’ rotation peri-
ods and their ages. Skumanich (1972) was the first to show that
the equatorial rotational velocities of low-mass stars are propor-
tional to the inverse of the square root of stellar age (veq o ).
Therefore, rotation periods can be used to estimate the ages
of stars that spin down on the MS, which is the core princi-
ple of gyrochronology, a method used to estimate the ages of
isolated stars (e.g., Barnes 2003; Mamajek & Hillenbrand 2008;
Barnes & Kim 2010; Epstein & Pinsonneault 2014).

It is now clear that observations related to the stellar rota-
tion of MS stars reveal that rotation is an intricate function of
mass, age, and metallicity. Hence, the study of the internal struc-
ture and internal thermodynamics of stars is fundamental for
understanding all the available observational traits. We are inter-
ested in studying the microphysics of stellar interiors, which
can be linked to the rotational patterns observed on the MS
for low-mass stars. Therefore, in the second part of this work,
we study the relationship between the electrostatic properties of
the interiors of low-mass MS stellar models and the observed
rotational properties of stars with similar characteristics. In par-
ticular, given the plasma-like characteristics of stellar interiors
and the importance of Lorentz forces in the transport of angular
momentum (e.g., Zaire et al. 2022), we relate the properties of
the herein introduced global plasma parameter with the different
observed rotational behaviors of low-mass stars on the MS. We
find that the electrostatic properties of stellar interiors correlate
with the observed MS rotational trends for low-mass stars.

The first part of this work, consisting of sections 2 and
3, focuses on the study and description of electrostatic effects
within stellar interiors. Section 2 describes the stellar models
and the modeling process. In section 3, we examine the main
properties of the Debye length, the total energy density of elec-
trostatic interactions, and we define the global plasma coupling
parameter that allows us to compare the electrostatic properties
of stellar interiors across different stellar models. We also define
and examine global values for the electron number density, the
electron degeneracy parameter, and the mean molecular weight.

In the second part of the work, we explore the correlations
between the global plasma parameter and the observed rotational
trends on the MS. Section 4 is dedicated to studying how the
global plasma parameter varies with age and metallicity, whereas
section 5 compares the theoretical scaling of the global plasma
parameter with the observed scaling of stellar rotation rates.
Finally, we present our conclusions in section 6.

2. Modeling the log g — Tt space of Kepler MS stars

We based our grid of theoretical models on a set of MS stars
taken from the catalog of dwarf stars with asteroseismic rotation
rates (Hall et al. 2021). This dataset contains a total of 94 stars.
In the catalog, these 94 stars are classified into three groups by
“type.” Hall et al. (2021) identified three different types: “sub-
giants” (SG) with only 4 stars, “hot stars” (H) with 24 stars, and
“main sequence” (MS) with 66 stars. The stars we selected, rep-
resented in red in Figure 1, are the 66 stars from the catalog
clearly classified as MS. These are 66 low-mass stars with oscil-
lation frequencies detected at high signal-to-noise ratios. Thus,
these stars, which serve as a basis for our theoretical models,
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Table 1. Basic statistics (theoretical models vs observational sample).

Mass (M) Te(K) Age (Gyr) VA log g
Model average/Sample average 1.08/1.08 5823/5888 6.16/6.08 0.0202/0.0120 4.24/4.20
Model SD/Sample SD 0.192/0.153 514/269 2.95/2.70  0.124/0.0140  0.210/0.156

Notes. Comparison of the average values and their standard deviation (SD) for stellar parameters such as mass, age, metallicity, effective temper-

ature, and surface gravity between models and observational data.
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Fig. 2. Internal profiles of the Debye length as a function of the fractional radius. All models represented were computed with Z = 0.02. Left
panel: Changes in the Debye length profiles for models with masses in the range 0.7—1.4 M. Central panel: Debye length profiles for models
with 0.7 and 1.4 M, at two different stages of evolution: at the ZAMS and at midlife. Right panel: Internal profiles of the total energy density
of electrostatic interactions as a function of the fractional radius. All the models in this figure are at the [AMS, meaning they are in the middle

(intermediate age) of their evolutionary path on the main sequence.

have T < 6250 K and logg > 4. Specifically, we considered
all stars in the catalog of Hall et al. (2021) except those classified
as H and SG.

The idea is to cover the logg — Teq range of the subsample
of 66 MS stars. We did not intend to model the stars to exactly
match the logg — T values of the observed stars. Our goal is
to study the electrostatic properties of stellar interiors using a
set of models for which we know there are observed stars with
similar properties in terms of mass, age, and metallicity. We pro-
ceeded as follows. First, we computed a grid from 0.7 to 1.4 Mg
(with a step of 0.1) as this is the stellar mass range of the sub-
sample of observed stars. The age of the models is based on the
average age of the observed stars for each mass category. Here,
“mass category” refers to all the stars in the selected subsam-
ple with mass values rounded to the closest model mass values
(0.7,0.8,0.9,1.0,1.1, 1.2, 1.3, or 1.4 M,,). For each stellar mass,
we computed models with the following metallicities: Z=0.005,
0.01, 0.02, 0.03, and 0.04. By doing this, we obtained a set of
40 models. We then allowed some of the models from this initial
set to vary in age to fill the gaps in the logg — T values of the
observed stars. This procedure resulted in 37 models. Our final
set of models comprises 77 models.

Figure 1 shows the distribution of our models in the logg —
Teg diagram. In this Kiel diagram, the observational values for
the set of 66 Kepler stars are shown in red. The models that
extend to lower and higher effective temperatures and fall out-
side the logg — T.¢ values of the observed stars are, in general,
models with either higher masses and low metallicities or lower
masses and high metallicities. As these models are interesting
for the study of electrostatic properties, we decided to keep them
in the study.

In the top panel of Figure 1, the theoretical data are colored
according to the ages of the models, whereas in the bottom panel,
the same model data are colored according to metallicity. Table 1
summarizes some basic statistical details to help the reader better
understand the two datasets. Specifically, we compare the aver-

age values and their standard deviation (SD) for stellar param-
eters such as mass, age, metallicity, effective temperature, and
surface gravity.

Concerning the input physics, our choices are as follows.
Theoretical models were computed with the stellar evolu-
tion code Modules for Experiments in Stellar Astrophysics
(MESA v15140; Paxton et al. 2011, 2013, 2015, 2018, 2019;
Jermyn et al. 2023). The code was compiled using MESA SDK
version 20.12.1. All models were evolved with the metallic-
ity mixture from Asplund et al. (2009). The opacities used are
from OPAL tables at high temperatures (Iglesias & Rogers 1993,
1996) complemented at low temperatures with opacities from
Ferguson et al. (2005). MESA relies on an equation of state that
is a blend of several equations of state (Saumon et al. 1995;
Timmes & Swesty 2000; Rogers & Nayfonov 2002; Irwin 2004;
Potekhin & Chabrier 2010; Jermyn et al. 2021). The nuclear
reaction rates were obtained from JINA REACLIB (Cyburt et al.
2010) with included screening effects using the prescription of
Chugunov et al. (2007). Additionally, all models include atomic
diffusion according to Thoul et al. (1994), as previous stud-
ies describe it as an important element-transport process for
low-mass stars (e.g., Nsamba et al. 2018; Moedas et al. 2022).
Although radiative accelerations have also been shown to be
important at low metallicities and for higher masses within the
range studied here (e.g., Deal et al. 2018), we did not include
them in this study. This is because our aim in this initial study
of the electrostatic properties of stellar interiors is to keep our
models simple and maintain consistent input physics across all
models. However, in subsequent studies, it will be very interest-
ing to investigate the impact that radiative accelerations can have
on the electrostatic properties of the theoretical models. Con-
vection is treated according to the mixing-length theory from
Bohm-Vitense (1958), without overshoot, and using a mixing-
length parameter value of ayr = 1.8, common to all models.
Finally, the outermost layers on the models are described by a
Grey-Eddington atmospheric structure. A set of files that allows
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Fig. 3. Ionic plasma coupling parameter, I';, illustrated for three models with varying masses at Z = 0.02. The upper panel shows I'; as a function
of the fractional radius, while the lower panel shows I'; as a function of temperature (log T'). Regions with higher values of I'; indicate a greater
influence of electrostatic effects within the stellar interior. Across these three models, the significance of Coulomb effects is more pronounced
in the outer stellar layers. The helium ionization zones are indicated with a purple double arrow, where the plasma coupling parameter reaches
its maximum value. Additionally, three regions of equal length in radius are shown: Region A corresponds to the innermost third of the model,
Region B to the central third, and Region C to the outermost third of the stellar interior. In all the plots, light blue regions correspond to radiative
zones, and light red regions to convective regions. Finally, all three models in this figure are at IAMS, meaning they are in the middle of their

evolutionary path on the MS.

the reader to reproduce all the models in this work, and conse-
quently all the findings in this study, is openly available through
Zenodo !.

3. Electrostatic properties of stellar interiors

In this section, we study electrostatic effects in the interiors of the
theoretical models represented in Figure 1. We also investigate
the variations of these effects with mass, age, and metallicity.

3.1. The Debye length and the total energy density of the
electrostatic interactions

In Section 1, we highlight quasi-neutrality as a key concept
defining plasma. Quasi-neutrality is a state that the plasma
actively seeks to attain by continuously readjusting the local
distribution of charged particles in response to perturbations in
charge. These effects are commonly known as plasma screening
effects, and were initially developed in the pioneering work of
Debye & Hiickel (1923). Thus, a crucial property of plasma is
that the charged particles arrange themselves in such a way as to
shield any electrostatic fields within a certain distance. This dis-
tance, usually represented by Ap, is called the Debye length. The
Debye length is a measure of the shielding distance. Let us con-
sider the electric charge density, that is, the net density of electric
charges at a given location, p,, defined as the difference between
the ionic electric charge density and the electronic charge density

! https://doi.org/10.5281/zenodo.7749260
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(e.g., Weiss et al. 2004):

Pe = Z nZie — nee.

1

ey

Here, the index i represents the different atomic species that con-
stitute the stellar plasma and e is the elementary charge. Boltz-
mann’s distributions developed to first order allows us to write
the ionic concentration as

Z;e®(r)
ir) =noi|1 - ———], 2
() no( - ) @)
as well the concentration of electrons as

e®(r)
e = Noe 1 . 3
ne(r) n0(+kT) 3

The values ny; and ng, represent, respectively, the concentra-
tions of ions and electrons when the stellar matter is unperturbed.
Because unperturbed matter is neutral, we have ny;Z; = ng, which
represents the well-known neutrality condition. Finally, ®(r) is
the electric potential, which is given by the Poisson equation

V2 O(r) = —4np,. )

The Poisson equation relates @(r) to the number densities n;(r)
and n.(r) (e.g., Rose 1998; Mestel 1999). Specifically, by sub-
stituting the ionic and electronic densities, given respectively by
Equations (2) and (3), into Equation (4), it is possible to obtain
an expression for the electrostatic potential of a charge Ze:
Ze Ze

v/
D(r) = o » 2828
r r Ap

&)
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Fig. 4. Value of T as a function of the effective temperature for all the stellar models. Upper panel: Value of T computed throughout the entire
stellar interior. The green color highlights the less massive models (0.7, 0.8, and 0.9 M), whereas the gray color highlights the more massive
models (1.2, 1.3, and 1.4 M). The orange color corresponds to models with 1.0 or 1.1 M. The vertical dashed line indicates the approximate
location of the Kraft break. Lower panel: Value of T’ computed for three different regions (A, B, and C) within the stellar interiors. Here, we show
the computed values as a function of the effective temperature for all stellar models. Regions A, B, and C are described in Figure 3 . The green,
gray, and orange colors have the same meaning as in the upper panel. The small black circles in all the plots indicate the presence of a model with

a convective core.

This is the potential that takes into account the fact that electrons
tend to surround an ion of positive charge Ze. The quantity Ap is
the Debye length and can be written as

kT
Ap = . 6
b \/47rez(ne + Y niZ?h) ©)

This length scale represents a distance over which the thermal
fluctuations of the stellar material can lead to an important sep-
aration between negative and positive charged particles (e.g.,
Mestel 1999).

We computed the internal profiles of the Debye lengths for
several of our models. In Figure 2 (left panel), we show how the
Debye length varies with mass for Z = 0.02 metallicity mod-
els at an intermediate age on the main sequence (IAMS), which
means that the age of the model is 50% of the entire MS lifetime.
Typically, for the same age and metallicity, the Debye length
increases as the mass of the stellar model also increases. Debye
lengths also vary with the age of a star. The central panel of

Figure 2 shows the variation of Ap along the MS for the less mas-
sive and more massive models. As the stars evolve on the MS,
the Debye length increases with the mass of the stellar model by
a few orders of magnitude.

Screening effects, and in particular the screening poten-
tial (Equation (5)), have a significant influence on the micro-
scopic and macroscopic properties of stellar interiors (e.g.,
Basu & Antia 2008; Bahcall et al. 2004). One important conse-
quence is the reduction of pressure in the stellar medium as a
result of screening effects. This occurs because a charge pro-
duces a surrounding cloud of radius Ap containing an excess of
charges with opposite sign. The system formed by the charge
and the cloud is bound and electrically neutral, and has a nega-
tive energy as it is necessary to provide energy to separate it. This
negative energy leads to a pressure decrease in the stellar interior.
The total energy density of electrostatic interactions depends on
the Debye length, and can be written as (Maeder 2009):

1 2
Ups = —5——

72,
22 4"

)
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Fig. 5. Values of n,, 7, and 1 as a function of the effective temperature for all the stellar models. The green, gray, and orange colors have the same
meaning as in Fig. 4, as do the vertical dashed line and the small black circles.

This energy density is plotted for different stellar masses in the
right panel of Figure 2 . All models represented in Figure 2 were
computed at Z = 0.02 metallicity and have evolved up to the MS
halftime, with the exception of two models in the central panel,
represented by dashed lines, which were computed at zero age
main sequence (ZAMS).

3.2. The plasma coupling parameter

The occurrence of the Debye shielding effect is usually a first
example of a plasma collective behavior. It is easy to see
from Equation (6) that, as density increases, the Debye length
decreases. Furthermore, as the thermal kinetic energy, k7T, of
the particles increases, the Debye length increases as well. As
a consequence, the properties and the particular characteristics
of the stellar plasma will depend on two quantities: the electro-
static potential energy, and the thermal energy of the particles
that constitute the stellar material (electrons and ions).

An important ratio that allows us to characterize the electro-
static properties of stellar interiors is the plasma coupling param-
eter. This parameter, represented here by I';, is defined as the
ratio of Coulomb potential energy to the thermal energy. Con-
sidering the ionic case, I'; can be written as

(Zie)?
I'; = s 8

a,»kT ( )
where the Wigner-Steitz radius, a;, is given by

— \1/3
37;
i = , 9

“ (47m,3 ) ©)

and represents the ion sphere radius, or in another words,
the mean inter-ion distance (e.g., Paquette et al. 1986; Maeder
2009). Here, e is the elementary charge, k the Boltzmann con-

stant, T the local temperature, Z; the mean ionic charge, and
n. the electron density. The higher the value of the plasma
coupling parameter, the more important the Coulomb inter-
actions between ions. When Coulomb and thermal energies
are balanced, the plasma coupling parameter takes values of
around unity. For cases where electrostatic interactions dominate
over thermal energies, the plasma coupling parameter becomes
greater than one. It is well known that, for low-mass stars,
Coulomb effects should be considered in the equation of state
(e.g., Christensen-Dalsgaard 2021). Moreover, a recent study
(Brito & Lopes 2021) showed the particular significance of elec-
trostatic interactions in the ionization zones of the most abundant
elements for low-mass stellar models.

A228, page 6 of 13

Figure 3 displays the ionic plasma coupling parameter plot-
ted for three of our theoretical stellar models (0.7,1.0 and
1.4 M), with all three computed at Z = 0.02. We note the clear
increase in the importance of electrostatic effects as the mass
of the stellar model decreases, with I'; peaking near the surface
for all models, a known behavior of the plasma parameter (e.g.,
Christensen-Dalsgaard 2021). The lower panel in Figure 3 shows
that the maximum values of the plasma coupling parameter are
reached within the temperature interval where the two helium
ionizations occur. This figure highlights the fact that specific
aspects of the stellar structure, particularly the underlying micro-
physics of the outer convective zones, are crucial for understand-
ing the electrostatic properties of low-mass stellar interiors. In
Figure 3, convective zones are represented in light red, while
radiative zones are shown in light blue.

3.3. Global stellar plasma parameter

The plasma coupling parameter is a local variable that charac-
terizes the balance between electrostatic and thermal energies at
each location in the stellar interior. Nevertheless, by considering
a mean value of the parameter I';, defined by the relation

_ 1 M

T=- fo T, dM(r), (10)
where

dM(r) = 4nr’p dr, (11)

it is possible to define a new variable ', which carries a global
character. This new global variable can be used to characterize a
stellar model from the viewpoint of the importance of Coulomb

interactions. The greater the value of I, the greater the signifi-
cance of the Coulomb interactions for the star as a whole. We
call this new variable, I, the global mean plasma parameter, or
simply, the global plasma parameter. From Figure 3, we are able
to see that we can use this global variable to study the importance
of electrostatic effects in specific regions within the star.

For example, the stellar interior can be divided in three parts:
a deeper region that includes the stellar core (the inner 33.33% of
the stellar radius), a central radiative region (the central 33.33%
of the stellar radius), and an upper region that contains the bulk
of the convective zone of the stellar models (the external 33.33%
of the stellar radius). All our models have an outer convective
zone and a radiative interior, with 16 models including a con-
vective core. The outer convective zones of the models range
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in depth from 3% to 39% of the stellar outer layer, while the
convective cores vary in thickness from 4.5% to 7.5% of the
innermost layer. A natural choice for dividing the stellar struc-
ture would be to consider the radiative and convective regions.
However, because more massive stars have a very thin convec-
tive zone, we considered the possibility that such a division could
introduce a bias in the comparison of mean plasma parameter
values. We also note that Region C (see Figure 3), the outer-
most region, includes the convective upper zone of all models
and could thus be considered an approximation of a region con-
taining the convective zone. Additionally, we were interested
in examining a region that includes the core of the model (not
just the convective core), where energy is generated through
nuclear reactions. Given these considerations, we ultimately
decided to divide the structure into three regions of equal length
for this initial study of the electrostatic properties of stellar
interiors. _

Figure 4 shows the dependence of I" on the effective tem-
perature for all our models described in Section 2. We observe

a clear scaling of T that results in three almost distinct clus-
ters of stars according to their T’ value. As expected, cooler
stars have higher values of T', whereas hotter stars exhibit lower
values of T. The cluster of stars with intermediate Te val-
ues correspond to stars with the middle T values. This behav-

ior of the I' — T.q relation mirrors the observational behav-
ior of the P, — Tt dependence, in the sense that cooler stars
have higher values of the rotation period, whereas hotter stars
exhibit lower values of the rotation period, with the faster-
rotating hot stars usually being those above the Kraft break. The
Kraft break (Kraft 1967) is an observational feature character-
ized by a steep variation in stellar rotational velocities occur-
ring over a small mass (or temperature) range. The approxi-
mate location of this transition is around 6200-6300K (e.g.,
Krishnamurthi et al. 1997; van Saders & Pinsonneault 2013;
van Saders et al. 2016; Spada & Lanzafame 2020; Mathur et al.
2023; Rebassa-Mansergas et al. 2023), and it is represented in
Figure 4 by a vertical gray bar. _

As we know, a higher value of I" indicates that the electro-
static interactions are more important, and thus collective effects
are more significant. These are theoretical models that represent
stars located below the Kraft break, which are stars that experi-
ence spin down along the MS according to the experimental data.

Instead, hotter stars can be associated with lower values of I". The
fact that I" has a low value means that the electrostatic interac-
tions are less important, making collective effects also less sig-
nificant. In this case, the theoretical models represent stars that
are above the Kraft break, and thus do not experience spin down
on the MS. These stars do not lose angular momentum and retain
the rapid rotation rates typical of the ZAMS. Therefore, we can
say that the properties of the global plasma parameter correlate
with the observed rotational dependence on mass and effective
temperature.

The bottom panel of the three plots in Figure 4 also shows
I' as a function of effective temperature for all the stellar mod-
els used in this study, but in this case, the global plasma
parameter is computed for three specific regions within the star
as illustrated in Figure 3. These plots are interesting as they
show that the different regions of the stellar interior appear to
contribute differently to the total value of the global plasma
parameter: while the upper layers of the stellar models con-
tribute strongly to the linear scaling obtained in Figure 4 , the
inner regions are responsible for a dispersion around the linear
scaling.

The global plasma parameter, which serves as an indicator
of the average Coulomb coupling strength within the stellar inte-
rior, emerges as a characteristic of the interior that could result
in observable effects. From a physical standpoint, the connection
between the global plasma parameter and observable rotational
patterns appears logical. This is because the plasma coupling
parameter quantifies the extent to which many-body interactions
influence the dynamics of the plasma. Consequently, it acts as a
bridge between the microphysics of the stellar interior and the
observable characteristics of the star.

3.4. The electron number density, the electron degeneracy
parameter, and the mean molecular weight

In relation to the results of Figure 4, it would be useful to find out

whether or not the dependence of T on the effective temperature
is merely a consequence of stellar structure and evolution that
can be replicated with other fundamental physical parameters.

Alternatively, the dependence of I" on the effective temperature
may exhibit a unique character that reveals a significant connec-
tion between the interiors of stars and the observed rotational
properties of low-mass MS stars.

In an attempt to decipher between these two possibilities,
we also computed global mean values for the electron num-
ber density (n,.), the electron degeneracy parameter (17), and the
mean molecular weight (). Definitions of these quantities can
be found in, for example, Kippenhahn et al. (2013). The global
mean values were calculated in exactly the same way as the
global plasma coupling parameter. Namely,

1 ™
n_ezﬁjo‘ nedM(r), (12)
1 ™
ﬁ=ﬁf0 ndM(r). (13)
and
1 ™
17=Mj(; pdM(r), (14)

where dM(r) is again given by Equation 11 .

The plots for the dependence of these three quantities on the
effective temperature are shown in Figure 5. The global elec-
tron density dependence on the effective temperature (left panel
of Figure 5) does not share the scaling properties of the global
plasma parameter. In this case, we cannot distinguish a clear
scaling of n, with the effective temperature, as the groups of stars
with masses of 1.0, 1.1, 1.2, 1.3, and 1.4 M, have mean electron
densities that span the entire possible range of values. Similarly,
the dependence of the global mean molecular weight on effec-
tive temperature does not exhibit the strong scaling properties

of I'. Nevertheless, cooler stars generally have lower values of i
than hotter stars. As is well known, the mean molecular weight
is sensitive to the composition of the stellar material. We show
in the next section that the global plasma parameter strongly
depends on metallicity. Finally, as a consequence of the Pauli
exclusion principle, electrons in the interiors of stars become
degenerate. The electron degeneracy parameter, 1, measures the
degree of degeneracy, with larger values of 7 indicating more
significant degeneracy. The central panel of Figure 5 shows the
global degeneracy parameter, 7, as a function of effective tem-
perature. Here, unlike the other two cases discussed above (72,
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Fig. 6. Variation of the global plasma parameter, T, as a function of the
normalized age for stellar models with different masses. All the mod-
els represented in this figure were computed with Z = 0.02. Lower-
mass stellar models exhibit higher values of the global plasma param-
eter throughout the MS lifetime. The dashed black line represents the
approximate location of the Kraft break.

and ), we notice that 77 shares similar scaling properties with
the global plasma parameter. However, the dispersion of 7 is
much more pronounced than that of I'. From the perspective of
the importance of nonideal effects in stellar interiors, particu-
larly in the cooler upper layers of low-mass stars, this is interest-
ing because two of the main contributors to the nonideal char-
acter of the equation of state in this region are pressure —due to
electrostatic interactions— and electron degeneracy (e.g., Clayton
1968).

Regarding the question we outline at the beginning of this
subsection, we can now conclude that the dependence of I" on
the effective temperature is not merely a consequence of stellar
structure and evolution and cannot be easily replicated with other
fundamental physical parameters. In the following section, we
continue our investigation of the properties of I', namely of its
dependence on age and metallicity.

4. Dependence of the global plasma coupling
parameter on age and metallicity

4.1. Age

The evolution of the global plasma parameter, I, throughout the
entire MS lifetime is shown in Figures 6 and 7 for different stellar
masses and metallicities. The ages at ZAMS and at TAMS for the
models at Z = 0.02 metallicity represented in Figures 6 and 7 are
listed in Table 2 . We used the central mass fraction of hydrogen
to define the TAMS; in our models, the TAMS is reached when
the hydrogen mass fraction drops below 107°.

Figure 6 focuses on comparing the global plasma parameter
for stellar models with different masses but the same metallic-
ity (all models in Figure 6 were computed at Z = 0.02 metal-
licity). This figure demonstrates that the relevance of electro-
static interactions throughout the MS lifetime —for the same
metallicity— is entirely mass dependent. Specifically, as the mass
of the star decreases, the value of the global parameter increases.
This supports the expected result that as the mass of the star
decreases, the Coulomb interactions between particles become
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increasingly significant in the thermodynamics of stellar inte-
riors. From Figure 7, we also observe that the values of the
global plasma parameter decrease from ZAMS up to approxi-
mately 75% of the MS lifetime, and then begin to increase until

the end of the MS. From the behavior of T as a function of
age, and knowing that slower rotators are associated with higher

values of T while rapid rotators are associated with lower val-

ues of 1_", it is natural to infer that as the values of I decrease
over approximately three-quarters of the MS lifetime, the stel-

lar spin-down should weaken (again, because T is decreasing).
Interestingly, in recent years, some observational studies (e.g.,
van Saders et al. 2016; Curtis et al. 2020; Hall et al. 2021) have
proposed a scenario of weakened magnetic braking that devi-
ates from the standard stellar spin-down laws. We have known
about the link between the rotation rate of a star and its age
since the seminal works of Kraft (1967) and Skumanich (1972).
Specifically, based on observational data, Skumanich derived
that for low-mass stars, veq o #7'/2, where v is the equato-
rial rotational velocity and ¢ is the stellar age. In the weak-
ened magnetic braking scenario, the star deviates from the stan-
dard Skumanich law and appears to be stalled at intermediate or
older ages in the MS (e.g., Saunders et al. 2024). The underly-
ing physical mechanism that leads to this weakened magnetic
braking remains unknown. Nevertheless, we want to empha-
size that the theoretical properties of the global plasma param-
eter, particularly its dependence on age, can be related to the
weakened magnetic braking scenario. Moreover, Figure 7 shows
that in the last quarter of the MS, the global plasma parame-

ter increases. If I' can indeed be related to stellar rotation rates,
this would suggest that older MS stars might resume spin down
after a period of stalling. This behavior of resumed spin down at
older ages was reported for stars in the Ruprecht 147 cluster by
Curtis et al. (2020).

4.2. Metallicity

The effect of metallicity on the global plasma parameter is
clearly marked, with high-metallicity stellar models exhibit-
ing higher values of I'. For all the different categories of stel-
lar masses, the metallicity has a large impact on the global
plasma parameter throughout the entire MS evolution. Figure 7
unambiguously demonstrates the impact of metallicity on the
global plasma parameter. This means that, during the MS life-
times of all the represented stellar models, the higher the
metallicity, the greater the significance of electrostatic effects
in these stellar interiors. The relationships between rotation,
magnetic activity, and metallicity are still poorly understood.
However, some recent studies have unveiled several insights
into how metallicity might affect stellar rotation and activ-
ity (Amard et al. 2020; Simonian et al. 2020; See et al. 2021;
Avallone et al. 2022). Specifically, the study by Amard et al.
(2020), which considered thousands of Kepler stars with masses
ranging from 0.85 to 1.3 M —nearly the mass range addressed
in the present study—found a correlation between metallic-
ity and rotation: metal-rich stars tend to rotate slower than
metal-poor stars. Another very recent study identified a link
between slow rotation and high metallicity values for a spe-
cific group of Kepler stars (Santos et al. 2023). Here again, we
can link the properties of the global plasma parameter with
the observed rotation rates, that is, the higher the metallic-
ity of the stellar model, the higher the value of the global
plasma parameter, which in turn can be related to lower rotation
rates.
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Fig. 7. Global plasma parameter, T, as a function of age for different metallicities. The solid lines show the same models as those represented in
Figure 6, i.e., models computed at Z = 0.02 metallicity. Dashed lines represent high-metallicity models (Z = 0.03), whereas dotted lines represent
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Table 2. Ages of the models at Z = 0.02 metallicity.

Mass Age at ZAMS (Gyr) Age at TAMS (Gyr)
0.7 Mg 0.0770 38.3
0.8 Mg 0.0603 24.4
0.9 M, 0.0486 16.0
1.0 Mg 0.0381 10.6
1.1 M, 0.0298 7.40
1.2 M, 0.0239 5.34
1.3 Mg 0.0195 3.96
1.4 M, 0.0162 3.05

Notes. This table displays the ages of the models represented in
Figure 6. Specifically, the ages of the models at ZAMS and the ages
of the models at the chosen TAMS.

5. Electrostatic effects and the stellar rotation rates
of low-mass stars on the MS

It is well known that one-dimensional stellar models include sev-
eral approximations that allow us to solve the set of differential
equations plus the corresponding boundary conditions. These
approximations are particularly impactful if rotation and mag-
netic fields are not considered, because spherical symmetry is
conserved. Nonetheless, it is still possible to obtain revealing
insights by looking at the physical ingredients that can be linked
to rotation and magnetism. One of these ingredients is the rele-
vance of electrostatic interactions, because in a stellar plasma, all
particles experience the Lorentz force, and the Lorentz force can
in turn be related to mechanisms of angular momentum transport
in stellar interiors (e.g., Aerts et al. 2019)

The discovery of the solar wind by Parker (1958) boosted
the studies of stellar magnetized winds. It is thought that these
winds exert a breaking torque that removes angular momen-
tum from the stars (e.g., Schatzman 1962; Weber & Davis
1967; Mestel 1968; Kawaler 1988; Krishnamurthi et al. 1997,
Sills et al. 2000; Spada et al. 2011). Taking into consideration all
the accumulated empirical data and also the theoretical predic-
tions, stellar rotation appears to depend strongly on mass, age,
and metallicity. In the previous sections of this work we study

the properties of a global plasma parameter, I', which allows
us to compare the importance of electrostatic effects among a
group of stellar models. We also explore some connections of
this global plasma parameter with the observed patterns for rota-
tion in the MS. In the present section, we again use our set of
theoretical models described in Section 2 to further investigate
how the properties of the global plasma parameter relate to the
rotational observational data for low-mass MS stars.

The sample of stars on which we base our models (see
Figure 2) is a sample of stars with asteroseismically measured
rotation periods (Hall et al. 2021). This means that the values
obtained for the rotation periods do not depend on the starspot
variations. To investigate further whether the electrostatic prop-
erties of stellar interiors correlate with their observed rotational
trends, we plot the observational rotation periods versus the (also
observed) effective temperature, superimposed with the varia-
tion of the global plasma parameter as a function of effective
temperature obtained from our models. These plots are shown in
Figure 8 , where the global plasma parameter is computed for
different regions within the interiors of the stellar models. Red
circles stand for observational data, whereas blue circles indicate
theoretical data from models. We note that the behavior of I as
a function of effective temperature unexpectedly follows a scal-
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Table 3. Regression outputs.

Data Slope Intercept R-squared
Hall+ -4.88 x 1074 3.29 0.312
Santos + —1.94x 1074 1.43 0.232
Models  -1.58 x 107 1.64 0.731

Notes. The observational datasets used in these regression models were
sourced from: Hall et al. (2021) (Hall+) and Santos et al. (2021a) (San-
tos+).

ing, with the slope of this line being very similar to the scaling
observed in the relationship between rotation periods and effec-
tive temperature. Moreover, the outer layers of the stars appear
to be related to the slope of the linear scaling, whereas the core
region of the star introduces a dispersion around the global trend.
The fact that the outer layers have a marked contribution should
not be a surprise as the base of the convective zone, located in
the upper 30% of the stellar radius, is thought to be responsi-
ble for a dynamo mechanism of magnetic field amplification
(e.g., Lopes & Passos 2009; Passos & Lopes 2012; Lopes et al.
2014). Moreover, Brito & Lopes (2019) also found a correlation
between a structural feature occurring in the outer convective
layers and the rotational behaviors of a group of Kepler stars.

To better understand these trends, we fitted a linear regres-
sion model to the data using the least squares method. The fits
are also represented in Figure 8. Because the observational data
are limited to 66 low-mass MS stars in the Kepler field, we aim
to investigate whether the similarity between the two trends (the
observational trend and the theoretical trend shown in Figure 8)
is a feature of this particular group of Kepler stars, or if the same
correlation can be obtained when considering other groups of
stars. For this purpose, we used the Kepler sample published
in Santos et al. (2021a) to compare with our theoretical model
results. From this large catalog of observational data, we selected
all stars within the Te¢ window of our models. This choice results
in a dataset of 38987 Kepler stars. In order to compare all of
the groups of stars, that is, the 66 stars from Hall et al. (2021),
the large sample from Santos et al. (2021a), and our theoreti-
cal results for the global plasma parameter, we normalized all
three datasets to their maximum values. The results for the lin-
ear regression model fits for these three datasets are shown in
Figure 9, and the regression outputs are given in Table 3. The
results evidenced by the regression models in Figure 9 reveal a
strong correlation between the properties of I" and the observed
rotational trends. Based on our analysis of the results for the
regression lines, we conclude that the correlation between the
theoretical trend of the global plasma parameter with the effec-
tive temperature, and the observational trend of the stellar rota-
tion period and the effective temperature, is not a consequence
of using a small dataset (with 66 Kepler stars). This correlation
between the two trends is even closer when we use a large obser-
vational dataset of Kepler stars.

6. Conclusions

The connections between the internal thermodynamic behavior
of the stellar plasma and stellar rotation represent an understud-
ied research field. From the observational data, we know that
rotation is an intricate function of mass, age, and metallicity. In
a previous work, we demonstrated that Coulomb interactions can
significantly impact the sound-speed gradient in the outer layers
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(2021b).

of lower-mass stars (Brito & Lopes 2021). In the present paper,
we focus on describing the electrostatic effects comprehensively
across a set of low-mass theoretical stellar models, and correlate
these effects with the observed main rotational trends for low-
mass stars on the MS.

By studying the electrostatic properties of stellar interiors
across a set of theoretical MS stellar models with masses ranging

from 0.7 to 1.4 My, we have discovered that this type of micro-
physics in stellar interiors can be directly linked to observed
rotational behaviors in stars within this mass range. Our main
conclusions can be summarized as follows:

1. The linear scaling of the global plasma parameter with
effective temperature shows a very high level of similarity to
the linear scaling of rotation periods with effective temperature.
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Slow rotators can be linked to stars where electrostatic effects
are more significant, whereas rapid rotators can be linked to
stars where these effects are less significant. This similarity is
not merely a consequence of stellar evolution, as it cannot be
replicated for other stellar parameters.

2. The significance of electrostatic effects, as measured by T,
decreases in stellar interiors as stars age on the MS; it reaches
a minimal value at approximately 75% of the MS lifetime and
then starts to increase again. This behavior can be linked to an
observational phenomenon known as weakened magnetic brak-
ing (e.g., van Saders et al. 2016; Curtis et al. 2020).

3. High-metallicity stellar models exhibit higher values of
the global plasma parameter compared to low-metallicity mod-
els, indicating that metallicity significantly impacts electrostatic
interactions within stellar interiors. The observational data link-
ing rotation and metallicity is limited. Some studies suggest that
high-metallicity stars rotate more slowly than low-metallicity
stars (e.g., Amard et al. 2020). The properties of the global
plasma parameter can be related to this scenario.

In this initial study, we use a set of nonrotating low-mass stel-
lar models to explore the relationships between the electrostatic
properties of stellar interiors and the observed rotation rates for
stars in this mass range. However, given the impact that metal-
licity has on these electrostatic properties (see subsection 4.2)
and previous studies with rotating models that demonstrated the
influence of metallicity on internal angular momentum transport
and the rotation periods of low-mass stars (e.g., Amard et al.
2016, 2019), we believe that further investigation of electrostatic
properties using rotating models will significantly improve our
knowledge regarding this topic.

It is also well known that the observed rotation rates of
red giant cores are in disagreement with theoretical predic-
tions. In stellar interiors, the fluid constituting the stellar mate-
rial experiences Lorentz forces, which are known to play an
important role in angular momentum transport. For example,
the torque generated by the so-called Tayler-Spruit dynamo
(Spruit 2002) could represent an important step forward in
understanding this disagreement. The implementation of the
Tayler-Spruit dynamo in the MESA stellar evolution code by
Cantiello et al. (2014) for low-mass stars showed that mod-
els with this implementation are in better agreement with the
observed core rotation rates. Subsequently, a revised formula-
tion of the Tayler-Spruit dynamo, known as the Fuller formal-
ism (Fuller et al. 2019), led to an even more efficient transport
of angular momentum in the cores of red giants and conse-
quently to better agreement with observational data. Moreover, a
mechanism of angular momentum transport based on the Tayler
instability was also successful in explaining the uniform rotation
observed in the solar radiative zone (Eggenberger et al. 2005).
Although the Tayler-Spruit mechanism is being used in stel-
lar evolution codes, it still has physical deficiencies, as pointed
out in several works (e.g., Zahn et al. 2007; Braithwaite 2006;
Goldstein et al. 2019). Therefore, understanding the properties
of electrostatic interactions in stellar interiors that can be related
to the transport of angular momentum by magnetic fields (e.g.,
MacGregor & Charbonneau 1999; MacGregor 2000) could sig-
nificantly improve our comprehension of the mechanisms
behind the redistribution of angular momentum in low-mass
stars.
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