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Abstract

Magnetic activity is a ubiquitous feature of stars with convective outer layers, with im-
plications from stellar evolution to planetary atmospheres. Investigating the mechanisms
responsible for the observed stellar activity signals from days to billions of years is impor-
tant in deepening our understanding of the spatial configurations and temporal patterns of
stellar dynamos, including that of the Sun. In this paper, we focus on three problems and
their possible solutions. We start with direct field measurements and show how they probe
the dependence of magnetic flux and its density on stellar properties and activity indicators.
Next, we review the current state-of-the-art in physics-based models of photospheric activ-
ity patterns and their variation from rotational to activity-cycle timescales. We then outline
the current state of understanding in the long-term evolution of stellar dynamos, first by
using chromospheric and coronal activity diagnostics, then with model-based implications
on magnetic braking, which is the key mechanism by which stars spin down and become
inactive as they age. We conclude by discussing possible directions to improve the modeling
and analysis of stellar magnetic fields.
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1 Overview

Magnetism is ubiquitous in stars and yet it is relatively poorly understood, even in our closest
neighbor. We necessarily rely on observational constraints—direct measurements or proxies
for magnetism—to probe magnetic behavior across stellar types and lifetimes, and to con-
nect these observations to underlying theoretical descriptions (Schrijver and Zwaan 2000).
In this paper, we highlight ways in which magnetism on stars reveals itself, and the insights
those physical manifestations provide about the underlying physics of magnetic fields in
stellar systems. The purpose of this paper is to report on recent progress in the following
particular problems.

e How does magnetic flux and its density scale with rotation and the fractional depth of the
convection-zone?

e How can physics-based diagnostic modeling help us to constrain surface patterns and
their evolution?

e What is responsible for the spin-down and the weakening of outer-atmospheric activity
indicators with age?

Following a summary of our recent attempts to find answers to these questions, we present
an outlook on possible avenues to better understand the scaling relations of stellar magnetic
activity. More extensive reviews can be found in the literature (e.g., Donati and Landstreet
2009; Strassmeier 2009; Reiners 2012; Engvold et al. 2019; Basri 2021).

The structure and dynamics of magnetic fields threading the atmospheres of stars other
than the Sun are observed mostly indirectly. Magnetic field measurements from Zeeman
splitting of photospheric spectral lines are becoming more accessible owing to instrumenta-
tion at optical and near-infrared wavelengths, such as CRIRES™ (Dorn et al. 2014), PEPSI
(Strassmeier et al. 2015), ESPaDOnS (Donati et al. 2006), NARVAL (Auriere 2003), HARP-
Spol (Snik et al. 2008; Piskunov et al. 2011), SPIRou (Donati et al. 2020), and CARMENES
(Quirrenbach et al. 2014) and HPF (Mahadevan et al. 2012). This promotes reliable quan-
tification of the magnetic flux and its heating mechanisms observable in indirect activity
indicators, and their scaling laws for different types of stars. We cover recent work on direct
magnetic field measurements and their use in constraining the rotation-activity scalings in
Sect. 2.

While our understanding is often driven by observations, numerical simulation frame-
works are essential tools to better evaluate observational trends of stellar magnetic activity
on cool stars. Forward modeling of observational diagnostics are mostly based on physical
models developed originally for the Sun. Scaling laws are often used to extend the solar
paradigm to younger and more active suns as well as for cooler stars with deeper convec-
tion zones. More physically motivated applications involve dynamo models of the global
magnetic field and the flux emergence process as a function of stellar properties. We present
some important recent developments in modeling photospheric diagnostics of stellar mag-
netism in Sect. 3.

The indirect diagnostics—also called proxies—of magnetic activity include: (1) disk-
integrated brightness in intermediate and broad bandpasses for the effects on the photo-
sphere; (2) narrow-band radiative fluxes centered on spectral lines such as Ha and singly
ionized Ca and Mg that probe the chromosphere; and (3) outer-atmospheric indicators of
non-thermal heating by magnetic fields, at X-ray and radio wavelengths. We review recent
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advances in chromospheric and coronal proxies in relation to the long-term evolution of
stellar activity in Sect. 4.

Stars with convective outer layers have dynamos that support large-scale fields from their
interiors to their magnetospheric environments, also called astrospheres. Following star for-
mation and disk dispersal, rapid stellar rotation coupled with convection leads to strong
magnetic activity, which is responsible for strong magnetized winds removing angular mo-
mentum from the star. Rotational evolution of cool stars can be used as a proxy for the
integrated large-scale field behavior. We discuss the connection between magnetic braking
and global field properties in Sect. 5.

We propose strategies for further progress in the problems introduced above in Sect. 6.

2 Scaling of Magnetic Flux and Non-thermal Emission

Our picture of stellar magnetism and its influence on stellar evolution and activity is an-
chored in the detailed observational data from the Sun. Among other examples, the spatial
correspondence between active regions and magnetic flux concentrations, the occurrence of
faculae and dark spots along latitudinal bands, differential rotation, the thermal and mag-
netic structure of active regions, and the temporal variability including magnetic cycle(s),
are phenomena that can be observed in the Sun (see, e.g., Schrijver 1987; Solanki 2003;
Solanki et al. 2006). In analogy, they are assumed to occur on other stars (e.g., Berdyugina
2005).

As a direct measurement of magnetic fields, we understand determination of the immedi-
ate influence of the field, e.g., the signatures of the Zeeman effect on line profiles. This is in
contrast to indirect measurements, which include the measurement of proxies of magnetic
activity, for example non-thermal emission. The direct measurement of magnetic fields is
hampered by the fact that other stars are very far away and cannot be spatially resolved.
One of the consequences is that spectroscopy can be obtained from the spatially integrated
stars but not from individual areas, which leads to blending of spectroscopic effects caused
by magnetism with those from other atmospheric effects and partial cancellation of po-
larization (see, e.g., Donati and Landstreet 2009; Reiners 2012; Kochukhov 2021). Direct
observations of magnetic fields therefore typically require substantial spectral resolution and
signal-to-noise (S/N), and sometimes recurrent observations of the same star over different
rotational phases. Therefore, other indirect indicators of stellar magnetism are often em-
ployed to characterize stellar magnetic activity. These are usually indicators of non-thermal
emission that is generated by the stellar magnetic field in analogy to the solar example (see,
e.g., Reiners et al. 2022, and references therein).

Direct measurements of magnetism are usually those that investigate an immediate ob-
servable of the magnetic fields, i.e., spectroscopic signatures like the Zeeman effect. In solar-
type and low-mass stars, the Zeeman effect causes the most often used direct signatures that
are Zeeman broadening (observed in integrated light, Stokes /; Saar 1988) and polariza-
tion (see, e.g., Landi Degl’Innocenti and Landolfi 2004). Observational biases can be rather
strong leading to large uncertainties in the measured field strengths and/or the amount of
magnetism unseen by the observations (see, e.g., Kochukhov and Reiners 2020, and refer-
ences therein) of several directions of polarization, and monitoring projects delivering very
high S/N data have provided a wealth of information from direct field measurements.

Solar-type and low-mass stars show a clear relation between rotation and non-thermal
emission observed in several activity indicators, e.g., X-rays (Skumanich 1972; Noyes et al.
1984; Pizzolato et al. 2003; Wright et al. 2011; Reiners et al. 2014). The causal connection

@ Springer



70 Page4of23 E.lsik et al.

Fig.1 Average surface magnetic F
field measurements from Stokes r
I in sun-like and low-mass stars r

e
—0— 1

e g —O]
. i

(adapted from Reiners et al. T ‘JTV .| ° %

2022). Grey dashed lines indicate I ¢ - : - |
the relation between field H ¢ l® ’ o 1
strength and Rossby number, *

Ro = P/, for two groups of 1000 + .%

<B> (G)

“slow” and “fast” rotators. Stellar
mass is indicated with symbol
size and color, downward
triangles indicate upper limits in 5

(B) ® M=1.0M,

I ® M=05M,
M=0.1 M

100

L n Lo n P n P
0.001 0.010 0.100 1.000
Ro

between stellar rotation, stellar activity, and rotational evolution is supposed to be (1) a
mechanism providing more surface magnetic flux at high rotation rates in any given star, and
(2) the generation of non-thermal emission in proportion to magnetic energy (or magnetic
flux) at the stellar surface. Currently, there is no physical model that explains any of the two
phenomena from first principles.

The relation between average surface magnetic flux density (or field strength, (B)) and
rotation is shown in Fig. 1. Similar to the rotation-activity relation, the Rossby number,
Ro = P/t with t the convective turnover time, is used as a normalized proxy of rotation.
Figure 1 shows two regimes of magnetic fields: a group of rapid rotators with Ro < 0.1 and
(B) > 1 kG, and the slower rotators with significantly weaker fields. Both groups show a
statistically significant relation between (B) and Ro. The dependence of (B) on Ro is a lot
stronger among the slow rotators than within the more rapidly rotating group. The dashed
lines show the relations:

(B) = 199G x Ro~ 26010 for slow rotation (1)

(B) =2050G x Ro~*11*003 for rapid rotation )

The magnetic field-rotation relation (Fig. 1) closely resembles the rotation-activity rela-
tion mentioned above. This suggests that there is also a tight relation between magnetism
and non-thermal emission. A relation between X-ray luminosity and magnetic flux was re-
ported by Pevtsov et al. (2003) and re-investigated for a sample of stars with measured
surface fields by Feiden and Chaboyer (2013). Figure 2 shows relations between X-ray, Ho,
and Ca H&K luminosity as a function of surface magnetic flux, ® 5. All three luminosities
significantly grow with @ . It should be noted that both luminosity and magnetic flux scale
with radius squared, implying that at least parts of the relations seen in Fig. 2 (and in Pevtsov
et al. 2003) could be caused by the different radii. An analysis of magnetic flux density and
normalized luminosities reveals that higher magnetic field strengths in fact cause stronger
emission (see Reiners et al. 2022).

Figures 1 and 2 are adapted from Reiners et al. (2022) and mainly cover M dwarf stars
plus several young Suns from the literature. A broad range of stellar masses and rotation
rates are included. The more rapidly rotating stars are observed to show stronger surface
fields, and stellar surface magnetic flux leads to a proportional amount of non-thermal chro-
mospheric and coronal emission. The Ca H&K lines show emission already at relatively low
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magnetic flux levels, and the field strength adopted for the calculation of ® 5 was limited to
(B) < 800 G indicating saturation of Ca H&K emission in very active stars (see Reiners
et al. 2022, for more details). Coronal X-ray emission requires a somewhat higher magnetic
flux level to generate observable emission rates, and Ho becomes visible in emission at sim-
ilar or higher magnetic flux levels. The observed relations between magnetism and rotation,
and between magnetism and non-thermal emission provide a link between the wealth of
information on stellar rotation and stellar activity. This should help to further constrain the
processes of magnetic field generation and flux emergence in sun-like and low-mass stars.
An important property of stellar magnetic fields is its distribution across the stellar sur-
face. Measurements of Zeeman broadening are sensitive to the integrated field across the
stellar surface, but they are less sensitive to the distribution of individual field components.
Measurements of polarized light in addition with observations taken at different times, with
the goal of sampling the star at different rotational phases, can provide important informa-
tion about the geometry of the field. The field measured in polarized light, in particular in
the case of circular polarization only (Stokes V'), resembles the distribution of the so-called
large-scale field. This is because magnetic fields of opposite polarity can cancel each other
and remain invisible to this type of observation. In general, results about the scaling of large-
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scale fields with stellar mass and rotation are consistent with observations of average surface
fields and non-thermal emission (Vidotto et al. 2014).

Observations of large-scale fields have provided insight into magnetic geometries in very
different stars (Donati and Landstreet 2009; Marsden et al. 2014; Kochukhov 2021). Addi-
tional information can be derived from the ratio between the large-scale field from circular
polarization and the average field from Zeeman broadening. The ratio between Stokes V
and Stokes I field strengths is typically on the order of 10% with individual stars showing
up to 40% or less than 1% of their magnetic fields on large-scales. There is a slight trend of
larger ratios (B)y/(B)1 occuring among the lower mass / smaller stars, which may indicate
different modes of magnetic field generation but could also be influenced by biases in the
observational methods. In addition to gathering more data on magnetic fields from Stokes V
and [ observations, it is very important to understand the systematic bias introduced by
both methods. These include effects like unknown velocity fields and line profile distor-
tions caused by non-thermal emission in Stokes I measurements, and the consequences of
incomplete phase coverage, uncertainties of the inclination angle, and flux cancellation in
Stokes V measurements.

3 Modeling Photospheric Magnetism

Magnetic features on stars other than the Sun can only be observed indirectly (except in a
few cases with interferometry), as mentioned in Sect. 2. In essence, filling factors and dis-
tributions of starspots can only be inferred from disc- integrated diagnostics, often through
data-driven modeling. Forward modeling (i.e., via numerical simulations) of surface mag-
netic features come into stage here, as they often bring physical insight that helps us interpret
observations. This section is devoted to recent attempts in numerical simulations of obser-
vational diagnostics, based on physical models of magnetic flux generation and transport.

3.1 Distribution of Surface Magnetic Flux

Attempts to model surface magnetic activity patterns on cool stars range from star-in-a-box
simulations of convectively driven dynamos in M stars (e.g., Yadav et al. 2015) to solar-like
models applied to stars rotating faster than the Sun, which we will focus on here.

The existence of polar or high-latitude spots on young solar-type stars rotating much
faster than the Sun was revealed by Doppler imaging studies (e.g., Strassmeier and Rice
1998). The formation and structure of near-polar spots is one of the problems in cool-star
research. The main question is whether they emerge at near-polar latitudes, or are trans-
ported there by surface flows. There are two non-mutually exclusive explanations for such
spot patterns in the literature. Firstly, any radially rising buoyant concentration of toroidal
magnetic flux is expected to be deflected towards the rotation axis, owing to angular momen-
tum conservation (or Coriolis force in the co-rotating frame), leading to poleward deflection
that increases with the stellar rotation rate (Schiissler and Solanki 1992; Weber et al. 2023).
Numerical simulations of flux-tube emergence through the convection zone as a function of
the stellar rotation rate provided further support for this hypothesis (Schiissler et al. 1996).
According to the hypothesis, poleward deflection of rising tubes is controlled not only by
the rotation rate, but also by the fractional depth of the convection zone (in turn, the Rossby
number). A flux loop that starts from a low latitude and rises parallel to the rotation axis
would thus have an emergence latitude that increases towards later spectral types as shown
in simulations by Granzer et al. (2000). The second explanation involves the transport of
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emerging flux by differential rotation, meridional flow and supergranulation (Schrijver and
Title 2001). Surface flux transport (SFT) simulations for various differential rotation and
stellar radius configurations by Isik et al. (2007) have shown that, mid-latitude emergence
of highly tilted bipolar regions sustain polar spots, mainly by diffusion and meridional flow.
Faster-than-solar meridional flow speeds were invoked by Holzwarth et al. (2006), who
showed formation of possible starspots with intermingled polarities around the rotational
pole. All these studies showed various possibilities for the maintenance of long-lived polar
spots by SFT processes.

Stellar dynamo models were incorporated to simulate stellar cycle characteristics in addi-
tion to surface distributions. In a model that integrates a deep-seated dynamo, flux-tube rise
and surface transport, Isik et al. (2011) estimated the evolving surface distribution of large-
scale radial magnetic flux through several dynamo cycles. They found that for intermediate
rotators (P ~ 10 d), the combined effects of enhanced cycle overlap and large tilt angles of
emerging bipoles can lead to an unsigned-flux balance between polar caps and low latitudes
that are modulated in anti-phase. This was suggested as an explanation for the existence of
moderately active but non-cycling stars that were observed in S-index time series (Hall and
Lockwood 2004). For more extensive reviews of modeling work on stellar activity cycles,
see Biswas et al. (2023) and Hazra et al. (2023).

Aiming to forward-model brightness variability in rotational time scales, Isik et al. (2018)
constructed a Flux Emergence and Transport (FEAT) simulation framework for solar-type
stars with rotation rates and activity levels from the solar reference levels up to 8 times
higher values. Assuming a solar-like latitudinal distribution of magnetic flux at the base of
the convection zone, the authors modeled the surface emergence patterns by using simula-
tions of buoyant flux tubes rising through the convection zone. The latitudes and tilt angles
of emerging bipolar regions are used as input to a surface flux transport model, which cal-
culates the time-dependent distribution of surface magnetic flux with a daily cadence, for
a decade. The FEAT model also features active-region nesting at the time of emergence,
with the probability that an active region emerges near the previous one being an adjustable
parameter. They found that polar spots start to form between 4 and 8 times the solar rotation
rate and activity level, by accumulation of trailing-polarity flux from tilted bipoles emerging
at mid-latitudes. The tilt angles and thus the dipole contributions of emerging active regions
increase in average, along with their variance around the mean (Weber et al. 2023). An en-
hanced nesting tendency locally increases the flux density reached in certain regions as well
as in the formation of the spotted polar caps.

3.2 Line Profile Modeling

Despite the currently inaccessible detailed structure of stellar active regions, solar obser-
vations indicate that the magnetic field should be mostly radial upon emergence into the
photosphere, owing to the steep density gradient in the atmosphere. Along with Gauss’s
law, this enforces a bipolar distribution of radial magnetic field throughout an active re-
gion. However, Zeeman-Doppler imaging (ZDI) studies indicate that, as the activity level
increases, some rapidly rotating, young cool stars manifest strong azimuthal fields that can
form axisymmetric bands (e.g., Folsom et al. 2018). The azimuthal field component tends
to follow power laws with two different exponents on both sides of a stellar mass of about
0.5 Mg, and it becomes more axisymmetric and confined to higher latitudes for more rapid
rotators (See et al. 2015). Strong azimuthal fields on some stars much more active than
the Sun was interpreted by Solanki (2002) as the effect of differential rotation acting on
strong fields that accumulate or emerge near the rotational poles, resulting in amplification
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of azimuthal fields at mid-latitudes. Motivated by ZDI results, Lehmann et al. (2017) de-
composed simulated surface flux distributions into spherical harmonics, to obtain relative
fractions of magnetic energy in radial, azimuthal, and meridional components (see Vidotto
2016, for a similar analysis for the Sun). They found that magnetic multipoles beyond the
quadrupole (mainly contributed by azimuthal fields) host poloidal and toroidal field compo-
nents following a fixed ratio. Later, Lehmann et al. (2019) synthesised Stokes profiles from
surface flux transport simulations for various activity levels and concluded that ZDI overes-
timates the relative contributions from axisymmetric and toroidal fields, particularly as the
axial inclination decreases towards pole-on configurations.

As a first application of the FEAT model described in Sect. 3.1, Senavci et al. (2021)
synthesised Doppler images of the young solar analogue EK Draconis, using SFT snap-
shots from the FEAT model, and compared them with the Doppler images they generated
from observed spectra. The overall latitudinal distribution of spots in the simulations were
consistent with the observations in the case of strong differential rotation, which was previ-
ously reported for EK Dra. The simulations also showed that low-latitude spots in observed
Doppler images can result from mid-latitude activity in the partially visible rotational hemi-
sphere, owing to the axial inclination of 63°. This study has shown the importance of for-
ward modeling of the observed signals from physics-based models, in the interpretation of
observations.

3.3 Brightness Variability

Broad-band variability of cool stars on time scales ranging from the rotation period to the ac-
tivity cycle result from photospheric manifestations of magnetic flux: mainly spots in active
regions (ARs) and faculae resulting from AR network fields. Intriguingly, some solar-type
stars with near-solar rotation rates and temperatures display unexpectedly large photomet-
ric variability amplitudes on the rotational time scale, in comparison to the Sun (Reinhold
et al. 2020). By numerical simulations of light curves with different modes and degrees of
active-region nesting, Isik et al. (2020) showed that such high-amplitude light curves can
be explained by a moderate increase of the emergence frequency and a high degree of nest-
ing (up to 90%). The same study showed that active-longitude-type nesting can reproduce
light-curve morphology of some stars with sinusoidal-like light curves in the same sample
better than free nesting, where nests are allowed to form within active latitudes and a random
longitude.

The Sun’s brightness variability on the cycle timescale is dominated by bright faculae,
because they cover larger areas despite their visibility being confined to near-limb regions
in visible wavelengths. However, more active stars are known to get dimmer as they reach
peak activity levels in their S-index time series (e.g., Radick et al. 1998). On the Sun, the
area fractions of spots and faculae depend quadratically and linearly on the S-index, re-
spectively. These dependencies can be used to predict that in more active stars, spots would
dominate over faculae in terms of disc-area coverages and hence of brightness (Shapiro et al.
2014). The physical mechanism underlying this transition from facula-dominated to spot-
dominated variability has been explained by Nemec et al. (2022), who carried out surface
flux transport (SFT) simulations of a single solar-like activity cycle with gradually higher
activity levels. The simulations were carried out for equator-on and pole-on inclinations.
They showed qualitative agreement with the observed transition between facula- and spot-
dominated cyclic variations of the solar-type sub-sample of Radick et al. (1998). Figure 3
shows the Stromgren b + y brightening in units of the change (increase) in S-index as a func-
tion of log Ry for the stellar sample. Also shown are brightening estimates from a series

@ Springer



Cool Star Magnetism Page90f23 70

Solarmin  Solar max

0.4 r T — T .
02 4 + 1 -
n : : Facula-dominated
a e fmﬁ"”n sim,
= 0.0 S P —
o ) -
= | 5
_‘>_~ H TN -
2-0.2 | PNl
g i | 20N -
i ol RC
3 ()Lh'u cool stars 2 Solar-type stars
_04 L 3 / i + / \+ |
—-0.6 h h .

-5.2 -5.0 -4.8 -4.6 —4.4
Chromospheric Activity [log Rj]

Fig.3 Activity-related brightnening (negative for dimming) as a function of the mean level of chromospheric
activity in the HK bands. The stellar observations are shown by black stars (Zefr to within 200 K of the
solar value and relative brightness uncertainty below 0.01) and gray stars corresponding to other stars in the
sample of Radick et al. (1998). The gray-shaded region shows the posterior distribution to 20 of Bayesian
linear regression to the near-solar sample, using Gaussian priors for a quadratic function. Blue and orange
curves show the calculated brightening functions using SFT simulations, for equator-on and pole-on views,
respectively (Nemec et al. 2022).

of SFT simulations for two extreme axial inclinations. The expected transition from spot-
to facula-dominated regime is not far from the current solar activity level during maxima.
Here, the suggested mechanism for the transition is that for more active stars with presum-
ably higher flux emergence rates, the active-region network field spanning much larger areas
than sunspots finds more chance to undergo flux cancellation, owing to random superposi-
tions of opposite magnetic polarities. On the Sun, the activity level is low enough to avoid
such an overall flux cancellation effect, and the facular state remains the dominant counter-
part, leading to a slight brightening of the Sun with increasing activity.

Physics-based forward modeling of light curves can help constrain the parameter space of
stellar surface brightness distributions and the axial inclination. In such an attempt, the FEAT
model (Sect. 3.1) was used to calculate synthetic light curves of G2V stars with rotation rates
between Qg and 82 (Nemec et al. 2023). The method involved integration of facular and
spot disc coverages weighted by the Kepler transmission function, evaluated at various axial
inclinations. The results reproduced several observed characteristics of Kepler light curves
of stars with different activity levels and variability patterns. However, for a better match to
observations and for an improved understanding of the observed change in stellar variability
patterns as a function of the rotation rate, empirical relationships involving the magnetic flux
emergence rate should be established and incorporated into models of flux emergence and
transport.

3.4 Astrometric and Radial Velocity Jitter
One promising method to infer activity-pattern characteristics is to make use of time-
resolved high-precision astrometric measurements, exploiting the spatial symmetry breaking

around the line of sight through the disc centre (Lanza et al. 2008). This lack of axial sym-
metry results from the fact that different portions of the disc have varying surface brightness.
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Based on a method developed by Shapiro et al. (2021), numerical simulations of activity-
induced astrometric jitter of solar-type stars were carried out by Sowmya et al. (2021a) as
a function of axial inclination, metallicity, and active-region nesting, finding that activity
cycles can be inferred from systematic changes in the photocenter positions (see also Me-
unier et al. 2020). Moreover, when the degree of active-region nesting is high enough, the
cyclic changes in the photocenter jitter can be detected by Gaia. Simulations for more active
and rapidly rotating solar-type stars have shown that the jitter becomes spot-dominated and
could be observed even on monthly timescales (Sowmya et al. 2022).

The radial velocity (RV) time series derived from photospheric absorption lines includes
information on magnetic features as they transit the visible stellar disc, often hampering
high-precision exoplanet detection with the same method. As part of a physics-based mod-
eling framework of several activity indicators as a function of several stellar properties (Me-
unier et al. 2019), the radial velocity time series were also modelled by Meunier and La-
grange (2019). The RV variations led by magnetic features and their spatial distributions
on the stellar disc showed general agreement with observations. The main features strongly
affecting RV amplitudes were found to be the latitude coverage of active regions, the level
of activity, and axial inclination.

4 Chromospheric and Coronal Activity

The most widely used indicator of chromospheric activity in solar-type stars is known as the
S-index, which was devised in the late-1960s at Mount Wilson Observatory (Wilson 1968).
The S-index is a measurement of the stellar flux in the cores of the Ca 11 H and K spectral
lines (Ny, Nk) relative to the flux in two neighboring pseudo-continuum bands (Ny, Ng).

§—g. MutNe 3)
Ny + Nr
where « is a calibration constant that can be determined for any instrument using observa-
tions of standard stars monitored by the Mount Wilson survey (Vaughan et al. 1978). Time
series measurements of the S-index for any given star can reveal variability due to stellar ro-
tation and magnetic cycles (Jeffers et al. 2023). However, a meaningful comparison of stars
with different spectral types requires a small correction for the photospheric contribution
to the H and K emission, as well as a normalization by the bolometric luminosity (Noyes
et al. 1984). This normalized activity indicator is known as Ry, , and has been measured for
thousands of solar-type stars (Boro Saikia et al. 2018).

The evolution of Ry over stellar lifetimes provides one method of estimating ages for
isolated solar-type stars (Mamajek and Hillenbrand 2008; Lorenzo-Oliveira et al. 2018).
During the first half of their main-sequence lifetimes, the rotation rates and activity lev-
els of solar-type stars appear to decline together roughly with the square-root of the age
(Skumanich 1972). At some critical value of the Rossby number (Ro = Py /7.) when the
rotation period becomes comparable to the convective turnover time, rotation and activity
become decoupled and the subsequent evolution of activity appears to be dominated by slow
changes in the mechanical energy available from convection (Bohm-Vitense 2007; Metcalfe
et al. 2016). Figure 4 shows the rotation-activity relation for solar-type stars in the Mount
Wilson survey (gray points; Baliunas et al. 1996) and for Kepler asteroseismic targets (col-
ored points; Metcalfe et al. 2016). For the Mount Wilson stars, Rossby numbers have been
calculated from B — V colors (Noyes et al. 1984), and show a large scatter particularly at low
activity levels (log Ry <—5). For the Kepler targets, Rossby numbers have been calculated

@ Springer



Cool Star Magnetism Page 110f23 70
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using turnover times near the base of the convective envelope from an asteroseismic model
for each star (Metcalfe et al. 2014), including hotter F-type (blue triangles), sun-like G-type
(yellow circles), and cooler K-type stars (red squares). Most of this sample appears to follow
a common relation at low activity levels, possibly due to the higher precision of their Rossby
numbers. Some outliers remain at lower Rossby number and higher activity level, perhaps
from activity variations within an unknown magnetic cycle. Note that the rotation-activity
relation is consistent with a change in slope near the solar activity level, which corresponds
to the apparent onset of weakened magnetic braking (van Saders et al. 2016).

Modeling the chromospheric emission due to magnetic activity is important to better
understand the physical characteristics of magnetism as a function of stellar properties. Such
models would also be useful in disentangling various mechanisms that are likely responsible
for generating the observed distributions of chromospheric emissions. Recently, Sowmya
et al. (2021b) developed a physics-based approach to forward-model S-index variations of
the Sun as a star, from rotational to century-scale variations, but for the full range of the
inclination of the rotation axis with respect to the line of sight. Based on their calculated
S-index time series of the Sun for cycles 1-23, they found that the variability amplitude
in the chromospheric emission of the Sun as seen from the full range of inclinations was
representative of the variability distribution of other solar-type stars with similar (Ryy),
adapted from Radick et al. (1998).

While magnetic heating of the chromosphere is evident in optical and ultraviolet spectral
lines, similar processes heat the stellar corona to ~1 million K, emitting at X-ray wave-
lengths. A measurement of the X-ray luminosity is the coronal equivalent of the chromo-
spheric S-index, and normalizing by the bolometric luminosity facilitates the comparison
of stars with different spectral types like Ry . Depending on their evolutionary state, solar-
type stars typically have a fractional X-ray luminosity Ry=L, /Ly~ 1073 to 1078 (Schmitt
and Liefke 2004). Rather than decrease monotonically with rotation rate or Rossby num-
ber, there appear to be different regimes in the rotation-activity relation for X-rays. For the
youngest and most rapidly rotating stars, there is a “saturated” regime in which Ry appears
relatively constant for Ro <0.1 (Pizzolato et al. 2003). It was initially unclear whether this
saturation represented active regions filling the entire stellar surface, or a saturation of the
underlying dynamo mechanism (Vilhu 1984), but recent evidence suggests that it is a feature
of the dynamo (Reiners et al. 2022). For stars with Rossby numbers between ~0.1 and the
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Fig.5 The evolution of coronal
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solar value, there is an “unsaturated” regime in which Ry decreases linearly with log Ro,
following a power law with an index f~2 (Wright et al. 2011).

The evolution of X-ray luminosity for Rossby numbers greater than the solar value has
been largely unexplored, with only a few measurements available at R, <107, Consider-
ing the rotational and magnetic transitions that have recently been identified near the solar
Rossby number (van Saders et al. 2016; Metcalfe et al. 2016), we can evaluate the currently
available data from a new perspective. Rotation periods and X-ray luminosities are shown
in Fig. 5 for solar-type stars in the unsaturated regime (gray points; Wright et al. 2011), with
evolutionary sequences of hotter F-type (blue triangles), sun-like G-type (yellow circles),
and cooler K-type stars (red squares) for comparison. When stars reach the critical rotation
period that corresponds to the onset of weakened magnetic braking for a given spectral type,
the X-ray luminosity continues to decline at roughly constant rotation period. For exam-
ple, despite having very similar rotation periods, the X-ray luminosities of the solar analogs
18 Sco (3.7 Gyr; Li et al. 2012) and « Cen A (5.4 Gyr; Bazot et al. 2016) differ by nearly an
order of magnitude. This behavior suggests a previously unrecognized “decoupled” regime
in the rotation-activity relation, where the X-ray luminosity is no longer determined by ro-
tation.

5 Magnetic Braking

Magnetic braking is the loss of angular momentum (AM) through the interaction of stellar
mass loss and magnetic fields. Stars with convective outer envelopes (T < 6250 K) and
magnetic dynamos spin down over time due to angular momentum loss from magnetized
winds (Kraft 1967; Skumanich 1972). It represents a unique window into the magnetism
of the Sun and stars because operates in a feedback loop: slower rotation leads to weaker
magnetic fields, which lead to less AM loss via magnetized winds. It is therefore both a
consequence and a driver of magnetic evolution. Rotational evolution can occur over billion-
year timescales, and represents one the best tests of the integrated behavior of the large-scale
magnetic fields of stars over stellar lifetimes. Spin-down is most directly a probe of the
strength of the large-scale dipole (Weber and Leverett 1967; Kawaler 1988), with only minor
contributions from higher-order fields under specific conditions (See et al. 2019). However,
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observed rotational evolution depends on many interacting ingredients—the magnetic field,
details of the mass loss and wind flow, initial rotation rates, and internal angular momentum
redistribution—making the interpretation of rotational evolution in the context of magnetism
a subtle task.

5.1 Modeling Magnetic Braking

A model of rotational evolution has three ingredients: 1) the braking law, which most di-
rectly probes the magnetic field behavior, 2) some assumption of the initial AM, and 3) a
prescription for internal AM redistribution. Together, they predict rotational evolution as a
function of time.

5.1.1 Braking Laws

The main sequence (MS) is where magnetic braking has the largest impact on rotational
evolution for single stars. Over the MS lifetime, the braking appears to be a strong function
of the rotation velocity— ‘l’]—f ~ @ (Skumanich 1972), which asymptotically forces conver-
gence to a narrow range of rotation periods at a given time for a given stellar mass. This
has the benefit of making the rotation rates of old stars insensitive to the significant (and
for purposes here, uninteresting) spread in birth rotation periods. Observationally, this con-
vergence happens first in the more massive stars and later in the low-mass stars, with open
clusters showing tight, converged rotation sequences by a few hundred Myr around solar
temperatures.

The standard ‘2—{ o« @* spin down results in a period-age relation that goes roughly as
P, o +/t— so-called “Skumanich” spin down (Skumanich 1972). Much of the literature
on braking seeks to empirically constrain this period-age relation while being largely agnos-
tic to the underlying physical mechanisms (Barnes 2007, 2010; Mamajek and Hillenbrand
2008; Angus et al. 2015). To use braking as a constraint on magnetic field behavior, we
turn to physically motivated magnetic braking laws that follow the basic formalism of (We-
ber and Leverett 1967; Mestel 1968) for angular momentum loss from magnetized stellar
winds. The torque on a star is most simply written as:

T=MSQ(ra)>, 4)

where r, is the Alfvén radius where magnetic Alfvén velocity and wind velocity are equiva-
lent. The average radius defines the effective “lever arm” of the torque, and depends both on
the strength and morphology of the magnetic field (Réville et al. 2015; Garraffo et al. 2016;
Finley and Matt 2018). In practice, the challenge in defining a braking law is in prescribing
M and B (as it enters in r4). Many authors choose to fix a magnetic field morphology and
make some assumption about how the magnetic field scales with stellar properties, often in
the form of a Rossby scaling (e.g. Kawaler 1988; Krishnamurthi et al. 1997; van Saders and
Pinsonneault 2013; Matt et al. 2015). Modern braking laws increasingly draw their forms
from > 1D MHD simulations of mass loss entrained in a magnetized wind (e.g. Matt and
Pudritz 2008), but still fundamentally require some additional input of how B scales with
stellar properties, and necessarily make strong assumptions about the nature of wind launch-
ing. For mass loss, authors commonly adopt either empirical (e.g. Wood et al. 2005, 2021)
or theoretical scalings (Cranmer and Saar 2011), but the choice remains a significant uncer-
tainty.
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5.1.2 Additional Ingredients

Stars are born with roughly two orders of magnitude of spread in their initial rotation periods
(Irwin and Bouvier 2009; Herbst et al. 2002), due both to stochasticity in the birth angular
momentum itself and star-disk interactions that occur in the first few Myr of the star’s life
(Matt and Pudritz 2005; Shu et al. 1994; Koenigl 1991). While rotational evolution in solar
mass stars becomes insensitive to choices of initial conditions within a few hundred Myrs,
lower mass stars may retain sensitivity for Gyrs (Gallet and Bouvier 2015), complicating
the interpretation of their rotation periods (Epstein and Pinsonneault 2014; Roquette et al.
2021). Authors generally either consider a range of initial rotation periods motivated by
those observed in the youngest open clusters, or “launch” their braking simulations from
initial conditions defined by a benchmark cluster (see Somers et al. 2017; Epstein and Pin-
sonneault 2014). There is some evidence that stellar environments may alter the distribution
of initial periods (Coker et al. 2016; Roquette et al. 2021).

Many braking prescriptions make the simplest (and often reasonably correct) assump-
tion that internal AM transport is instantaneous compared to evolutionary timescales, re-
sulting in solid body rotation. However, the efficiency of internal AM transport does affect
the evolution of the surface rotation period. Literature braking laws that allow for interior
AM transport generally use either 1) simple “two-zone” models (MacGregor and Brenner
1991) allow rotation of the core and convective envelope to evolve separately, coupled by
AM transport over some characteristic timescale .., or 2) allow for extra AM transport
via a diffusion term (Denissenkov et al. 2010; Somers and Pinsonneault 2016; Spada and
Lanzafame 2020) in interiors models. There is no accepted first-principles mechanism for
interior AM transport that fully reproduces observations. Magnetically mediated transport
at the tachocline has been proposed (Oglethorpe and Garaud 2013), as have internal gravity
waves (Denissenkov et al. 2008; Fuller et al. 2014; Somers et al. 2017; Cao et al. 2023), but
no conclusive mechanism has been identified.

5.2 Recent Modifications to Braking Laws

Because of the uncertainties in both the braking process and the fundamental underlying
stellar processes of mass loss and magnetic field generation, all modern braking laws are
tuned via fitting parameters to observations. Improvements in the underlying physical mod-
els come largely from examining whether the braking prescription captures the observed
mass and time dependence of the spin down.

Observational benchmark systems must have both well-known ages and rotation periods.
The most impactful class of calibrating systems to date has been the open clusters, which
represent coeval stellar populations that span a range of masses at uniform composition.
However, cluster calibrators have historically been confined to young (< 1Gyr) ages and
solar composition stars; old open clusters are rare and tend to be distant and challenging to
study. Although the lack of calibrating sources at low masses, old ages, and non-solar com-
positions remains a persistent roadblock in the testing and validation of magnetic braking
models, two classes of new calibrator sources have fueled recent refinements of magnetic
braking laws: intermediate-age open clusters observed with space- and ground-based photo-
metric missions, and bright field stars with precise, asteroseismically measured ages. Both
classes have suggested significant alterations to the Skumanich-type spin-down that we will
discuss below.

We show a sample of calibrator stars selected to lie in a relatively narrow slice between
1.0 < Mg < 1.1 and 0.0 < [Fe/H] < 0.2 in Fig. 6. These calibrators are shown against

@ Springer



Cool Star Magnetism

Page 150f23 70

Fig.6 Calibrator stars (points) of
known rotation period and age
shown against calibrated braking
laws that include a range of initial
conditions (teal tracks), internal
AM redistribution, and weakened
magnetic braking. Cluster stars
(circles) are drawn from the
compilation in Curtis et al.
(2020), and asteroseismic targets
(stars) from van Saders et al.
(2016) and Hall et al. (2021)
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a braking law that includes 1) a range of initial conditions (gaussian centered at 8 days,
with a 1o width of 4 days), 2) disk-locking timescales drawn uniformly from 1-5 Myr,
3) the braking law form from van Saders et al. (2016) with the addition of core-envelope
decoupling following the Somers and Pinsonneault (2016) 2-zone model. Rough regions
where different processes discussed in this section are important for interpreting the rotation
period are noted, but readers should be aware that the exact boundaries of these regions are
both mass and metallicity dependent.

5.2.1 Young Stars

Young open clusters retain a subset of rapidly rotating stars for hundreds of millions of
years, longer than Skumanich-type spin-down law would predict given the simultaneous ex-
istence of slow rotators. This observation motivates the inclusion of an epoch of “saturated”
spin down in nearly all magnetic braking models, in which the spin down instead goes as
”g’l—f o w? ;@ (Krishnamurthi et al. 1997). This saturated regime is the analog of saturation
in other magnetic proxies: the observation that beyond some w,,;; more rapid rotation no
longer results in a stronger magnetic response, in this case reflected in the angular momen-
tum loss. In practice, the saturation threshold is often included as a Rossby scaling, with
ROy o (werisTe;) ™. A saturation threshold of Roy,, ~ 0.1 is broadly consistent both with
the saturation threshold in other magnetic proxies, and with the observed rotational behavior
in clusters.

5.2.2 Intermediate-Age Stars

In detailed cluster observations, spin-down rates depart from those expected for unsaturated,
Skumanich-type spin-down in young and intermediate-age stars. Stars initially spin-down
faster-than-expected (Denissenkov et al. 2010), and then “stalled out” at intermediate ages
with what appears to be minimal evolution in the surface rotation rate (Agiieros et al. 2018;
Curtis et al. 2020). Although we cannot entirely rule out changes to the magnetic braking
itself as the cause, internal AM transport is emerging as a leading explanation. While the
epoch of “core-envelope” decoupling is brief and subtle for solar mass stars (Denissenkov
et al. 2010; Gallet and Bouvier 2015), the apparently long timescales for transport in low-
mass stars produces a stark pileup in the cluster sequences of 1 Gyr old open clusters (Curtis
et al. 2020). There are also puzzling gaps in the distribution of cool field stars at periods
just long-ward of feature, which may suggest a similar phenomenon in the population at
large (Lu et al. 2022). Cao et al. (2023) identified a magnetic counterpart to the observed
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rotational stalling, and showed that stars putatively undergoing core-envelope recoupling
in the Praesepe open cluster had starkly elevated surface spot-filling fractions, which the
authors argued is the consequence of the radial shears present during this epoch of AM
redistribution. At a minimum, the spin-down evolution of intermediate-age stars is more
complex than Skumanich; the exact mechanism (and magnetic involvement) remain areas
of active inquiry.

5.2.3 Old Stars

Recent observations of bright field stars with precisely measured asteroseismic ages provide
insight into rotation at a wider range of ages and compositions in solar mass stars. The seis-
mic sample also displays non-Skumanich behavior: it traces the standard magnetic braking
patterns at young and intermediate ages, but appears to undergo dramatically reduced angu-
lar momentum loss in the latter half of the main sequence lifetime (van Saders et al. 2016).
Followup work showed that the observed long-period edge in the field star rotation distri-
bution (McQuillan et al. 2014; Matt et al. 2015) was also consistent with weakened braking
(van Saders et al. 2019; David et al. 2022), and that the weakened braking was apparent even
when rotation rates were measured methods other than spot modulation (Hall et al. 2021;
Masuda et al. 2022). These braking models allow for standard evolution until some critical
Rossby number is reached—Ro,,;,—after which the braking is severely reduced or AM loss
truncated entirely. The mechanism again remains uncertain: van Saders et al. (2016) and
Metcalfe et al. (2016) suggested that an overall weakening of the magnetic field strength
and shift to higher-order morphologies could be responsible, and detailed studies of stars on
either side of the transition have thus far supported the picture of weakening dipole fields
as a driver for the change in spin-down (see Metcalfe et al. 2023, and references therein).
However, changes in the mass loss rates, and details of the wind launching and flow are not
ruled out.

6 Outlook

Because the underlying mechanisms are still poorly understood, progress in understanding
stellar magnetism is very much driven by observations, and then theoretical efforts to repro-
duce the patterns we see. Larger, more complete, and more comprehensive datasets drive
this progress. Those data are challenging to obtain—whether they be subtle spot signatures,
direct measurements of weak fields, precise ages and rotation rates, or decades-long activity
cycles—with significant progress in the last decade. There are two classes of observational
benchmarks that enable progress: small, but exquisitely studied samples of stars with mul-
tiple precision measurements of magnetic proxies that allow us to build a complete picture
of their behavior, and truly large but comparatively more poorly constrained samples that
allow us to probe the properties and patterns in populations.

The various attempts at forward modeling of photospheric activity diagnostics are helpful
in deepening our understanding of the physics of magnetic activity, along with qualitative
comparisons with the available observations. Extending magnetic flux emergence and subse-
quent surface evolution models of spots and faculae to wide ranges of stellar properties (e.g.,
T.s, differential rotation, metallicity) will be important in evaluating observational data. We
note, however, that care should be taken when interpreting observations with the matching
simulations. The inverse problem of recovering the surface magnetic patterns is often ill-
posed, involving several parameter degeneracies. Simulation-based inference frameworks
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have the potential to illuminate parameter ranges that optimally simulate observed data, al-
lowing a Bayesian way of inverting observations (e.g., Cranmer et al. 2020; Asensio Ramos
et al. 2022).

Models of magnetic braking have seen frequent, large revisions in recent years as new
data become available. Because the number of calibrating sources still spans a relatively
narrow range of masses, ages, and compositions, there is likely much to learn as new cor-
ners of parameter space become accessible. Observational improvements are likely to come
from a combination of many datasets, with two paths for growth: 1) small samples with ex-
ceptional observational coverage (rotation, asteroseismology, magnetic activity cycle mea-
surements, direct magnetic field mapping for all targets), and 2) very large but more poorly
characterized stellar samples, enabled by large photometric, spectroscopic, and astromet-
ric surveys. Pushing to lower masses, older ages, and less solar-like compositions are the
most critical directions for new observational insight into braking behavior. On the theoret-
ical side, progress can be made by increasingly ground braking models in first-principles
or semi-empirical models of magnetized winds, and gradually phasing out the more purely
empirical scalings currently in use (e.g., Chebly et al. 2023; Evensberget et al. 2023). As has
been the case since the beginning of this field, the interplay between improved observational
calibrator sets and more sophisticated physical models will drive progress.
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