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Abstract: Cool stars with convective envelopes of spectral types F and later tend to exhibit magnetic
activity throughout their atmospheres. The presence of strong and variable magnetic fields is
evidenced by photospheric starspots, chromospheric plages and coronal flares, as well as by strong
Ca 11 H+K and Ha emission, combined with the presence of ultraviolet resonance lines. We review
the drivers of stellar chromospheric activity and the resulting physical parameters implied by the
observational diagnostics. At a basic level, we explore the importance of stellar dynamos and their
activity cycles for a range of stellar types across the Hertzsprung—Russell diagram. We focus, in
particular, on recent developments pertaining to stellar rotation properties, including the putative
Vaughan-Preston gap. We also pay specific attention to magnetic variability associated with close
binary systems, including RS Canum Venaticorum, BY Draconis, W Ursae Majoris and Algol binaries.
At the present time, large-scale photometric and spectroscopic surveys are becoming generally
available, thus leading to a resurgence of research into chromospheric activity. This opens up
promising prospects to gain a much improved understanding of chromospheric physics and its
wide-ranging impact.
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1. Introduction

Academic Editor: Roberto Mignani Stellar atmospheres are composed of several distinct layers. In solar-type stars, the
innermost atmospheric layer, the photosphere, is located just above the surface convection
Received: 1 October 2021 zone (see Figure 1). The latter is an unstable layer where plasma circulates between the
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stellar interior and its surface layers because of the plasma’s temperature-dependent buoy-
Published: 15 Nvember 2021

ant properties. The Sun’s photosphere, the layer from which light is emitted, represents a
radial shell with a width on the order of 100 km. At larger radii, the next main solar atmo-
spheric zone is the chromosphere (‘sphere of colour’), covering altitudes of approximately
3000-5000 km and extending through a region of partial hydrogen ionisation. Almost all
luminous stars, except for white dwarfs, feature chromospheres of some sort, although
they are usually most prominent and magnetically active in lower main-sequence stars and
brown dwarfs of F and later spectral types, as well as in giant and subgiant stars.
For earlier-type, hotter stars, which are dominated by radiative rather than convective
al processes at their surfaces, the disappearance of a convective envelope at the stellar surface
Copyright: © 2021 by the authors.  jmplies the disappearance of a solar-like magnetised chromosphere. Magnetised stellar
Licensee. MDPI, Basel, Switzerland. - chromospheres may not be strictly equivalent to the solar chromosphere, however. Stellar
atmospheric zones commonly referred to as chromospheres have also been detected in
giant and supergiant stars in globular clusters and the general field stellar populations in
both the Milky Way and the Magellanic Clouds [1-8].
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Figure 1. Anatomy of the Sun (Courtesy: European Space Agency).

Chromospheres exhibit temperature inversion. The temperature of the solar chromo-
sphere initially cools down from the Sun’s surface temperature of about 5770-5780 K to
approximately 3840 K in the ‘temperature minimum region” (see Figure 2). It then rapidly
increases to temperatures in excess of 35,000 K at the onset of the solar atmospheric transi-
tion region, which extends to the corona [9,10]. Figure 2 is a schematic representation of the
solar atmosphere, showing the dependence of temperature and density on height above the
surface. Heating of the chromosphere to temperatures above the level required to maintain
radiative equilibrium is driven by a combination of mechanical heating (pulsations and
shocks), acoustic heating (pulsation-driven sound waves causing hydrodynamic shocks),
magnetic fields (Alfvén waves, i.e., transverse or torsional magnetohydrodynamic waves),
turbulence and ambipolar diffusion ([11-16], and references therein)—i.e., separation (at
the same rate) of oppositely charged species in a plasma owing to the effects of the ambient
electric field.

Chromospheric heating processes have been scrutinised at least since Biermann [17]—
whose explanation evolved into the standard heating theory—and Parker [18,19]; they are
still subject to intense debate (e.g., [20]). A detailed discussion of these heating processes is
well beyond the scope of this review, however. Instead, we refer the interested reader to
the comprehensive review recently published by Srivastava et al. [16].

Most importantly, in the solar chromosphere magnetic heating causes the temperature
to increase to a plateau of approximately 7000 K, with the ambient density falling by orders
of magnitude with respect to the region near the photosphere (see Figure 2) [20,21]. The
7000 K plateau results from a balance between magnetic heating and radiative cooling
through collisionally excited Ha, Ca 11 K and Mg 11 k radiation. The latter lines are the
principal diagnostic lines formed in the chromosphere (for details, see Section 3). Their
intensity scales with the level of non-thermal heating in the chromosphere, so that they are
useful proxies for both the strength of the underlying magnetic field and the area covered by
that field. At higher altitudes in the chromosphere and into the corona beyond, the density
becomes too tenuous for collisional heating by electrons from ionised hydrogen to continue
to play any role of importance, with the low density also rendering cooling inefficient.

At its base, the chromosphere is homogeneous, although numerous filaments and
‘spicules’ extend up to altitudes of several x10* km. Some even reach up to some
150,000 km in the form of the solar prominences (filaments viewed side-on) associated with
coronal mass ejections. Both filaments and spicules—as well as their horizontal counter-
parts, known as ‘fibrils’—are plumes and tendrils of luminous gas. Their presence reflects
the importance of magnetic activity, e.g., organised in the form of magnetic flux tubes [22].
As we will see in Section 2.2.1, the magnetic field is organised in flux tubes because of the
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prevailing balance between a local negative pressure gradient, B>/87t (where B is the local
magnetic field vector), and a local tension component.
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Figure 2. Temperature (solid line) and density (dashed line) as a function of height above the
top of the photosphere in the solar atmosphere ([23], p. 2; courtesy: NASA). Yellow and orange
peaks are chromospheric spicules that protrude into the corona. The transition region between the
chromosphere and the corona is shown as a dark yellow band, only a few hundred kilometres thick,
which follows the spicule outlines.

Chromospheric (magnetic) activity is related to photometric and spectroscopic variabil-
ity on a range of timescales. Day- to year-long variability is associated with the evolution
and rotational modulation of individual magnetically active regions. That is, stellar rota-
tion is intricately correlated with chromospheric activity, as well as with stellar age (see
Section 3.3). In fact, stellar rotation—particularly differential rotation—is responsible for
the conversion of undisturbed poloidal magnetic fields into twisted toroidal fields (see
Section 2.2.3) (e.g., [24]). Long-term chromospheric activity, characterised by timescales on
the order of years to centuries, is thought to be driven by the same physical principles as
the stellar (and solar) dynamo (see Section 2.2). The underlying physics is highly complex.

Magnetic activity is likely triggered by the interplay of rotation and turbulent con-
vection at the stellar surface. In turn, this triggers cyclic and self-sustained global stellar
magnetic activity, including the well-known 11-year solar sunspot activity cycle [25,26].
Direct solar observations have been performed since approximately 1609. This wealth
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of observational data has allowed us to explore the significant variability of the Sun’s
cycle-averaged magnetic activity level in great detail. The latter ranges from the extremely
quiet ‘Maunder Minimum’ (1645-1715), when photospheric sunspots almost completely
disappeared, to the present-day enhanced magnetic activity. The Maunder Minimum
is a representative ‘Grand Minimum’ of solar magnetic activity [27], corresponding to a
special, as yet poorly understood state of the solar dynamo (e.g., see Section 2.2.1) [28,29].
Despite a dearth of sunspots during the Maunder Minimum, the solar wind remained
active, although at a reduced level [30,31].

With increasing stellar age, the strength of the surface magnetic field—and, hence, a
star’s magnetic activity—decreases in response to magnetic braking of a star’s rotation
rate through angular momentum losses induced by magnetised winds and structural
variations [32,33]. As such, quantification of a star’s chromospheric magnetic activity
offers a direct stellar age measurement [26,34—41]: see Section 3, specifically Section 3.3.
More broadly, a tightly constrained chromospheric activity—age correlation offers direct
insights into the properties of exoplanet host stars and Galactic chemodynamical evolution
scenarios. In addition, chromospheric activity relates the changes observed at the stellar
surface to changes occurring deeper into the stellar interior [42], e.g., in the context of
non-convective mixing of abundances in advanced evolutionary stages, in particular for
stars exhibiting solar-like dynamos ([43,44], and references therein). Hence, its study can
shed light on the physical mechanisms responsible for these changes [45,46] and thus better
constrain dynamo models [47,48]: see Section 2.2.

Finally, magnetically active stars tend to exhibit flares or superflares (sudden releases
of magnetic energy) [49], often large and rapidly evolving starspots (cooler regions where
convection is suppressed by strong magnetic fields) [50-54], as well as faculae and plages
(unusually bright regions in the photosphere and chromosphere, respectively) [8,55]. Dark
starspots and bright faculae are usually located in stellar photospheres, whereas plages
tend to be associated with chromospheres [55]. Chromospheric and photospheric magnetic
activity in general, and flares in particular, may have an impact on planetary habitabil-
ity [56-58], both in the solar system and in exoplanetary systems, which is of potential
importance in the context of the Earth’s climatological evolution and the solar-terrestrial
connection.

Here, we review recent developments and advances in our understanding of stellar
chromospheric activity, including for the Sun. Although our focus is predominantly on
new observational insights, we will first cover the basic theory of stellar dynamos, with
specific emphasis on the solar dynamo (Section 2.2). We have aimed to compose an
intermediate-length review suitable as a graduate-level entry point into this active area of
contemporary research. We have made the conscious choice to limit our coverage of stellar
atmospheric physics outside the chromosphere, and we only cover the underlying theory
in a rudimentary manner. For more in-depth discussions of aspects that are tangential to
the principal aims of this review, we have included extensive referencing. We note that it is
not our aim to provide a full overview of the field of solar physics. Instead, we treat the
Sun as an example of a chromospherically moderately active G-type star whose fortuitous
proximity allows us to explore certain aspects in much more detail than would be possible
for more distant objects.

Following a high-level overview of the theory of stellar dynamo physics, we will
discuss the broad range of observational diagnostics employed to trace and understand
stellar chromospheric activity and variability: see Section 3. In Sections 4 and 5 we discuss
the extant body of observational evidence pertaining to the level of chromospheric activity
as a function of spectral type and in close binary systems, respectively, before concluding
this review in Section 6, where we summarise current trends and provide a future outlook.
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2. Magnetic Activity Cycles and the Solar Dynamo

Studying the Sun’s magnetism in the context of other stars offers a gateway to studying
magnetic activity in cool stars and understanding the stellar dynamo and its relationship
with stellar properties.

2.1. The Solar Activity Cycle

The Sun is a middle-aged G-type star. It is a magnetically moderately active star
exhibiting short- to long-term fluctuations ranging from a fraction of a second to billions
of years. Through the pioneering work of George Ellery Hale and his collaborators in the
early 1900s, it was established that the Sun’s magnetic nature drives solar activity (i.e., solar
flares, coronal mass ejections, high-speed solar winds and solar energetic particles) and,
in particular, the presence and appearance of sunspots. Hale’s polarity laws established
the presence of a magnetic flux system in the interior of the Sun as a source of sunspots.
The origin of the magnetic field was initially attributed to the inductive action of fluid mo-
tions [59]. The hypothesis proposed by Larmor [59] suggested that the axisymmetric and
equatorially symmetric differential rotation pervading the solar interior caused shearing
of a large-scale poloidal magnetic field, resulting in the inferred equatorial antisymmetry
of the internal solar toroidal fields. Although this theory held its ground for two decades,
Cowling’s antidynamo theorem [60] had already demonstrated that even the most general,
purely axisymmetric flows cannot, by themselves, sustain an axisymmetric magnetic field
against Ohmic dissipation. Pioneering studies by Parker [61,62] provided a solution to
circumvent Cowling’s theorem. Eugene N. Parker and collaborators proposed that the
Coriolis force could impart a systematic cyclonic twist to rising turbulent fluid elements
in the solar convection zone. Therefore, the appearance of sunspots can be attributed to
deep-seated toroidal flux ropes which rise through the Sun’s convective envelope and
reach the photosphere. Whereas the stability and the rise of toroidal flux ropes are fairly
well-understood [63], the process through which the diffuse, large-scale solar magnetic field
produces concentrated toroidal flux ropes which will subsequently give rise to sunspots
remains poorly understood. This remains a critical missing link between dynamo models
and solar magnetic-field observations.

Over four centuries of long-term observations have shown that solar activity, especially
the emergence of sunspots on the solar surface, rises and falls in a cyclic manner [64—66] in
what is known as the solar or sunspot cycle.

Listed below are some of the characteristic features of the complex solar or sunspot cycle:

¢ The solar activity cycle is quasi-periodic. The periods range between 9 and 14 years,
with a mean period of 11 years. Additionally, strong fluctuations have been observed
in the cycle’s amplitude.

*  Sunspots are observed to consist of pairs with opposite magnetic polarities [67]. It
was observed that they are generally elongated in the East-West direction, with the
leading polarities generally leaning closer to the Equator than the trailing polarities.
Additionally, Hale noted that most leading spots have opposite polarities in opposite
hemispheres. In addition, a reversal of polar magnetic fields near the time of cycle
maximum has also been observed. This reversal is referred to as ‘Hale’s polarity
Law’. As a consequence of this law, an underlying magnetic cycle of twice that period
(approximately 22 years) is also present.

e Hale et al. [67] also showed that the sunspots observed on the solar surface show a
systematic tilt, which increases with latitude, a phenomenon referred to as ‘Joy’s law’.

. The locations of sunspots show an equatorward drift of the active latitude, described
by Sporer’s law [68].

e  Long-term studies of the numbers of sunspots have revealed an 80-year cycle known
as the Gleissberg cycle. This is in addition to 51.34, 8.83 and 3.77-year cycles [69,70];
the latter are manifested as hemispherical asymmetries.

®  The Sun also exhibits a number of less dominant magnetic cycles [71].
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* As we already saw in the Introduction, in addition to these reported observations
of cyclic variations and sunspots, there has also been a period between 1645 and
1715 ([72], known as the ‘Maunder Minimum’); featuring an absence in solar activity,
with very few sunspots observed.

The quasi-periodic nature of the solar cycle, in addition to the observational evidence
which points to no apparent relation between the strengths of successive sunspot cycles,
renders making predictions a challenging task [73]. The complex sunspot cycle can be
expressed using a sunspot ‘butterfly diagram’ (see Figure 3), which shows the fractional
coverage of sunspots as a function of solar latitude and time (for more details, see the
reviews by [65,74] and references therein). In addition, assuming that the toroidal fluxes,
which likely govern the appearance of sunspots, rise radially and are formed where the
magnetic field is strongest, the sunspot butterfly diagram also reflects a spatio-temporal
‘map’ of the Sun’s internal, large-scale toroidal magnetic-field component.

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

90N SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) m> 0.0%m> 0.1%0> 1.0%
I
30N "
"
! |
EQ il V| M
g
308 Slese i

9‘?&70 1880 1890 1900 1910 1920 1930 194SAT1E950 1960 1970 1980 1990 2000 2010 2020

0.5 AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPHERE)

0.4 !
0.3 I ‘ \h |
0.2 | | | | I |
0.1 | ; Y- \ L |

| 4 6 8 O 0 4
ngiﬂ 1880 1890 1900 1910 1920 1930 194[?AT1E950 1960 1970 1980 1990 2000 2010 2020

Figure 3. Sunspot Butterfly Diagram showing the distribution of sunspots as a function of latitude,
since 1874. (© Hathway [65]. Reproduced under a Creative Commons Attribution 4.0 International
License; https:/ /creativecommons.org/licenses /by /4.0.

2.2. The Solar Dynamo

Although it is well-known that solar activity is driven by the solar magnetic field and
is produced by dynamo processes within the Sun, the details concerning how, when and
where these dynamo processes operate are still uncertain. In this section, we outline the
scientific background for modelling the solar cycle as a magnetohydrodynamic (MHD)
process. We refer the reader to (Charbonneau [74] and references therein) for a detailed
review of the solar dynamo. Relevant scientific background about the solar interior, the
basic physics of the solar atmosphere and some elements of radiative transfer can be found
in (Costas [75] and references therein).

2.2.1. Key Components of Dynamo Theory

Dynamo theory proposes that stars, including our Sun, possess physical mechanisms
that generate a magnetic field. Figure 4 provides a schematic overview of the basic features
of the solar dynamo. To fully understand solar (or stellar) dynamo theory we have to
consider the key ingredients through which a convecting, rotating and electrically conduct-
ing fluid can maintain a magnetic field over cosmic timescales. These ingredients include
the turbulent motions present in convective regions or, in some cases, also in radiative
zones [76]. Additionally, it also includes processes that redistribute angular momentum to
yield large-scale flows, such as differential rotation and meridional circulation, rotation-
induced helicity and low diffusivity [77]. These nonlinear physical processes ultimately
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create, sustain and organise magnetic fields on all relevant scales. An in-depth review of
the processes which generate magnetic fields is presented by Brun et al. [78]. Here we will
briefly discuss how turbulent, rotating convection plays into dynamo theory.

Dipolar Multipolar
Photosphere

4 :Tachocline Rising
Fluxtube“-_'

Rotation

Solar Minimum = Time = Maximum

Figure 4. Schematic of the solar hydromagnetic dynamo. The dashed lines outline the Sun’s photo-
sphere and the base of the convection zone, known as the ‘tachocline’. The colours show the rate of
rotation within the Sun, with differential rotation occurring in the convection zone. (© Paul Higgins,
2012. doi:10.6084/m9.figshare.102094.v1. Reproduced under a Creative Commons Attribution 4.0
International License; https:/ /creativecommons.org/licenses /by /4.0.

Convection is an instability that occurs in a stratified fluid or plasma, which in turn
leads to the transportation of energy through the bulk displacement of parcels of ‘fluid’. In
stellar convection zones, convection carries most of the energy. To quantity the efficiency
of convection we use the ‘Nusselt Number’, i.e., the ratio of convective to conductive
heat transfer; the Nusselt Number ranges from zero to unity for pure convection to pure
conduction. The Nusselt Number also quantifies the importance of convective transport
relative to energy transport by other processes such as conduction or radiative diffusion.

The internal motion in stars is highly convective (turbulent). This can be quantified
by the Reynolds number, Re = uL/v. Here, u represents the characteristic velocity, L is
the characteristic length and v the viscosity. Stars possess very high Reynolds numbers,
which directly implies highly turbulent internal motions. However, no comprehensive
theory exists as yet that can fully describe the complexity of turbulent, nonlinear, convective,
rotating and magnetised systems. Nevertheless, to make up for the lack of a comprehensive
theory for stellar convection zones, several approaches have been proposed and pursued.
A commonly used theory to approximate convection and convective heat transport in stars
is the Mixing Length Theory (MLT), first proposed by Bohm-Vitense [79]. We refer the
reader to Brun et al. [80] (and references therein) for a review of the standard treatments of
stellar or geophysical convection. We note that typical mixing-length prescriptions do not
take explicit account of rotation or magnetism. However various efforts have been made to
include the effects of rotation and magnetism (e.g., [81-83]).

Stellar rotation critically affects stellar dynamics (e.g., [84-86]) and plays a crucial
role in stellar evolution. Rotation not only influences fluid flows, their turbulence and
the transport of angular momentum within a given system, but it is also likely to trigger
instabilities. Instabilities in moving plasmas is a field in itself. We refer the reader to
the review by Maeder [87] for a detailed description of the main instabilities currently
considered influential in the evolution of Sun-like stars. In brief, convective instabilities in
stratified atmospheres in the inviscid limit (v =« =0, i.e., no viscous nor thermal dissipative
effects) are well-constrained by the Ledoux criterion [88],

A > A+ ‘%Am, )
t


 https://creativecommons.org/licenses/by/4.0

Universe 2021, 7, 440

8 of 39

where «; and ¢ are the thermodynamic coefficients, Ay, is the mean molecular weight, the
subscript ‘m’ refers to the background medium and ‘b’ refers to a moving ‘blob’ (parcel)
of fluid. The Ledoux criterion reduces to the Schwarzschild criterion (which describes a
basic plasma that is stable against convection) when variations in composition or ionisation
are neglected. The Schwarzschild criterion (A > A;) in a stratified layer, where energy
is solely transported by radiation (‘rad’) and the fluid element is displaced adiabatically
(‘ad’), becomes A;,q > Aug-

In a rotating star, the Ledoux or Schwarzschild criterion for convective instability
should be replaced by the Solberg-Hpiland criterion [89], which accounts for the difference
in the centrifugal motion affecting an adiabatically displaced fluid element. In practice, con-
vective stability is reinforced by rotation. In the absence of rotation, a zone located between
loci where A = A,q + Ay and A=A,q is called ‘semiconvective’. In semiconvective zones,
non-adiabatic effects can drive growing oscillatory instabilities [89,90]. Additionally, in
radiative zones, differential rotation is likely a very efficient mixing process, and this drives
shear instabilites [89,91]. Moreover, various other axisymmetric and non-axisymmetric
instabilities may also occur. A detailed account of these additional instabilities is presented
by Maeder [87].

Turbulent convection and rotation in stars therefore induce a rich array of interesting
dynamical phenomena and directly play into dynamo theory. Dynamo activity in stars
relies on the presence of an electrically conducting fluid (or plasma, or gas). It is the
currents associated with motion in that fluid that ultimately drive the dynamo. The MHD
induction equation (derived from Maxwell’s equations in the non-relativistic limit; see,
e.g., [92]) explains how the induction or creation of magnetic fields is possible in principle,

%—?sz(uxB—anB), 2)
where f represents the time, B is the magnetic field and 7 is the magnetic diffusivity. Here,
1 = c?/4moe, where 0, is the electrical conductivity, which is in general only a function of
depth for spherically symmetric solar/stellar structural models. A detailed derivation can
be found in many textbooks and reviews (e.g., [93,94]).

The magnetic field must satisfy V- B = 0. Additionally, the required evolution
equation for the flow field, u, is described by the magnetic Navier-Stokes equations,
augmented by the Lorentz force. This ensures conservation of momentum and takes the
form of the force equation,

Zl+(u~V)u:;Vp+g+47ltp(VxB)xB20xu+;V~T. 3)

Here, T represents the viscous stress tensor. All other symbols represent their standard
meaning. MHD, i.e., the dynamics of magnetised fluids, is therefore defined by the
combination of Equations (2) and (3), complemented by suitable equations expressing
conservation of mass and energy, as well as an equation of state. The third term on the
right-hand side (RHS) represents the Lorentz force. It explains why flux tubes exist. The
Lorentz term can be expressed as the sum of a local negative pressure gradient, B?/8,
and a tension term that maintains the integrity of the flux tubes.

The dynamo process is nonlinear. Therefore, it is critical to account for this nonlinearity.
This can be done by considering the total magnetic energy within the system which is
achieved by taking the scalar product of Equation (2) with B and integrating over volume
V. This gives,

d B
dt Jv 87

dvz—?{ §«ﬁdAfl/72dV*1/ﬁ'(fX§)dV- @)
1% Oe JV 14

[

In Equation (4), S represents the Poynting flux (i.e, the directional energy). For
isolated systems, such as for stars in a vacuum, the first RHS term can be neglected since
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its contribution is vanishingly small. The second term represents Ohmic dissipation of
the electrical currents supporting the magnetic field. This will decrease magnetic energy
everywhere except where 0, tends to infinity. This is considered the ideal MHD limit.
The third term on the RHS represents the dynamo contribution. An increase of magnetic
energy can only occur if the flow does work against the Lorentz force. We note that here
u represents the velocity of the flow, i.e., the displacement of a fluid element per unit
time. Therefore, this conversion of mechanical energy into electromagnetic energy is the
framework of any dynamo mechanism, including astrophysical dynamos.

Returning now to Equation (2), the first term on the RHS represents the inductive
action of the flow field u. It acts as a source term for B and pertains to a characteristic
timescale of the solar rotation period, approximately 27 days. The second term describes
the resistive dissipation of the current systems supporting the magnetic field and is thus
always a global sink for B. This latter term has a second derivative, which describes
second-order effects such as the diffusion, evolution and disappearance of activity regions
on timescales comparable to the full 22-year magnetic activity period. To first approxima-
tion, the magnetic Reynolds number (R#) measures the relative importance of these two
terms. The magnetic Reynolds number (Rm) can be obtained from dimensional analysis of
Equation (2),

Rm = % 5)
Ul

Here, 17, u and L represent the standard values for, respectively, the magnetic diffusiv-
ity, flow speed and length scale over which B varies significantly.

The dynamo problem consists of finding or producing a (dynamically consistent) flow
field u that has inductive properties capable of sustaining B against Ohmic dissipation.
Ultimately, amplification of B occurs by shearing, compression and transport by the flow
of the pre-existing magnetic field. This is readily seen upon rewriting the inductive term in
Equation (2) as

V x (uxB)=(B-V)ii —B(V-il) — (ii- V)B. (6)

The terms on the RHS of Equation (6) correspond to the shearing, compression and
transport of the pre-existing magnetic field by the flow. Shearing can lead to exponential
amplification of the magnetic field, at a rate proportional to the local flow gradient.

When u = 0, i.e,, if there is no motion, the field must decay away on a characteristic
timescale 7, = L2/7. In the perfect conducting limit, i.e, the opposite limit of no diffusion,
we have the ‘ideal MHD' limit. Here, it can be shown that the magnetic flux through any
closed loop (i.e., the surface integral of B over that loop) remains constant as the loop
moves around, a result known as Alfvén’s theorem. In this regime, the magnetic field
lines are fixed or frozen into the fluid. This means that they behave in accordance with the
plasma, i.e., the magnetic field lines go where the plasma goes, the magnetic field lines
are compressed (or diluted) where the plasma is compressed (or expands), respectively.
Assessing field growth is as challenging as assessing the trajectories of particles in a given
flow field. Thus, if the flow is sufficiently complex then we may expect the energy in the
magnetic field to grow. More details on this topic can be found in Childress & Gilbert [95].

In the solar cycle context, we care about identifying the circumstances under which
the flow fields observed and/or inferred in the Sun can sustain the cyclic regeneration of
the magnetic field associated with the observed solar cycle. This is captured in the solar
dynamo problem. In addition to sustaining a field, a model of the solar dynamo should
also reproduce:

* the cyclic polarity reversals with a decadal half-period, equatorward migration of
the sunspot-generating deep toroidal field and its inferred strength, poleward migra-
tion of the diffuse surface field, the observed 77/2 phase lag between poloidal and
toroidal components, polar field strength, observed antisymmetric equatorial parity
and predominantly negative (positive) magnetic helicity in the Northern (Southern)
solar hemisphere.
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e  the amplitude fluctuations, empirical patterns and correlations extracted from the
sunspot and proxy records, including the Grand Minima, during which the cycle
amplitude—and perhaps the cycle itself—is strongly suppressed over many cycle pe-
riods.

e the torsional oscillations in the convective envelope, with proper amplitude and
phasing with respect to the magnetic cycle.

The solar dynamo problem is therefore very hard to tackle as a direct numerical
simulation of the MHD equations. The challenges are many, including the disparity
of time- and length scales involved, and the fact that the outer 30% (in solar radii) are
the seat of vigorous, thermally driven turbulent convective fluid motions. Therefore,
most solar dynamo modelling work has thus far relied on simplifications of the MHD
equations, as well as on assumptions regarding the structure of the Sun’s magnetic field and
internal flows. We refer the reader to the reviews by Charbonneau [33,74] for an in-depth
overview of the type of drastic simplification of the MHD system usually employed; see
also Mestel [96] for a more complete review of solar magnetism and the solar dynamo.
Alternatively, one can attempt to simplify the problem’s geometry, e.g., by representing the
prevailing magnetic field as being composed of purely poloidal and toroidal components.
In the latter case and in the context of ideal MHD conditions, exact analytical solutions can,
in fact, be obtained [97].

In brief, some simplifications include the kinematic approximation. In this case,
Equation (3) is dropped by assuming a given u, thus making the MHD induction equation
linear in B. This approximation works well since the solar convective envelope has a low
amplitude of observed torsional oscillations. Additionally, the observed solar activity
suggests that the large-scale solar magnetic field is axisymmetric about the Sun’s rotation
axis and antisymmetric about its equatorial plane (to first approximation). In this case,

‘solar activity’ includes the sunspot butterfly diagram, the shape of the solar corona at

and around solar activity minimum, synoptic magnetograms and Hale’s polarity law. As
discussed in Section 2.1, Hale’s polarity law describes the tendency for bipolar active
regions within the same hemisphere to have the same leading magnetic polarity. Those in
the opposite hemisphere have the opposite leading polarity. This pattern reverses from
one sunspot cycle to the next [67]. Also, given the prevailing circumstances, the large-scale
field can be expressed as the sum of a toroidal (or longitudinal) component and a poloidal
component (or contained in meridional planes).

The cyclic regeneration of the solar large-scale field can therefore be thought of as a
temporal sequence comprising the poloidal (P) and toroidal (T) components. This takes
the form

P(+) = T(-) = P(—)—=T(+) = P(+) — ... (7)

Here, (+) and (—) refer to the observationally established signs of the two components.
A full magnetic cycle of period ~ 22 years consists of two successive sunspot cycles, each
of duration ~ 11 years (see Section 2.1). The Sun’s poloidal magnetic component, as
measured from photospheric magnetograms, peaks at the time of sunspot minimum. The
Sun’s poloidal magnetic component reverses polarity near sunspot cycle maximum, which
corresponds to the epoch of the peak internal toroidal field. Therefore, the dynamo problem
can be divided into two subproblems, including (i) P — T and (ii) T — P. The former
refers to the generation of a toroidal field from a pre-existing poloidal component, and the
latter refers to the generation of a poloidal field from a pre-existing toroidal component. We
refer the reader to reviews by Brun et al. [80] and Charbonneau [74] for details about the
two components. We also refer the reader to the study by Cameron et al. [98], who provide
maps of the poloidal and toroidal magnetic fields pertaining to the global solar dynamo.

Currently, there is no universally accepted model, nor a predictive theory, for the
operation of the global solar (or stellar) dynamo. In the following subsections, we briefly
present two sets of dynamo models for the solar cycle discussed at length in the recent
literature, the first based on mean-field theory and the second based on the Babcock-
Leighton mechanism.
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2.2.2. Mean-Field Models

Not all spatial scales of magnetism have equal influence on a star’s evolution. There-
fore, in addition to the constraints on the overall level of magnetic energy, the magnetic
field’s spatial structure and temporal variability are also important. By parameterising the
total effects of the flows and fields, solar cycle models based on the mean-field dynamo
theory proposed a solution for the evolution of these large-scale fields. The evolution
equation for the large-scale field encompasses the statistical properties of the small-scale
flow combined with bulk parameters like the rotation rate. Mean-field models are sum-
marised in detail in the reviews by Brandenburg & Subramanian [99], Brun et al. [80]
and Charbonneau [74], and numerous references therein.

2.2.3. Babcock-Leighton Flux Transport Models

Several effects can generate a poloidal field from a toroidal field. The main physical
mechanism behind the production of a poloidal field from a toroidal field, with rising
convective eddies stretching the field and systematically twisting it, is helical convec-
tion. Additionally, as recognised by Babcock [32] and explored by Leighton [100,101], the
poloidal field can also be generated by the decay of tilted active regions at the solar surface.
Among others, Cameron & Schiissler [102] and Cameron et al. [98] have shown that the
reversal of the surface poloidal field is triggered by this decay. Figure 5 provides a graphical
overview of the Babcock-Leighton Flux Transport model.

Solar cycle models based on the Babcock-Leighton mechanism [32,100,101] remained
overshadowed by mean-field electrodynamics until the late 1960s. The limitation of
mean-field models and also observations of synoptic magnetographic monitoring over
sunspot cycles 21 and 22 gave compelling evidence that the decay of active regions is
mostly owing to the start of surface polar field reversals (e.g., [103,104], and references
therein). This led to the revival of Babcock-Leighton models for the solar dynamo. These
models are summarised more completely in the reviews by Charbonneau [33,74,105]
and Brun et al. [80].

Figure 5. Overview of the main processes thought to occur during the solar cycle, departing from (a)
an initial poloidal field. (b,c) Generation of the toroidal field through differential rotation. (d,e) Effect
of cyclonic turbulence on former toroidal fields, creating small-scale secondary poloidal magnetic
fields and resulting in a net electromotive force generating a new large-scale poloidal field (f),
closing the first half part of the magnetic cycle with a new poloidal field (g), with opposite polarity
compared with the initial field. (h) Beginning of the Babcock-Leighton mechanism: Toroidal flux
tubes buoyantly rise to the surface, forming sunspots and tilted bipolar regions. (i) The fields from the
bipolar regions diffuse and reconnect with each other and with the polar fields. The resulting poloidal
flux is advected by meridional circulation to the poles, generating the final large-scale poloidal field
in (g). (© Sanchez et al. [106]. Reproduced under a Creative Commons Attribution-NonCommercial
3.0 Unported License; https://creativecommons.org/licenses /by /3.0.
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3. Diagnostics
3.1. Spectroscopic Diagnostics

The first detection of stellar chromospheric line emission was achieved by Eberhard &
Schwarzschild [107]. One of the most frequently used indicators of chromospheric activity
in cool early-F to M-type stars is the occurrence of non-thermal flux reversal in the cores of
the Ca 11 H and K absorption lines centred at, respectively, 3968.470 A and 3933.663 A. Ca 11
H and K ions originate in both the upper photosphere and the chromosphere; they are often
associated with the presence of plages [108] and are sensitive to magnetic activity [109].

A range of other spectral activity indicators have also been explored and found useful
as tracers of chromospheric magnetic activity (see Figure 6), flares and plages, including
Hua [4,110] and Hp emission [111], He 1 D3 (587.59 nm) and 1.08 pm absorption [112-115],
the Na 1 D; and D;, lines, the infrared Ca I triplet absorption lines (centred at 8498.062 A,
8542.144 A and 8662.170 A), and extreme ultraviolet (UV; 200.5-300.5 nm) resonance lines
associated with surface effective temperatures Tog < 2 X 10* K, including C1,C11, Co 11, Cr
I, Fe 1, Mn 1, Ni 1, O I, Si Il and Ti 11 [116], as well as Mg 11 h and k [117-119]. Of these, Fe
IT (298.5 nm) is the dominant contributor to solar irradiance variations in high-ionisation
environments [114].
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Figure 6. Average quiet-Sun temperature distribution (solid line). The approximate depths where the
various spectral continua and lines originate are also indicated [21] (© AAS. Reproduced with per-
mission).

Note that Hx shows up as an emission line in magnetically active stars (see, e.g.,
Figure 7), whereas it manifests itself as filled-in absorption in less active stars. This is so,
because with increased heating rates, Ha absorption initially becomes deeper before it
turns into an emission-line profile [120]. The He 11.08 um absorption line is observed in
many G- and K-type stars, and particularly in binary systems (see Section 5). Its presence
is somewhat puzzling, however. In ordinary late-type stellar atmospheres, this line should
not exist, given that the metastable lower state of the transition that produces it is located
just 20 eV above the ground state. It is therefore thought to be produced at high altitudes
and at high temperatures, e.g., in a star’s chromosphere or corona [121].

The Ca Il infrared triplet lines are of particular interest given that they offer a number
of distinct advantages with respect to the workhorse Ca 11 H and K lines. The ratio of the
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equivalent widths (EWs) of the Ca II triplet lines at 8542 A and 8498 A, EWgs4r /EWgaog, is
an indicator of chromospheric activity that is particularly suitable to distinguish between
the occurrence of plages and prominences [113]. Zhang et al. [113] recorded these line ratios
for the chromospherically active, late-type spectroscopic RS CVn binary system DM UMa.
They found EWgs4y / EWgaog ratios of 1.0-1.7, which implies the presence of optically thick
plages. This is typical of many late-type stars [111,122-126].

Figure 7. Chromospheric ‘flash spectrum’ of the Sun showing the principal diagnostic lines, obtained
during the total solar eclipse of 21 August 2017 (Courtesy: European Space Agency).

The infrared triplet lines are formed in the lower chromosphere through subordinate
transitions between the excited levels of Ca 11 4% P; /2,2/3 and meta-stable 32 Ds /2,572 [127,128].
The result of this is increased atmospheric activity and strong lines. In turn, this allows us
to gain insights into the physical conditions throughout a significant depth range in the
stellar atmosphere [41,127]. These lines are mostly collisionally controlled. Hence, they
are highly sensitive to the ambient temperature [129] and, thus, they are key tracers of
chromospheric activity [41,128,130-132].

From a practical perspective, the Ca 1I triplet lines are found in a spectral region that
is less subject to telluric contamination than the UV regime covering the Ca 11 H and K
lines [132,133]. The longer-wavelength range of the infrared triplet is also less affected
by photospheric lines, thus facilitating more straightforward spectral processing and
calibration. Moreover, the Ca II infrared triplet lines are less sensitive to rapid variability
caused by flares and other transient emission features, hence allowing for more robust
measurements of the mean level of stellar chromospheric activity. This is of particular
importance for the later, K- and M-type, stars, which have blackbody characteristics that
peak at longer wavelengths.

From a physical perspective, the Ca II triplet line profiles and their wings are sensi-
tive to fundamental stellar parameter variations, including in the effective temperature,
metallicity and surface gravity [134]. This thus offers insights into galactic chemical en-
richment histories through measurements of Ca abundances and « enrichment in late-type
dwarfs [135]. Note, however, that higher-quality spectra are required for Ca 11 infrared
triplet analysis than for Ha or Ca II H and K line analysis.

The shape of the Mg 11 i and k lines is the result of a combination of photospheric
and chromospheric processes. The line cores are generated in the chromosphere, whereas
the wings reflect conditions in the upper photosphere [119]. The relationship between the
stellar surface area covered by plages and the irradiance variations traced by the Ca 11 K,
Mg 11 h and k, and He I lines has been the subject of numerous studies [114,136-138].
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3.2. The Mt Wilson S Index

Although analyses of carefully selected spectral-line characteristics are preferred to
obtain the highest-quality physical parameters of chromospherically active stars, integrated
quantities such as bolometric flux-normalised indices [134,139], EWs [132,140] and absolute
chromospheric fluxes are often employed instead. For instance, Schrijver & Zwaan [141]
provide a power-law parameterisation of the relationship between the magnetic flux density,
|$i|, and the corresponding radiative diagnostic (i.e., the relevant flux measure), F;,

F = aj|¢i|", 8)

where g; is a proportionality constant, i refers to the relevant diagnostic—e.g., X-ray
flux [142], Ca 11 H and K core emission—and the exponent b; increases monotonically with
increasing temperature; it ranges from b;~0.5 for Ca 11 and Mg 11 chromospheric emission
to approximately 0.75 for emission from the transition region (e.g., Si 1v, C 1v), to close to
unity for coronal X-ray emission [141,143].

However, the physical interpretation of integrated quantities is not straightforward,
given that these measures are not true reflections of chromospheric radiative losses [128].
Nevertheless, the Mt Wilson chromospheric activity index, Syw (Equation (9)), is the most
commonly employed chromospheric activity diagnostic [144-147]. For some stars, includ-
ing the Sun, empirical S indices have been measured since the 1960s, primarily through
monitoring at Mt Wilson, Lick and Lowell Observatories. It is derived by measuring the
chromospheric Ca 11 H and K line fluxes, normalised to the nearby continuum:

H+K

R+V’ ©

SMW =«
where H and K are the line fluxes measured in 1.09 A-wide triangular bandpasses (full
width at half maximum, although sometimes 2 A windows are used; see Figure 8), whereas
R and V represent estimates of the ‘pseudo-continuum’” on either side of the lines, measured
in 20 A-wide spectral windows centred on 3901.07 A and 4001.07 A; « is a normalisation
constant, used to link any sample of stars to the Mt Wilson and Lowell Observatories’
reference sample [145,148,149].

The Syiw index requires a correction for line blanketing, i.e., the contribution from
photospheric flux in the line cores. We also need to account for (i.e., normalise) the star’s
bolometric luminosity. The index resulting from having applied the latter corrections is
known as Riy [139,148]. As a first step, we need to convert Syiw to Ry, the total flux in
units of erg cm 2 s ! at the stellar surface in the Ca 11 H and K lines, normalised by the
bolometric flux, i.e., [128,150]

_ hx (10)

= =%,
0T

where ¢ is the Stefan—Boltzmann constant. Wright [147] calibrated Ryk as a function of
(B — V) colour for late-F to M-type stars [151,152]:

Ruk

Ruk = 1.34 x 107*CtSnw, (11)
where
log Ci(B— V) =1.13(B — V)* —3.91(B — V)2 +2.84(B — V) — 0.47. (12)
We next need to account for photospheric contamination of the line profiles, i.e.,
10g Ropot(B — V) = —4.898 + 1.918(B — V)? — 2.893(B — V), (13)

so that
Ri—IK = Rpk — Rphot- (14)
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Figure 8. Triangular bandpass of the Mt Wilson HKP-2 spectrometer, showing active and quiet-Sun
Ca 11 K line profiles. The contribution from photospheric emission is indicated [145] The triangular
bandpass is the result of the rectangular slit of the spectrograph and the detector, which consists of a
series of slits in a rotating wheel that spins in front of a photomultiplier tube. The convolution of two
rectangles is a triangular instrumental profile. (© AAS. Reproduced with permission).

The photospheric contribution, Rphot = Fphot/ aTgﬁ, is most often derived using the
approach of Noyes et al. [139], which is based on the Hartmann et al. [153] method. It
is, however, only valid for stars with 0.44 < (B — V) < 0.82 mag. Boro Saikia et al. [70]
extended the colour baseline to include stars as red as (B — V) = 2.0 mag.

This approach relies on some level of overlap between one’s target sample and the
Mt Wilson and Lowell Observatories’ reference sample (or other, more recently estab-
lished reference samples) [22]. In the absence of any meaningful overlap, one can rely on
measurements of the excess flux, AFc,, instead [42]. The latter quantity is defined as the
stellar surface flux triggered by magnetic activity. It can be calculated by subtracting the
photospheric flux and the ‘basal’ flux from the flux in the Ca 11 H and K lines [154]:

Fia = 10" SywCei Toy, (15)
where [155]
log Ces = 0.25(B — V)3 —1.33(B — V)2 +0.43(B — V) + 0.24. (16)

Karoff et al. [42] provided a calibrated relationship between Rk and the Middelkoop [155]
or the updated Rutten [154] conversion factor, Cy:

Rux = 1.34 x 10" *CosSyw- (17)

The ‘basal’ flux used here is equivalent to the low chromospheric activity bound-
ary [154,156-159]. For magnetically inactive stars, this pertains to their entire surface [160,161].
This basal (in)activity—referred to as ‘immaculate photospheres’ by Livingston et al. [162]—
may be owing to acoustic heating [161,163], turbulent dynamo activity from non-rotating
plasma [164] or low-frequency MHD wave heating through leakage into the lower chro-
mosphere via inclined magnetic flux tubes [163,165]. The basal activity is almost constant
for stars with (B — V) < 1.1 mag; for stars with 1.1 < (B — V) < 1.4 mag, the basal flux
increases linearly with increasing (B — V') colour [70]. Although this trend could imply a
faster spin-down rate for cooler and older stars [139], such rapid changes in the spin-down
rates of cool stars are not expected (see below; [166]). At even redder colours, chromospheric
activity becomes weaker [167,168].

The calibration of Rj; depends on metallicity and evolutionary state, and hence on
stellar colour, in the sense that higher metallicities lead to suppression of the measured
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Rjyk values [169-171]. For dwarfs, a lower boundary to R} has been determined; it is a
function of metallicity, [M/H] [171]:

Rjye = —0.213[M/H] — 5.125. (18)

Fundamentally, this metallicity /evolutionary-state dependence renders a direct com-
parison of Sy for different spectral types unsuitable: for later spectral types, stars become
redder, and so typical K or M dwarfs will naturally have significantly larger Syw in-
dices. This will also have important ramifications for interpretations of the chromospheric
activity—age relation, which we will discuss below. Direct comparisons of Ry are less
affected, since the latter index is a straight measure of the ratio of the chromospheric to the
bolometric flux.

3.3. The Chromospheric Activity—Age Relation

Perhaps the most important diagnostic relationship allowing us to probe the physics
of stars exhibiting chromospheric activity is the chromospheric activity—age relation. It
was first established by Skumanich [34] in the early 1970s on the basis of Ca I H and
K emission, diagnostic lines that were straightforward to observe from most ground-
based observatories at the time. Until recently, it was thought that chromospheric activity
declines smoothly, rapidly and monotonically with increasing age [35,39] for ages up to
about 1.5 Gyr [38,40], beyond which any activity would cease.

The physical mechanism thought responsible for this behaviour is the notion that
stars lose mass through coronal winds, which in turn leads to a reduction in angular
momentum as well as in the torque acting on the stellar surface. In combination, these
effects lead to a gradual decrease in the stellar rotation rate on million-year timescales.
Thus, the extent of braking owing to the decreasing stellar rotation is directly related to a
reduced efficiency in the generation and amplification of magnetic fields at the base of the
convection zone [25,41]. Consequently, a reduction in chromospheric heating follows [139].
Observationally, this will lead to a decrease in the chromospheric flux in the cores of the
diagnostic absorption lines as a function of increasing stellar age.

However, in a series of recent papers Lorenzo-Oliveira et al. [26,41] have challenged
this paradigm. They showed, based on observations of G dwarfs in old open clusters as
well as a sample of 82 solar twins, that the smooth, monotonic decrease in activity extended
with high significance (characterised by a false-alarm probability of just 1%) to ages of at
least t = 6-7 Gyr for solar-mass, solar-metallicity stars aged 0.6-9 Gyr [34,35,39,58,172]
(see Figure 9, left):

(Rig) o 7052, (19)

Lorenzo-Oliveira et al. [26,41] suggested that the earlier conclusion of activity ces-
sation at ages of ~1.5 Gyr might have been caused by a dependence of the Ca 11 H and
K fluxes on mass, effective temperature and metallicity, in addition to selection biases
owing to stellar binarity or multiplicity and contamination by interstellar absorption
lines [173] (see also [38]). Stellar multiplicity can alter the angular momentum evolution of
the primary star [174,175], allowing it to maintain its rotation rate and magnetic activity to
old age. Lorenzo-Oliveira et al. [41] found that the infrared Ca II triplet lines are particularly
sensitive to chromospheric activity in FGK-type stars, thus allowing exploration of the
chromospheric activity—age relation for a wide range of magnetic activity levels, effective
temperatures, stellar masses, metallicities and ages.
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Figure 9. (Left) Age-chromospheric activity relation for solar twins [26]. Red: Location of the Sun;
blue ‘error bar’: Stars younger than 1 Gyr, represented as a single cluster. Shading: 2¢ activity vari-
ability band. (Right) Measured Sy index versus international sunspot number on approximately
the same day [26]. Grey lines: Bisector regression fit results of 10> Monte Carlo simulations based on
the activity dispersion in each sunspot number bin. (© ESO. Reproduced with permission).

3.4. Correlations with Starspot Number

Bertello et al. [176] showed that the solar integrated Ca 1I index correlates linearly
with photospheric sunspot number, whereas the Ca 1I line fluxes correlate better with
solar chromospheric plages (see also [49]). Both phenomena are associated with magnetic
activity. The latitude dependencies of plages and sunspots are similar, whereas the largest
solar plages are typically associated spatially with dark sunspots [163,177-179]. Lorenzo-
Oliveira et al. [26] established a robust and reproducible mean relationship between solar
chromospheric activity and the international sunspot number,! N (see Figure 9, right):

Syw = (3.12+0.28) x 107N + (0.1667 == 0.0003). (20)

Nevertheless, it is as yet unclear whether the correspondence between chromospheric
activity and starspot number is sufficiently tight to warrant the derivation of long-term chro-
mospheric activity cycles similar to those of the well-known photometric cycles [7,180,181].

The Sun is known to exhibit strong correlations among its chromospheric activity,
photospheric flux and eigenmode frequencies (i.e., the normal frequencies with which the
entire system oscillates in a sinusoidal manner; e.g., [22]). Changes in these parameters are
all driven by magnetic flux tubes in the solar interior, which are responsible for changes
in the turbulent velocities in the surface convection zone, thus affecting the eigenmode
frequencies [182,183]. In turn, these changes lead to dark sunspots and bright faculae in
the photosphere, whereas plages are formed in the chromosphere [55]. Karoff et al. [42]
found that stars that are more chromospherically active than the Sun tend to evolve from
starspot-dominated to faculae-dominated; magnetically inactive stars exhibit more constant
spot-to-faculae ratios. The change in the relative dominance of starspots in active stars may
be related to shifts in the distribution of a star’s active regions, in the sense that the area
covered by starspots increases whereas the plage-dominant area becomes more spatially
homogeneous [42,184].

Similar correlations between photospheric starspots and chromospheric plages have
been found for other stars [185-189], although we clearly do not have access to the same
physical scales for other stars as for the Sun. However, Morris et al. [190] showed that this
limitation can be overcome by a combination of time-resolved spectroscopy and precision
photometry. Plages can be traced through observations of the cores of the Ca 11 H and K
lines, whereas stellar fluxes are reduced when a significant fraction of the near-side surface
of a star is covered by dark starspots ([190], and references therein).

Correlations between starspot and plage behaviour often manifest themselves as
a dependence of the chromospheric variability on orbital phase or longitude [113,190].
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This type of chromospheric variability reflects a star’s rotational modulation. In turn,
this can be used to compute the minimum spot covering fraction via the so-called ‘flux
deficit’ [190] (see also [179]), .

fS,min = %r (21)
where F is the stellar flux and c is the spot contrast; ¢ = 0 represents a spot that is indistin-
guishable from the stellar photosphere, whereas ¢ = 1 is a completely black spot (for the
Sun, ¢ = 0.3; [191]). As a star rotates and its spots and associated plages rotate into view,
one would expect the Syw index to increase and the continuum flux to decrease simulta-
neously. However, for a number of their sample G and K stars, Morris et al. [190] pointed
out that as the dark spots rotate out of view, we continue to see evidence of chromospheric
emission (see also [179]). This suggests that the network of plages on those stars is more
extensive than the distribution of the dark starspots. As such, the putative correlation
between chromospheric emission and starspot number remains poorly constrained.

3.5. The Vaughan—Preston Gap: Dependence on Stellar Rotation

The Mt Wilson survey of stellar chromospheric emission [144-146], which monitored
more than one thousand stars over more than four decades until 2003, separated stars into
magnetically active and inactive targets [192-195]. The apparent lack of stars exhibiting
intermediate activity has become known as the Vaughan—-Preston gap [196]. The original
authors suggested that the perceived gap among a sample of 486 F- and G-type stars
from the Mt Wilson survey might be caused by small-number statistics (selection effects)
rather than by a true dearth of intermediate-activity stars [139]. Nevertheless, their study
triggered a significant increase in theoretical follow-up studies attempting to explain the
physical reality of the Vaughan—Preston gap. It is noteworthy that the Vaughan—Preston
gap seems confined to F- and G-type stars, whereas it is not seen among cooler dwarfs [3].

Theoretical explanations put forward to reconcile the Vaughan—Preston gap can be
classified as either an indication of two distinct stellar properties or due to some kind of
temporal effect [139,196]. Among the former are suggestions of two distinct stellar popu-
lations [146,196,197], with young and active stars exhibiting higher values than their old
and inactive counterparts, different stellar dynamo modes or topologies [155,196,198,199]
or rapid, mass-dependent changes in differential rotation, possibly combined with a criti-
cal rotation rate [3,139,200]. Alternatively, a number of authors have suggested that the
Vaughan—Preston gap may be caused by a smooth [139], rapid [201] or critical spin-down
rate of the stellar rotation [139,155,196].

Saar & Brandenburg [194] reported the presence of multiple magnetic cycles in the Mt
Wilson sample of cool stars, where stars initially found on the active (inactive) branch could
exhibit a second cycle on the inactive (active) branch. This implies that a simple separation
of stellar magnetic activity into clearly distinct active and inactive branches may not be
appropriate. Similarly, Bohm-Vitense [199] (see also [146,194,200,202]) also found evidence
of the presence of multiple cycles and the rapid migration of stars between the active and
inactive branches, presumably on timescales of ~200 Myr [201]. Multiple cycles are most
likely detectable in rapidly rotating stars [202]; magnetic cycles can be both regular, i.e.,
solar-like, and irregular [70,146].

Scrutiny of the Mt Wilson sample of F-M-type dwarf stars revealed four types of
stellar chromospheric activity cycles, including variable (25%), (apparently) cyclic (60%),
trend and flat activity (15%) [146]. The more evolved Mt Wilson sample was roughly evenly
split between variable (40%) and cyclic activity (40%, of which 20% exhibited well-defined
cycles) [203], thus implying that as stars evolve their regular activity tends to become more
chaotic. The remainder showed flat activity.

On the whole, cycle lengths correlate with rotation period, in the sense that longer
rotation periods tend to produce longer cycles, with a clear distinction between active
and inactive branches [199,204,205]. Stars exhibiting cyclic behaviour are characterised by
dynamo periods Py between 2.5 and 25 years, which shows some relatively poorly defined
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level of correlation with either the star’s rotation period or its Rossby number, i.e., the
ratio of the stellar rotation period and the correlation timescale of the turbulence. Gomes
da Silva et al. [206] expanded the sample of available M dwarfs, but although half of
their 27 M0-M5.5 dwarfs showed significant cyclic behaviour, a correlation between cycle
length and rotation period could not be determined [207]. By contrast, the activity-rotation
relationship is very clear, in the sense that the stellar chromospheric emission (Ry) is
inversely proportional to the Rossby number over a wide range of spectral types down to
early-M stars [208], except for very fast rotation rates [209].

Photometrically, active stars tend to show more chaotic cyclic behaviour—includ-
ing flip-flop behaviour involving flips between two permanent active longitudes every
few years [210-212] and smaller phase jumps [213-215]—than their ‘normal” counter-
parts [205,216]. Nevertheless, Messina & Guinan [217] found that the observed cycle
lengths seem to converge with stellar age towards the solar cycle value at the Sun’s age,
whereas the overall short- and long-term photometric variability increases with inverse
Rossby number.

The Sun appears to be an anomaly for a star of its colour (temperature) and rotation
period, since it does not coincide with either the active or inactive branches [200]. It is found
somewhat closer to the low chromospheric activity boundary. Recently, Boro Saikia et al. [70]
showed that the perceived bimodality in chromospheric activity may indeed have been a
size-of-sample effect rather than a physical distinction between stars exhibiting either high
or low magnetic activity. They found a higher fraction of activity among bluer and hotter
stars, (B — V) < 0.5 mag, compared with their redder counterparts, (B — V) > 0.5 mag:
see Figure 10. Moving from cooler to hotter temperatures, stars are characterised by rapidly
increasing rotational velocities (for a classical reference, see [218], his Table 1). In turn, this
may lead to the Ca 11 H and K line wings becoming filled in, thus resembling chromospheric
activity [219]. To date, the available evidence suggests that stars may spin down from
high to low magnetic activity, although rapid spin-downs at intermediate activity have not
been observed. A robust assessment as to whether or not this suggestion is borne out by
reality requires accurate determinations of stellar ages and robust measurements of stellar
rotation. The alternative scenario, where the Vaughan-Preston gap is the natural result
of the presence of two or more dynamo mechanisms or geometry can be tested through
a combination of up-to-date dynamo models and spectrophotometry [70]. Nevertheless,
theoretical approaches using MHD simulations of global convective dynamo modes for a
wide range of rotation rates have thus far only offered support for the reality of inactive
branches [220,221].
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Figure 10. Chromospheric activity as a function of (B — V) colour for 4454 main-sequence stars [70].
The dashed grey lines indicate the putative Vaughan—Preston gap. The differently coloured data
points reflect the original surveys the data were taken from ([for details, see [70], their Figure 2). (©
ESO. Reproduced with permission).

4. Chromospheric Activity across the Hertzsprung-Russell Diagram
4.1. Solar-Type FGK Stars

The Mt Wilson survey confirmed that cool FGK-type main-sequence stars other than
the Sun also routinely exhibit magnetic activity cycles [146]. However, unlike the long-term
solar cycle, cool stellar magnetic activity can be categorised into three distinct types, includ-
ing solar-like cyclic activity, highly variable non-cyclic activity and flat activity [70]. Mars-
den et al. [222] concluded, based on the high-resolution spectropolarimetric BCool survey,
that surface magnetic fields associated with chromospheric activity can be detected for
stars with Syw indices in excess of ~0.2.

F-type stars are characterised by very thin outer convection zones. As a consequence,
they exhibit irregular variability rather than proper stellar cycles [223-226]. This may imply
that the physical mechanism at the basis of this type of stellar variability differs from that
driving longer-term stellar cycles [45,46].

G- and K-type stars, including the Sun, tend to exhibit secondary, shorter-term cy-
cles [146,202,227-230], which may be manifestations of a second stellar dynamo in addition
to that responsible for the main stellar (and solar) cycles. It has been suggested that such
secondary dynamos might be evidence of polarity-reversing solar(-like) activity cycles [231].
This could be confirmed using Zeeman-Doppler imaging.

4.2. Late-Type Giant and Supergiant Stars

Chromospheric and coronal activity in evolved late-type stars has been studied for a
long time (e.g., [232,233]) but remain poorly understood. Studies, especially in the X-ray
and UV regimes, (e.g., [56,234-236]) have been carried out to investigate the evolution of
coronal activity of late-type stars as a function of age. The more recent of these studies
have also investigated the impact of chromospheric activity on the evolution of planetary
atmospheres. By and large, some subsets of evolved late-type stars show a range of
chromospheric and coronal activity but, in general, chromospheric activity and rotational
rates decline with age.
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Rutten [3] and Strassmeier et al. [237] showed that giant stars exhibit a general decrease
in their Ca 11 fluxes as a function of increasing rotation period, Prot, although with a large
scatter about the mean. Whereas for a given (B — V) colour the masses of main-sequence
stars are well-constrained, giants span a range of stellar masses. As such, one would not
expect a strong and unique correlation between Prot and Riy, given that the structure of
the convection zone will depend on the star’s mass and evolutionary state. Jordan [238]
has shown, using the sample of Rutten [3], that Rj;x for giants appears to ‘saturate’ at
log Riyx~—4.5 at short periods, although at lower values than for main-sequence stars.

As discussed in Section 2.2, in young stars convection, rotation and turbulent motion
drive a magnetic field which powers their dynamo action and results in significant magnetic
chromospheric activity. During the evolved phases, such as the giant phases, stars undergo
radial expansion and mass loss, which result in the decay of stellar rotation. Whether the
chromospheric activity in evolved stars is due to either the presence of magnetic fields or
the dissipation of mechanical waves, or a combination of both, remains poorly understood.

Observations of cool, evolved giants, supergiants and asymptotic giant-branch (AGB)
stars with the International Ultraviolet Explorer (IUE), the Hubble Space Telescope (HST),
and the GAlaxy Evolution EXplorer (GALEX) have revealed clear evidence of (non-
magnetic) chromospheric emission at UV wavelengths [239]. Near- and far-UV spec-
troscopy of AGB stars obtained with the IUE and the HST reveal that chromospheric emis-
sion lines such as Mg 11, C 11] and Fe II are commonly present [236]. Montez et al. [236] found
that the near-UV emission from at least some of their sample of AGB stars is correlated with
the rise and fall of their visible light curves, thus offering additional support for an intrinsic
origin of the UV emission—either photosperic or chromospheric, or both—rather than it
being due to the presence of a binary companion. Although the chromospheres in these
highly evolved stars appear to be much cooler than the solar chromosphere, it has been
suggested that the level of chromospheric emission remains at a basal level [161,240,241].
Chromospheric heating at these late evolutionary stages could be either due to magnetic
fields or caused by pulsations or wave action ([161], and references therein); the precise
mechanism is as yet unresolved [236]. Yet, the observed UV emission could, in fact, con-
tribute significantly to heating and ionising the circumstellar environment and possibly
drive mass loss.

Uchida & Bappu ([232] and references therein) have investigated the renewal of
chromospheric activity in red giants and supergiants. These studies have revealed a likely
reappearance of dynamo activity in the stellar interior which arises due to the core spin-up.
This core spin-up is thought to be driven by the core contraction that occurs during the
star’s evolution off the main sequence to the giant stage. We refer the reader to Uchida
& Bappu [232] for a detailed explanation. In brief, they propose that as the star evolves
to the giant stage, a region of high differential rotation develops between the core (a
spin-up driven by core contraction) and the envelope (a spin-down driven by envelope
expansion) [242-244]. The differential rotation is likely smeared by angular momentum
transfer, which forces the inner parts of the envelope into shear rotation. The envelope
expansion also drives a reduction in the temperature, resulting in the development of a
convective layer in the envelope from the surface inwards. Given the existence of a layer
with sheared rotation and convection combined with the postulated presence of a remnant
magnetic field, a reappearance of a dynamo layer in the inner parts of the envelope can
be expected. This is likely sufficiently efficient to drive chromospheric activity during the
giant stage [242].

In supergiants, which have evolved from massive stars, it has been postulated that
the chromospheric activity arises from a diluted fossil magnetic field, since these objects
have stronger magnetic fields to start with. Another popular hypothesis is that massive
stars have greater rotational velocities, and in supergiants the magnetic field could be
regenerated by the dynamo process through the differential rotation which survived the
spin-down of the convective envelope [242,243]. These theories are strongly contested by
the fact that the larger ratio of radii in the expansion during the supergiant phase drives



Universe 2021, 7, 440

22 of 39

a larger spin-down ratio which is likely to cancel the effect of rapid initial rotation. The
diluted fossil field and the spun-down angular velocity of the envelope are, therefore, likely
negligible. Studies by Uchida [245] and Uchida & Bappu [232] have investigated this in
detail and suggest that a non-fossil or non-potential field character may be required to
explain magnetic activity, including the heating of the corona in supergiants.

4.3. M Dwarfs and L-Type Brown Dwarfs

Chromospheres in fully convective M dwarfs are significantly more compressed, and
hence characterised by higher densities, than in solar-type stars. Given these higher densi-
ties, Balmer-line cooling in M dwarfs is more efficient than in solar-type chromospheres,
and Hu is the principal diagnostic line [246]. It is as yet unclear how M-dwarf chromo-
spheres are heated. The poorly understood temporal and spatial spot behaviour of M
dwarfs renders interpretation of the usual spectral diagnostics challenging, given that such
features affect the Ca 11 K, Mg 11 k, Balmer and Lyman hydrogen lines in ways that are
currently not yet fully understood. Nevertheless, it appears that M-type turbulent magnetic
fields do not vary significantly, even if the accompanying Ha emission does. M-dwarf
chromospheres are characterised by a range of temperatures and surface coverages; their
filling factors—traced by TiO-band observations—are on the order of 50-80% and M-dwarf
global magnetic fields reach ~2—4 kG. By comparison, the background magnetic field
strength of the quiet Sun is only of order 0.1-0.5 G, with average fields associated with
photospheric sunspots and chromospheric plages reaching 100-300 G [247].

L-dwarf chromospheres, on the other hand, are cooler and have smaller filling fac-
tors [246]. X-ray, Ha, Lyman continuum and radio emission observations of at least some
brown dwarfs, particularly of types earlier than mid-L, show evidence of the presence of
higher-temperature regions reminiscent of chromospheres or hot coronae in their upper
atmospheres (pressure P < 1 bar; [167,168,246,248-254]). The implied boundary at mid-L
brown dwarf types may be real and might be associated with the threshold for core hydro-
gen burning [255], with chromospheric activity—as traced by the ratios of the X-ray and Ha
luminosities to the bolometric luminosity—decreasing towards later types [167,253,256].
Nevertheless, despite being rapid rotators, chromospheric activity in cooler stars is signifi-
cantly weaker than in their hotter, more massive counterparts. This could be because of
the chromosphere’s origin at the top of a neutral stellar atmosphere, which might prevent
development of magnetic activity [167,257].

Sorahana et al. [258] obtained near-infrared spectra of a small sample of early to
late L-type dwarfs, which yielded heating signatures in excess of the expectations from
theoretical model spectra pertaining to simple stellar atmospheres (see also [259]). They
interpreted their results as evidence of the importance of chromospheric activity in early-
type brown dwarf atmospheres. However, they conceded that a similar effect could be
caused by a hot corona, separately or in addition to the presence of a chromosphere. These
authors concluded that the additional heating they observed was responsible for triggering
significant changes in the atmospheric structure of their sample objects, particularly of the
CH, abundance, as reflected by a reduction in the 3.3 pm CHy absorption feature. Similarly,
the 2.7 um HO and the 4.6 um CO-band features also exhibited reduced strength. It
is, however, not straightforward to ascertain the extent to which chromospheric activity,
specifically atmospheric heating, contributes to the reduced strengths of these near-infrared
absorption features. Their strength is directly affected by radiative transfer processes,
which are subject to changes in, e.g., the molecular number density, excitation levels and
the velocity structure of the free electrons. In addition, the increased temperatures in
the brown dwarfs” upper photospheres cancel the effects of their increased molecular
abundances, hence further reducing the absorption strengths.

The mechanism responsible for the upper-atmospheric heating of brown dwarfs is
likely associated with the generation of a magnetic field through dynamo action in the
upper convective envelope near the brown dwarf’s surface, where energy is transported
upwards [254,260]. Atmospheric heating of the upper atmospheres is then sustained
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by a fraction of the dissipating surface magnetic waves—likely Alfvén waves that carry
Poynting flux [255]—which propagate upwards. In the upper atmospheres, ionisation of
the dust and molecules is driven by thermal effects (heating) but also by collisions between
charged dust grains, inter-grain electrical discharge, cosmic rays, Alfvén ionisation and
Lyman continuum irradiation [254,261-265].

5. Close Binarity and Stellar Chromospheric Activity

Rapidly rotating evolved binary systems with close, tidally locked and cool compo-
nents tend to be strongly magnetically active. They may, hence, exhibit chromospheric
activity, e.g., in the form of Ha emission. In this section, we will specifically address the
chromospheric activity and variability associated with RS Canum Venaticorum (RS CVn),
BY Draconis (BY Dra), W Ursae Majoris (W UMa) and Algol binary systems. Figure 11
offers some examples of the wide variety of light-curve shapes found for close binary
systems. Table 1 summarises the key properties of the chromospherically active binary
populations we will discuss in the next four subsections.

Table 1. Properties of chromospherically active binary populations.

a Loy Period Chromospheric

Type Components Variability (Days) Diagnostics ?
RSCVn 1: F-K (sub)giant AV < 0.6 mag >a few ¢ CannHK

2: G-M subgiant/dwarf Ha
BY Dra 1: K-M red dwarf AV < 0.5 mag 1-5 CalnHK

2: G-K subgiant/dwarf
W UMa (A) A-F AV < 0.75 mag 04-0.8 CannHK
W UMa (W) G-K AV < 0.75 mag 0.2-0.4 Mg 1 h, k
Algols 1: B-F main sequence AV < 1.0 mag a few CanmHK

2: G-K subgiant Ha

Notes: @ 1, 2: Primary, secondary components; * RS CVn and BY Dra: Strong emission; W UMa and Algols:
Generally weak(er) emission; © Up to years.

126 F LI e

'KIC 7871200, N=6008

KIC 892376, N=63

Figure 11. Example light curves (relative magnitudes) of the main types of close binary systems
discussed here, obtained from the Kepler Input Catalog (KIC). From top to bottom: W UMa, Algol,
BY Dra (Te¢ = 3800 K) and RS CVn (T,¢ = 6100 K). For each type of close binary system, we also
indicate the number of cycles shown (N), and hence the level of period-to-period variation. (Credit:
Xiaodian Chen).

5.1. Rs Canum Venaticorum Systems

RS CVn systems are binary systems containing an F- to K-type giant or subgiant
primary star. They feature active chromospheres—as traced by strong Ca 11 H and K
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emission—and large photospheric starspots. The latter may cover as much as 50% of the
stellar surface [113,180,266]. They are likely accompanied by co-located plages, as traced
by increasing Hx EWs caused by increased electron densities ([186], and references therein).
The secondary components are G-M-type subgiants or dwarfs. They tend to be located
well inside the systems” Roche lobes. As such, these systems are close binaries which are
(close to) tidally locked.

The orbital motions of the binary components cause the starspots to rotate into and
out of view, hence resulting in V-band luminosity variability of up to 0.6 mag [267,268].
These large variations in brightness are usually accompanied by large in-phase colour
variations. This suggests the presence of large, cool spotted areas.

The associated timescale of variability ranges from approximately the systems’ orbital
periods (a few days, although these are subject to orbital period variations) to years.
Year-long timescales are related to the spot surface coverage fraction, but the origin of
shorter-term variations is often unclear. The latter are usually not attributable to pulsations,
eclipses or ellipticity.

Modern astrophysics assigns RS CVn systems to one of five categories, formally
proposed by Hall [269] (see also [266,270]):

1.  Regular systems, characterised by orbital periods of 1-14 days. The hotter component
is of spectral type F or G and luminosity class V (or IV). Strong Ca 11 H and K emission
is observed outside eclipses;

2. Short-period, detached systems with orbital periods < 1 day. The hotter component
is similar to those of the regular RS CVn systems. One or both components exhibit(s)
Ca 11 H and K emission;

3.  Long-period systems with orbital periods > 14 days. Either component is of spectral
type G-K and luminosity class II-IV. Strong Ca II H and K emission is observed
outside eclipses;

4.  Flare star systems, where the hotter component is of spectral type dKe (a K-type main-
sequence star/dwarf exhibiting emission) or dMe (an M-type red dwarf showing
emission) and features strong Ca II H and K emission;

5. V471 t-type systems, where the hotter component is a white dwarf and the cooler,
G-K-type component again exhibits strong Ca 11 H and K emission.

In all cases, strong emission cores seen in the centres of the ubiquitous Ca 11 H and K
absorption lines—often much stronger than in single stars of the same spectral types—is
interpreted as evidence of enhanced chromospheric activity. In fact, RS CVn systems
represent excellent tracers of the upper limits of chromospheric activity given that their
atmospheres approach saturation [269]. However, note that the Ca 11 H and K emission
strengths do not usually correlate with the systems’ orbital periods [113,121]. This suggests
that the Ca 11 H and K emission is either not solely concentrated in active regions or,
alternatively, that active regions cover most of the stellar surfaces. Similarly, the behaviour
of Mg 11 h and k emission observed for A Andromedae is similar to that of the Ca 11 Hand K
emission [1]. Hx emission in RS CVn systems is usually composed of a broad and a narrow
component. The former traces microflares in the stellar chromospheres [113,123,271,272],
whereas the latter appears to be rotationally modulated [113].

Magnetic activity is also evidenced, in some cases, in the form of X-ray variability
associated with magnetised coronae [266], transition region emission or flares at optical,
X-ray, UV and radio wavelengths [113,126,163,266,273-275]. Note that the photometric and
spectroscopic characteristics of FK Comae stars closely resemble those of RS CVn stars,
although the former are single, rapidly rotating giant stars that do not show any evidence
of multiplicity. They may be evolved, coalesced products of W UMa contact binary systems,
although that scenario remains disputed ([266], and references therein).

5.2. By Draconis Systems

Magnetic activity similar to that seen for the Sun, in the form of strong optical flares,
was first discovered on red dwarf stars of types K-M, that is, lower main-sequence stars
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with masses ranging from the core hydrogen-burning limit at 0.08 M to 0.5 My for
MO-type stars [266]. Such red dwarf stars are now known after their prototype, UV Ceti.
In binary systems involving red dwarf stars, periodic brightness variations of up to AV
~0.5 mag (although amplitudes of 0.1 mag are more usual; [266]), were first noticed as
out-of-eclipse light-curve distortions. Starspots covering up to 10% of the stellar surface
as a possible cause of those distortions, combined with rotational modulation, were first
proposed by Kron [276,277] (see also [278-280]).

Composed of a red dwarf and a G- or K-type component, BY Dra objects—70%
of which are close binary systems [141]—are among the most chromospherically active
objects. They exhibit strong Ca 11 H and K emission out of eclipse. Spectroscopically, BY Dra
systems closely resemble RS CVn systems. They can be distinguished on the basis of their
luminosities, however. BY Dra systems are systematically fainter than RS CVn binaries.
BY Dra light curves exhibit periods close to the systems’ rotation periods, 1-5 days [141],
although the brightness variations are usually irregular between successive periods. In
essence, therefore, BY Dra systems exhibit quasi-sinusoidal variability owing to rotational
modulation combined with slow changes in their mean brightness caused by changes in
the distribution of the spotted regions [281]. Their high rotation rates, characterised by
circular (equatorial) rotation velocities, v. > 5 km s, suggest that these objects are either
young stars that have not yet been rotationally braked or stars that are tidally locked in
close binary systems [141].

5.3. W Ursae Majoris Common Envelope Systems

W UMa systems are low-mass, ‘overcontact” binaries, where both solar-type com-
ponents have completely filled their Roche lobes, mass transfer from the larger, more
massive component to the smaller, less massive component is ongoing, and both compo-
nents are tidally synchronised. As such, W UMa components share a common convec-
tive envelope. Both components of W UMa systems are characterised by rapid rotation,
v¢ sini~100-200 km s~! ([266], where i is the angle with respect to our line of sight), with
periods ranging from P = 0.2 days to P = 1.0 day. They exhibit continuous light-curve vari-
ability. Approximately 0.1% of the F-K-type dwarfs in the solar neighbourhood are W UMa
systems [282]; they comprise 95% of eclipsing binaries in our local volume in the Milky
Way [283]. These systems are most likely formed through nuclear evolution of the most
massive component in the detached phase (A subtype, EA) or through angular-momentum
evolution within the convective envelope (W subtype, EW; [284,285]).

An increasing body of evidence, including from Doppler imaging [286-288], supports
the notion that W UMa systems, and in particular the primary components, exhibit strong
magnetic activity in the form of starspots (covering both components; [266], and references
therein), flares, strong chromospheres and coronae [289]. In turn, this suggests that these
systems are subject to strong angular momentum loss and (relatively weak) magnetic
braking by magnetised winds ([290], and references therein). In strongly magnetised
objects like W UMa systems, stellar winds are released along the coronal magnetic field
lines, which have their origin in the stellar surface convection zones. Angular momentum
losses are substantial, given that the magnetised environments force the mass outflows to
co-rotate with the host stars out to significant distances [290].

Rucinski et al. [289] showed that rapidly rotating W UMa systems obey a period—
magnetic activity relation, with the activity increasing towards shorter periods. This
relationship is monotonous until it reaches saturation for very rapid rotators, particularly in
the X-ray emitting coronae. This saturation level is caused by a decrease in the filling factor,
caused by the common envelope configuration, where matter flows from the secondary
to the primary component, and vice versa. This results in partial coverage of the stellar
surfaces and thus to suppression of long-lived magnetic structures [291]. In the stellar
chromospheres, the rapid rotation causes extensive broadening of the spectral lines, hence
rendering observation of Ca II H and K emission cores in the centres of those absorption



Universe 2021, 7, 440

26 of 39

lines difficult or impossible. The same problem is encountered for the Mg 11 & and k
lines [197,290].

Nevertheless, because of the common envelope configuration of W UMa systems,
orbital modulation of the magnetic activity indicators is significantly reduced and chromo-
spheric activity is distributed fairly uniformly across the convective envelope, provided
that both components are indeed in contact. As such, the flux in a given emission line is
constant over the orbit [289,292]. If the components are not yet fully in contact with one
another, some orbital modulation may result [293]. At present, the influence of very high
rotation rates on the structure of the convection zone is as yet poorly understood, as are
the effects of differential rotation. Resolving these uncertainties may require updates to our
current understanding of the stellar dynamo mechanism.

5.4. Algol Binaries

A fourth type of rapidly rotating (v, sini~30-100 km s~1) [266], tidally locked, semi-
detached eclipsing binary systems featuring magnetic activity comprises the so-called
Algol-type systems. Algols are composed of a hot, B-F-type main-sequence primary com-
ponent and a cooler, less massive G-K-type subgiant secondary, which both tend to rotate
synchronously with their orbital periods. The cooler component is usually characterised
by a deep convective envelope that fills the star’s Roche lobe; the hotter star’s Roche lobe
is not filled. Combined with their rapid rotation, these boundary conditions give rise to
the occurrence of starspots and other evidence of magnetic activity [294] on the secondary
component, similarly to RS CVn, BY Dra and W UMa systems.

As for the other types of close binary systems discussed above, chromospheric
activity—manifested in the form of starspots and flares—is observed through Ha and
Ca 11 H and K emission, although not necessarily strong emission [295-297]. Coronal
magnetic activity, exclusively associated with the secondary component [298], is exhibited
through X-ray and radio emission [299-301]. Since starspots only cover the cool stellar
component, they can only be observed (e.g., by means of Doppler tomography) during
primary total eclipses. This thus only gives us access to a single hemisphere of the cool
component. Orbital modulation of the light curves is commonly observed at a level of
~1 mag [266,298].

Algols exhibit regular periods on timescales of a few days. However, on longer
timescales their periods may vary because of, e.g., the effects of mass transfer (at rates
of M~10~11 — 1077 Mg, yr 1) [298], causing a gradual increase in the period), magnetic
activity (through the Applegate [302] mechanism, which may lead to AP/P ~ 107%) or
magnetic braking of the close companions.

6. Open Questions and Current Trends

Scientific interest in stellar and solar chromospheric physics tends to cycle through
periods of decline followed by periods of rapid resurgence. A quick glance at the bibliogra-
phy included at the end of this review article suggests that the community’s most recent
peak of interest occurred in the two decades straddling the turn of the century. However, a
renewed surge in interest is witnessed at the present time. This is most likely related to the
coming online of new time-domain surveys, both photometric and spectroscopic. These
will facilitate large-scale statistical studies of the chromospheric properties of individual
stellar types. Theoretical advances have long been limited by the relative dearth of time-
series data and wavelength coverage. Recent observational developments are now also
leading to a resurgence in theoretical studies of stellar chromospheric physics.

Whereas the ‘Convection, Rotation et Transits planétaires” (CoRoT) space mission
(2006—-2013) provided important new insights [223,225], its sample size was limited. The
field was given a significant renewed impetus by the availability of high-cadence photo-
metric observations obtained as part of the Kepler Space Telescope’s main and K2 surveys
(2009-2018). More recently, the Zwicky Transient Facility (ZTF)” and the Large Sky Area
Multi-Object Fibre Spectroscopic Telescope (LAMOST) Medium-Resolution Survey have
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further opened up this field by providing large numbers of high-quality photometric and
spectroscopic time-series observations, respectively [53,303,304].

Research questions that could not be tackled previously because of the limited avail-
ability of time-series data [42] are now coming within reach. Such questions include those
relating to, e.g., short-term chromospheric variability of main-sequence stars and its physi-
cal drivers, long-term stellar magnetic cycles [114] and those pertaining to chromospheric
activity associated with some types of close binary systems, in particular BY Dra and Algol
systems (which still lack sufficient observational constraints). More fundamentally, how-
ever, armed with statistically significant data sets, we can now truly take a two-pronged
approach. The current extensive time-domain coverage of stellar spectral types allows
us to address and quantify stellar chromospheric activity across a wide range of stellar
masses and ages, whereas the Sun’s close proximity facilitates high-resolution observations
of its chromosphere, offering hope that we may use and extrapolate insights gained from
studying the solar chromosphere to test hypotheses about stellar chromospheres in general.

The current data bonanza is set to continue with the recent (2018) launch of the
Transiting Exoplanet Survey Satellite (TESS) and the construction of the 8.4 m-diameter
Vera C. Rubin Observatory (first light currently expected in early 2023). High-cadence TESS
observations, spanning approximately 45 days for each object and characterised by near-
constant coverage of stars near the ecliptic poles, has started to yield crucial information on
stellar rotation and potentially even of hard-to-measure surface differential rotation [305].
Once operational, the Rubin Observatory’s Legacy Survey of Space and Time will map the
entire observable sky once every three days in five passbands to a depth of V ~ 25 mag
and with a target precision of 5 mmag. For high-cadence observations of the Sun, the Solar
Stellar Spectrograph® continues to produce long-term time-series data; complementary
observations from the TIGRE survey [306] are starting to become useful [307].

Observationally, this field has benefited tremendously from its versatility. Major
contributions can be made based on observations obtained with even intermediate-sized
telescopes (e.g., LAMOST, ZTF) at both ground-based and space-borne observatories and
across an extensive wavelength range from extreme UV to infrared wavelengths [255].
During the past few decades, solar chromospheric physics has become much better in-
tegrated into the field of stellar chromospheric physics, in the sense that the Sun is now
increasingly considered in its context as a G-type star. Yet, a crucial question remains
unanswered conclusively, i.e., whether or not the Sun’s chromosphere is ‘special” or instead
rather average [70,114,163]. To provide a conclusive answer, we need access to statistically
significant samples of solar twins or analogues. This is now coming within reach. A
conclusive answer to this fundamental question will, in turn, allow us to address whether
the Sun’s chromospheric variability and cyclic behaviour is typical among stars of its type
and how these new constraints can help us constrain the physics of the solar dynamo. In
fact, we can construct a ‘chromospheric Hertzsprung—Russell diagram’ [163,165] to show
with a high level of confidence where we would expect to find Sun-like chromospheres
and so identify expanded samples of solar twins or analogues. Such a diagnostic diagram
may also aid in exploring important aspects of stellar structure and evolution that are as
yet poorly understood.

The wealth of new observational data has not yet been mined beyond the proverbial
low-hanging fruit. Statistical studies yielding improved stellar ages—including ‘chro-
mospheric ages’ [163]—are crucial for understanding stellar chromospheric activity as a
function of the host star’s age and evolutionary stage [275,303]. Beyond simply expand-
ing our samples to achieve statistically significant compilations, to better understand the
growing samples of solar twins we should also expand our wavelength coverage from the
commonly used Ca 11 H and K triplet lines to both shorter (extreme UV, X-rays) and longer
(infrared, radio) wavelengths. An extended wavelength range and observations extended
to fainter magnitudes will offer direct access to a multitude of independent diagnostic
lines, whose spectroscopic observations will be most useful if observed simultaneously
with photometric monitoring [308]. Finally, new insights—e.g., in the context of starspot
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studies—will be forthcoming from observations with ever larger telescopes equipped with
high-resolution (R 2 50,000) cross-dispersed echelle spectrographs [266], high-resolution
spectropolarimetry [309,310] and/or optical interferometry [266].

With the coming online of large-scale photometric and spectroscopic survey databases,
the theoretical underpinning of our understanding of stellar and solar chromospheric
physics has seen a resurgence. Whereas previously empirical chromospheric models were
often applied successfully to small samples of chromospherically active stars, they would
break down when applied to other or larger samples. As a consequence, many of the
boundary conditions governing chromospheric physics were poorly delineated. This is not
surprising, given the complexity of stellar atmospheric physics and the chromosphere’s
place within that framework. Chromospheres cannot be treated in isolation. The discov-
ery of tight power-law correlations between emission in photospheric, chromospheric,
transition-region and coronal spectral lines implies that stellar atmospheres must be treated
holistically, with each layer intricately connected to the other layers. A full understanding
of solar and stellar chromospheres hinges on a reconsideration of the structure of the
inner atmospheres of different stellar spectral types, including additional hydrodynamic
processes and effects related to the presence of dust, for instance.

Spatially varying starspot coverage and non-homogeneous magnetic flux tube distribu-
tions, combined with rotational modulation, complicate theoretical developments [165]. Al-
though uniform starspot coverage provides the best match of theoretical models for rapidly
rotating stars, more slowly rotating stars tend to be more spotty. This should serve as an
important motivation for research into the time-dependent radiative emission associated
with different mixtures of magnetic and non-magnetic surface structures. Whereas stan-
dard MHD modelling relies on multiray one- or 1.5-dimensional atmospheric prescriptions,
full three-dimensional radiative transfer approaches based on realistic (magneto-)acoustic
wave frequencies, multilevel atomic transitions and self-consistent treatment of mode
coupling between longitudinal and transverse tube waves are under development. Such
approaches promise important new insights, including into e.g., the heating of multi-
component atmospheres, the evolution of magnetic activity in the Hertzsprung—Russell
diagram and the role of magnetic braking in chromospheric heating [165].

From an ensemble species perspective, as discussed in detail in Section 3.5 the reality
of the Vaughan—Preston gap is still a matter of debate. If this feature eventually proves
real, it raises the important question as to what it implies for the evolution of the magnetic
dynamo that drives the chromospheric activity. As we pointed out in Section 3.5, however,
questions have been raised as to its physical reality [70]. Boro Saikia et al. [70] pointed out
that if the gap is not real, it suggests that main-sequence stars are born with strong activity.
As they spin down, they become less active, eventually attaining a quiescent activity level
without any sudden break at intermediate activity. Accurate determinations of stellar ages
and robust measurements of stellar rotation are required to shed conclusive light onto this
question. The alternative scenario, where the Vaughan—-Preston gap is the natural result
of the presence of two or more dynamo mechanisms or geometry can be tested using a
combination of dynamo models, Zeeman-Doppler imaging and spectrophotometry [70].

Thus far, modelling of the chromospheric activity—rotation relation has only yielded
direct support for the reality of a magnetically inactive branch, defined by the so-called basal
flux. However, even the physics driving the basal flux level is, as yet, poorly understood
theoretically. Cuntz et al. [165] advocated the urgent need for more realistic models. They
summarised the basis requirements of any such model, which should include:

*  Acoustic frequency spectra instead of monochromatic waves;
e Thermal bifurcation due to CO molecules; and
e  Time-dependent ionisation of hydrogen.

These adjustments have a direct impact on the behaviour of the workhorse chromo-
spheric Ca 11 H and K fluxes, and so such developments are expected to have a major
impact on further developments in this field.
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Given these multifaceted developments, the prospects for major advances in our
understanding of the details of stellar chromospheric physics are tantalising. We look
forward to this field maturing rapidly, both observationally and theoretically.
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