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Abstract

The Sun, stars similar to it, and many rather dissimilar to it, have chromospheres, regions
classically viewed as lying above the brilliant photosphere and characterized by a positive
temperature gradient and a marked departure from radiative equilibrium. Stellar chromo-
spheres exhibit a wide range of phenomena collectively called activity, stemming largely from
the time evolution of their magnetic fields and the mass flux and transfer of radiation through
the complex magnetic topology and the increasingly optically thin plasma of the outer stellar
atmosphere. In this review, I will (1) outline the development of our understanding of chro-
mospheric structure from 1960 to the present, (2) discuss the major observational programs
and theoretical lines of inquiry, (3) review the origin and nature of both solar and stellar
chromospheric activity and its relationship to, and effect on, stellar parameters including total
energy output, and (4) summarize the outstanding problems today.
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1 Introduction

This is a review of stellar chromospheric activity. 1 will discuss how scientists have defined this
term in Section 2, but for now, let us consider the scope of the problem. The chromosphere (in the
classical, stratified, and highly oversimplified view) is an intermediate region in the atmosphere
of a star, lying above the photosphere and below the corona. Chromospheric activity, which en-
compasses diverse phenomena that produce emission in excess of that expected from a radiative
equilibrium atmosphere, is tightly linked to changes in the stellar magnetic field, whether periodic
or irregular, and is therefore tied to the structure of the subsurface convection zone, the star’s
rotation, and the regeneration of the magnetic field via a self-sustaining dynamo. Since the chro-
mosphere is not in radiative equilibrium, non-thermal mechanisms of energy deposition must be
present, and they take both magnetic and non-magnetic forms. The luminosity of the Sun and
Sun-like stars is correlated with their activity levels, so chromospheric activity and phenomena
associated with both affect the rarefied outer atmosphere of the star, and to some extent reflect
the star’s global properties.

This swarm of facts can be rearranged into a crude but somewhat more succinct picture: the
structure of the chromosphere is profoundly affected by the interior structure of the star as well as
its gross parameters (e.g., mass, rotation rate), and the chromosphere in turn profoundly influences
the nature and variability of the emergent spectrum, particularly in the ultraviolet. Understanding
chromospheric activity and variability is therefore essential to a complete understanding of the
physics and evolution of a star and, by virtue of the ionizing ability of the short wavelength radiation
it emits, to an understanding of the variability of the heliosphere and Earth’s atmosphere.

Studies of the chromospheric activity of stars have benefited greatly from complementary stud-
ies of the Sun, to the point that a review of stellar chromospheric activity would be woefully
incomplete without devoting significant space to solar studies. While the stars provide a labora-
tory for deducing chromospheric properties across a range of masses and ages, the Sun’s proximity
allows high-resolution observation of one (hopefully typical) chromosphere, which we can use as a
springboard to test hypotheses about stellar chromospheres in general, and as a vital picture of
what the unresolved stellar structures may look like. Therefore, although I use the terms solar
and stellar to mean “Sun” and “other than Sun”, I will take care not to consider solar and stellar
studies in isolation.

These considerations open a number of portals into an enormous literature, so this review could
be of deadly proportions. To keep things manageable, I have condensed the material into three
sections, each addressing one of three broad questions.

In Section 2, I ask the deceptively simple question: What is a chromosphere? This encompasses
the definition of a few essential terms.

In Section 3, I ask: What does a chromosphere look like? Here I summarize the development
of chromospheric activity research, both theoretical and observational, since about 1960, with the
general purpose of showing how our understanding of chromospheric structure has evolved from
the classical, time- and space-averaged view to today’s dynamic picture.

In Section 4, I address the question: How does a chromosphere vary with time? With an
emphasis on long-term, synoptic observations of Sun-like stars, I review how activity is manifested
in the chromosphere, how it evolves, and the astrophysical as well as practical implications of this
variability.

Each of these sections has several subsections that deal with a particular aspect of the question
under consideration, covering the historical context as well as the present state of our understand-
ing. Throughout, I attempt to point readers to recent work as well as the fundamental references,
given the relative ease today of searching both backward and forward through the literature using
online resources. Anecdotes and further entry points into the literature are provided in the Going
further subsections that conclude each of Sections 2, 3, and 4.
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Finally, in Section 5, I revisit the question of what constitutes a chromosphere with the more
complete perspective that the previous sections provide, and offer a few thoughts about productive
lines of work in the next decade.

Per the guidelines for a Living Review, I assume throughout that the reader has at least a
beginning graduate training in astrophysics, but is not as afflicted by an interest in chromospheres
as the author or those cited herein. The sections hopefully are both useful summaries of the
literature for stellar workers and readable introductions for non-specialists and students. (For each
interesting study and result cited, I must apologize to the authors of the 20 or 30 complementary
references omitted or overlooked.) If by the end one has a general idea of what a chromosphere
looks like, how it varies with time, and what researchers are working on today, I have achieved the
intended result.
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2 Background and Definitions

2.1 What is a chromosphere?

In this section, I present a qualitative description of the chromosphere and its characteristics,
prefatory to a similarly introductory definition of activity in Section 2.2.

The outer atmosphere of the Sun is invisible in white light, washed out by the brilliant radiation
from the photosphere. Awareness of the Sun’s outer atmosphere developed during the 1700s and
1800s thanks to total eclipses, as observers began to take note of the extended corona, as well as
the “red flames” we now call prominences and the pink ring of emission at the solar limb that we
call the chromosphere (see Figure 1). These phenomena were confirmed to be of solar rather than
terrestrial origin by the mid 1800s, and spectroscopic observations began with an eclipse visible in
India and Malaysia in 1868. Observations were soon being made outside of eclipses as well, using
prism spectrometers to image the Sun in narrow emission passbands. The early observations led
promptly to the discovery in the solar spectrum of a new element, appropriately named helium,
some two decades before it was discovered on Earth. Subsequent work led to the realization that
spectra of both the chromosphere and the corona contain numerous emission features of high-
temperature ionized species, indicating that temperature in the solar atmosphere, after dropping
from ~ 6500 K to 4400 K (and possibly down to 3800 K in places) through the photosphere, rises
to an extended plateau at about 7000 K in the chromosphere, and then abruptly jumps to over
1,000,000 K in the corona. More fundamentally, the physical extent of the temperature rise is
incompatible with thermal processes alone, so the escape of energy from the photosphere to empty
space must involve mechanisms beyond simple equilibrium transfer of radiation.

Figure 1: Two views of the Sun during a total solar eclipse. Left: the pink chromosphere is visible, its
color stemming from Ho emission at 6563 A (image courtesy Dr. William Cohen; used by permission).
Right: the corona is visible in scattered photospheric light (image by Bill Livingston/NSO/AURA/NSF).

The term chromo-sphere carries at least some implication that we are considering a “layer” of
plasma overlying the photosphere, but it has long been known that the chromosphere is quite het-
erogeneous. Roberts (1945) published observations of “small spike” prominences, which he called
spicules and which are both ubiquitous and evanescent features of the chromosphere, appearing and
disappearing on timescales of minutes. They and their larger cousins, the macrospicules (Bohlin
et al., 1975), are tightly collimated jets of plasma streaming upward through the chromosphere.
Spicules are bright in Hea, giving the chromosphere its pink color, while the larger and hotter
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macrospicules are also prominent in extreme ultraviolet images (see Figure 2). Alongside these
bright features, however, we observe widespread and extremely cool gas at chromospheric heights,
revealed by the presence of CO bands and picturesquely described as a chromospheric “heart of
darkness” (Solanki et al., 1994). These observations, along with others I will discuss later, put
to rest any notion that the chromosphere constitutes a well-defined layer; rather, it is extremely
inhomogeneous, variable on short and long timescales, and characterized by strongly confined and
directed regions of hot plasma that suggest a complicated magnetic topology.

Figure 2: Top: Roberts (1945) published photographs of chromospheric spicules taken eight minutes
apart (image A and B), illustrating their rapidly changing character; note especially the appearance of
two well-defined spicules at left in image B (from The Astrophysical Journal). Bottom: An image of the
Sun obtained by the Solar and Heliospheric Observatory (SOHO) in the light of He1r at 304 A. The huge
prominence at right (which Huggins, Lockyer, and their 19th century contemporaries would have called
a “red flame”) dominates the scene, but elsewhere are numerous macrospicules, especially at top. The
chromosphere is highly inhomogeneous, dynamic, and topologically complex (image courtesy SOHO /EIT;
ESA and NASA).

Small wonder, then, that researchers have struggled with the apparently simple question, what
is a chromosphere? Numerous definitions have been advanced, variously based on height, temper-
ature, physical processes, or some combination thereof. Reviewing this question herein will be a
circular task, since activity itself defines the chromosphere to a significant extent, but for now let
us consider Figure 3, from the definitive “early” model of the solar chromosphere (Vernazza et al.,
1981). Height in the atmosphere increases to the left, and the lower s-axis shows the column mass
density.

In this model, the temperature declines through the photosphere to a height of about 500 km,
rises slowly to about 8000 K at 2000 km, and then rises sharply. For now, let us take a working
definition of the chromosphere to be the regions of a stellar atmosphere (a) where we observe
emission in excess of that expected in radiative equilibrium and (b) where cooling occurs mainly
by radiation in strong resonance lines (rather than in the continuum as is mostly the case in the
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photosphere) of abundant species such as Mgt and Ca1r. If we take the naive view that this defines
a homogeneous, spheroidal shell in the solar atmosphere, then Figure 3 suggests that for the Sun,
the chromosphere is roughly 1700 km thick and reaches perhaps 25,000 K in its uppermost part.
As discussed above, the picture is considerably more complex, so our definition is intentionally
worded to avoid speaking of parameters like heights and temperatures, but rather of two essential
chromospheric physical processes, and giving no implication that these processes occur in a spatially
uniform way.
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Figure 3: Figure 1 from Vernazza et al. (1981). The temperature structure derived from a semi-empirical
model of the solar chromosphere is presented, along with the formation heights of important lines and
continua. Very roughly, the solar chromosphere lies between the temperature minimum at right and the
rapid rise toward transition region and coronal temperatures at ~ 2300 km. A few important points: (1)
heating and cooling via hydrogen is sufficiently central to chromospheric energy balance to form part of
a definition of a chromosphere, (2) other than a very limited set of features such as Cann H & K, He,
and the Call infrared triplet, chromospheric lines lie in the UV or beyond and are not accessible from the
ground, and (3) a given point in a real chromosphere may look profoundly different from this “average”
chromosphere.

2.2 What is activity?

Having developed at least an approximate definition of a chromosphere in Section 2.1, let us now
define activity.
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In a stellar atmosphere in radiative equilibrium (RE), energy transport through the plasma is
purely by radiation, and any heat absorbed from the radiation field is balanced by the thermal
emission of the plasma back to the photon flux, to maintain the outward flow of energy from the
deep interior. It has been known for some time that the outward temperature rise one usually
associates with a chromosphere can occur under special circumstances in radiative equilibrium
(e.g., Cayrel, 1963; Auer and Mihalas, 1969; Skumanich, 1970), but also that emission reversals in
prominent Fraunhofer lines such as Ca1l H & K are a sure sign of departures from RE; additional
mechanisms of heating, generally termed activity, are required to explain the additional radiative
losses in these and other lines. This activity takes two principal forms.

Babcock (1961) described a model by which a self-regenerating magnetic field could explain
the principal features of visual and magnetic observations of the sunspot cycle, and since then the
evolution and variability of solar and stellar magnetic fields has been found to account for much
of what we observe as activity in the chromosphere and corona, via heating by Alfvén waves or
transport of mechanical energy along the magnetic “conduits” into the outer atmosphere. Much
of this review, therefore, will be concerned with our theoretical and observational understanding
of the magnetic properties and behavior of stars.

An alternative form of activity was proposed by Biermann (1948) and Schwarzschild (1948),
who discussed how the solar granulation, which occurs as myriad convective cells rise to the solar
surface and release energy in the photosphere, could generate a continuous stream of acoustic waves
that propagate into the outer atmosphere, heating it as they develop into shocks and dissipate.
Dissipation of acoustic energy as a source of extra heating, and how it propagates into the outer
stellar atmosphere, has since been widely explored.

This activity is not only central to the definition of a chromosphere, but drives its essential
structure in the following qualitative way. As noted just above, in the Sun and stars like it,
phenomena exist that dump mechanical energy into the atmosphere overlying the mainly neutral
photosphere, causing heating beyond the expected RE values for the increasingly tenuous plasma.
The plasma can balance the energetic books through a steadily increasing hydrogen ionization
fraction as it warms from ~ 5000 to ~ 8000 K, which releases a large pool of electrons that allows
the collisional radiative cooling that forms part (b) of our definition above. This happens over a
relatively thick region, explaining the large extent of the chromospheres of Sun-like stars. Once
hydrogen becomes fully ionized, however, the plasma loses this critical cooling mechanism; not
surprisingly, this happens at the point near the left side of Figure 3 where the temperature rises
rapidly from the chromospheric “plateau” to coronal temperatures.

2.3 What stars have chromospheres?

“T'll buy chromospheres for all types of stars,” said R.N. Thomas (in Jordan and Avrett, 1973,
p. 48), and under some definitions one may indeed argue for a chromosphere in almost any star.
However, the types of activity discussed above also strongly suggest in which stars we may expect to
find chromospheres in the theoretical sense given in Section 2.1; i.e., an unexpectedly thick region of
the stellar atmosphere characterized by non-radiative heating and cooling occurring predominantly
in resonance lines rather than the continuum.

First, we expect to find thick chromospheres primarily in cool stars due to the structural
considerations given in the previous section. Dissipation of excess mechanical heating can happen
in cool stars via ionization of hydrogen as the plasma warms at increasingly large heights above the
photosphere; hot stars with partially or highly ionized photospheres have already “used up” this
electron pool at their visible surfaces, and thus cannot support the extended chromospheres we see
in the cool half of the Hertzsprung—Russell (HR) diagram. Second, both the magnetic and non-
magnetic sources of activity mentioned above imply the presence of surface convection, the former
through its critical role in maintaining the magnetic dynamo via subsurface bulk mass transport,
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and the latter explicitly. In this review of chromospheric activity, therefore, I consider those stars
for which a subsurface convection layer is present. This will occur in roughly in late A and cooler
dwarfs, and in more massive stars as they leave the main-sequence and develop convective zones.

Observations amply support these theoretical arguments, and can be used to construct a “chro-
mospheric HR diagram” showing rather precisely where Sun-like chromospheres are expected to
be found, as well as illuminating important aspects of stellar structure and evolution.

Toward the thin convection zone limit, evidence has been found for chromospheric emission in
dwarfs as hot as Altair, A7 IV-V (Freire Ferrero et al., 1995), and Simon et al. (2002) concluded
from Far Ultraviolet Spectroscopic Explorer (FUSE) observations of a sample of A dwarfs that
high temperature emission indicative of coronae, and by inference chromospheres, appears at about
8250 K. The chromospheres near this limit are of course quite weak; Simon et al. (2002) found
emission for these stars to be at most a few percent of solar values. However, the onset of the
emission appears to be abrupt and well determined, suggesting an equally abrupt transition from
radiative to convective stellar envelopes at an effective temperature in good agreement with stellar
structure models. These findings are also consistent with those of an earlier broad survey of C1iI
emission in solar-type stars (Simon and Landsman, 1991).

If the disappearance of a convective envelope implies the disappearance of a Sun-like chromo-
sphere for hot stars, we might expect a similar change in behavior when the dynamo-generating
interface between the convective zone and radiative interior disappears for fully convective, low
mass stars. Initial investigations in this area focused on the so-called dMe stars, i.e., M dwarfs ex-
hibiting Ha emission. An early, exhaustive survey by Joy and Abt (1974) suggested that dMe stars
were ubiquitous beyond the point where full convection sets in (at about spectral type M5.5), but
Giampapa and Liebert (1986), using deep echelle observations of 24 late M dwarfs, observed com-
parable numbers of dMe and non-dMe stars, and that the Ha emission in the dMe stars was
correlated with kinematic class and, by inference, with age. The existence of an activity-age rela-
tionship for these stars implied that a rotation dependent dynamo was operating even in the fully
convective limit. Fleming and Giampapa (1989) later followed up these observations with a Ca K
survey of M stars, a much harder observational task due to the very low flux; the observations
also suggested the presence of a chromosphere, albeit with increasingly inefficient non-radiative
heating for redder spectral types. Recent semi-empirical models of M star atmospheres (Mauas
et al., 1997) indicate the presence of a chromosphere even for “basal” (i.e., the lowest activity)
M stars. Chandra observations have revealed quiescent coronal emission in the M8 dwarf VB 10
(Fleming et al., 2003) (and, very recently, in an L dwarf Audard et al., 2007). The similarity
of the emission in VB 10 to that of the Sun’s quiet corona raises the interesting possibility that
similar, non-tachocline dynamos operate in both the Sun and in extremely low-mass stars (and
perhaps even brown dwarfs) where the principal cycle-generating dynamo cannot exist; it seems
clear that significant magnetic flux is a pervasive component of M star atmospheres (Reiners and
Basri, 2007).

The emphasis of this review is on “Sun-like” stars, but I also should make brief mention
of the behavior of post main-sequence stars. Chromospheres are ubiquitous where subsurface
convection zones are present, but Linsky and Haisch (1979), using some of the very earliest [IUE
data, discovered that emission we associate with transition regions and coronae was observed in
giants of spectral type K1 and earlier, but not in later giants, possibly as a result of cool stellar
winds. This division of giants into what Linsky and Haisch (1979) termed solar and non-solar
giants initially seemed quite sharp, but more extensive samples revealed the existence of the so-
called “hybrid” stars exhibiting evidence of both coronae and strong winds (Reimers, 1982; Judge
et al., 1987). The division between coronal and non-coronal stars appears to apply only to giants,
with all G and K giants with My, < —2 appearing to be X-ray sources (Reimers et al., 1996).

Rosner et al. (1995), in an exceptionally lucid Astrophysical Journal Letter, proposed that this
overall behavior results from a change in the nature of the dynamo as a star evolves. Giants in the

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2008-2


http://www.livingreviews.org/lrsp-2008-2

12 Jeffrey C. Hall

Linsky and Haisch (1979) solar-like category retain the large-scale dynamo we see in the modern
Sun, leading to a generally Sun-like atmosphere and activity. (Along these lines, we have at least
one textbook example from the long-term surveys, HD 81809, which comprises two G subgiants
but exhibits a strong, well-defined 8.2 year activity cycle Baliunas et al., 1995; Hall et al., 2007D).
As stars “cross” the dividing line, the activity becomes dominated by small scale fields with an
open large-scale topology, permitting the development of massive winds but losing the large, closed
magnetic structures associated with transition regions and coronae. Hybrid stars, which encompass
a large range of coronal activity, appear to be in transition between the two stages.

Interestingly, one of the canonical “quiet” red giants, Arcturus, has been detected in X-rays by
Chandra (Ayres et al., 2003), albeit with L, /Ly, some 10~ that of the Sun; the authors posit
that the magnetic structures responsible for the emission may by the ancient giant analog of solar
spicules, perhaps even responsible for driving the stellar wind itself. The details of giant star
coronae are still poorly understood, but the recent observations make it clear that the magnetic
nature that drives chromospheric activity on the Sun is retained by stars well past the end of their
main-sequence lives.

2.4 Going further

Section 2.1: Students looking for a glimpse into the nature of scientific progress and debate
can hardly do better than reading, cover to cover, the conference proceedings entitled Stellar
Chromospheres (Jordan and Avrett, 1973). While the material is dated relative to our modern view
of the chromosphere, the volume is exceptional both for its speakers’ outstanding presentations
of the underlying physics, as well as the unusually lengthy and detailed discussion transcripts,
which present singular insights from the leading workers of the day, as well as textbook examples
of spirited but professional and humor-tinged debates about the fundamental issues. This may
be contrasted with the acerbic salvos between Lockyer and Huggins, who launched chromospheres
research by arguing bitterly about who was doing first and best at observing the Red Flames;
compare it also with the general tenor of commentary, especially among the voz populi, when solar
variability is examined for its influences on terrestrial climate.

A detailed examination of how the chromosphere, transition region, and corona may be defined
(along with several other topics) can be found in the thorough review by Linsky (1980). Another
useful review is given by Ulmschneider (1979); see also Ulmschneider et al. (1977) and subsequent
papers in the series for treatment of the generation and propagation of acoustic waves in the solar
atmosphere.

Section 2.3: Excellent reviews of the consensus that emerged following the watershed of ITUE
and Einstein observations in the late 1970s and early 1980s are given by Linsky (1985) and Simon
(1986).
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3 The Care and Feeding of a Chromosphere

In Section 2, I established working definitions of chromospheres and activity. I now review the
development of the theory and observations that underlie the modern interpretation of chromo-
spheric structure and activity, beginning with work of the 1960s and proceeding to the present
state of affairs. The arrangement of the sections is pseudo-chronological, but the sections overlap
and are otherwise not restricted in scope. The intent is to provide a general narrative describing
how our picture of the energy balance and physical structure of active chromospheres has evolved
since about 1960. The observational results of the long-term solar and stellar observing programs
are presented in Section 4, and are linked from the sections below as appropriate.

3.1 Early theory and models of the chromosphere

The study of stellar chromospheric activity has evolved steadily, but has hinged on several “cusps”
that have led to fundamental advances. The first of these is discussed in this section: a set of
critical theoretical advances that provided a solid basis for the synoptic ground-based programs
that soon followed.

In the low photosphere, plasma conditions can be determined under the simplifying assumption
of local thermodynamic equilibrium (LTE), wherein the source function S, = j,/a, (the ratio of
emission to absorption within a given volume of plasma, or, equivalently, the emissivity per unit
optical depth) saturates to the Planck function at the local electron temperature: S, = B, (T).
As one moves up through the photosphere, the plasma becomes optically thin and LTE no longer
applies; long range multiple scattering effects cause the source function for a line to be affected by
remote as well as local conditions, diluting to some degree the responsiveness of the line profile to
sharp changes in atmospheric structure, such as the initial chromospheric temperature rise. The
latter appears relatively feebly in the cores of the Canl H & K lines, but much more strongly in
the analogous h & k cores of Mg (at 2800 A); thanks to the 15 times higher Mg abundance,
the h & k lines are much more opaque than H & K, and much less susceptible to departures from
LTE at the base of the chromosphere, and thus display the temperature rise more crisply. Prior to
the advent of space-based astronomy, insights about the nature of stellar chromospheric activity
were therefore driven strongly by parallel theoretical and observational examinations of optical and
near-UV resonance lines. The available set of lines was understandably limited, but fortunately
the most prominent and best-studied of these — the H and K lines of singly ionized calcium (3933,
3968 A), the D lines of neutral sodium (5889, 5895 A), and Ha (6563 A) — provided precisely the
observational grist needed for essential theoretical advances.

Spectral lines arise via both radiative and collisional processes, and Thomas (1957) demon-
strated that in the conditions typical of a Sun-like chromosphere, the source functions of ionized
metals should in general be dominated by the collisional terms, while those of neutral metals should
be dominated by the radiative terms. Collisionally dominated lines such as Ca1l H & K reflect the
local plasma conditions since collisional processes are obviously tied to the local electron temper-
ature. This is manifested in the familiar emission reversal at the line cores, which for the opaque
H and K lines are formed high in the chromosphere (see Figure 3); the H and K lines, therefore,
have long been the obvious choice for long-term, ground-based surveys of stellar activity. Neutral
metals in general reflect the continuum radiation via the control of their source functions by ra-
diative terms, and show no such reversal. The strong Ha line, whose core is formed high in the
chromosphere, is marginally photoelectrically controlled in Sun-like stars (Jefferies and Thomas,
1959; Fosbury, 1974); in the hot, high density conditions that occur during flares (or in extremely
active stars) the collisional terms become increasingly important and it begins to fill in or goes
into emission. The essential point to glean from all this is that the radiative versus collisional
distinction is a useful first-order tool for understanding how and in which lines we might track
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stellar chromospheric activity, but the formation and nature of the lines of interest is complex and
depends on the conditions over a possibly large range of depths in the atmosphere.

The extensive work on the line source function in the presence of a chromosphere, along with
the “advantage of large electronic machines” as Schwarzschild (1958) quaintly but presciently put
it, led to the development of non-LTE (NLTE) chromospheric models (e.g., Auer and Mihalas, 1969
and subsequent papers in that series, Athay, 1970, Vernazza et al., 1973 and subsequent papers
culminating in the “VAL3” models of Vernazza et al., 1981); the models variously approached the
problem of chromospheric activity analytically (i.e., calculating an emergent spectrum from first
principles) and empirically (by iteratively adjusting parameters of a model to match its output
to an observed temperature distribution). Among other things, these models made it apparent
that significant mechanical heating was necessary to sustain observed chromospheric conditions
(Athay, 1970). An important (but understandable) shortcoming of these models was their temporal
and spatially-averaged nature; these shortcomings and further details about the development of
chromospheric modeling are discussed in Section 3.4.

3.2 Long-term observations of Cait H & K

The strongest spectral features observable from the ground are those dubbed H and K by Fraun-
hofer in 1814, arising from singly ionized calcium. Eberhard and Schwarzschild (1913) noted the
presence of pronounced emission cores in these lines in spectra of Arcturus and other stars, and
sensibly wondered (1) whether the emission arose from processes analogous to solar activity and
(2) if the emission varied periodically in a manner analogous to the sunspot cycle. Perhaps no re-
searcher pursued these questions with such patience and perseverance as Olin Wilson at the Mount
Wilson Observatory (MWO; the confluence of names is a coincidence). Wilson’s initial synoptic
observations revealed that the chromospheric activity of main-sequence stars decreases with age
(Wilson, 1963; Wilson and Skumanich, 1964); this result was eventually synthesized in the famous
paper by Skumanich (1972), in which the stars’ Call emission (and by inference, the mean surface
magnetic field) was shown to decay as the inverse square root of the age.

The early MWO observations also revealed a curiously linear relation between the absolute
magnitude and the log of the K line emission widths for G and later stars, dwarfs, and giants
alike: M, = 27.59 — 14.941log W, (K) (Wilson and Bappu, 1957). Relationships similar to the
“Wilson-Bappu effect” were subsequently found for other resonance lines, such as Mgi1 k A 2796
and Ly a A 1216 (McClintock et al., 1975; Weiler and Oegerle, 1979). Numerous explanations were
advanced, but Ayres (1979), using scaling laws for the extent and density of the chromosphere,
argued that the Wilson-Bappu width is “a stellar barometer, not a tachometer”; i.e., rather than
arising from details of chromospheric flows, it is primarily a hydrostatic equilibrium acting in
concert with the partial ionization of hydrogen and resonance line cooling to postpone the onset
of the sharp thermal instability that gives rise to the corona. Pace et al. (2003) suggested that
the Wilson—Bappu relationship can be used to infer cluster distances, though it contains too much
scatter to be useful for individual stellar distances.

In 1966, Wilson undertook a systematic program of Ca1t H & K observations of main-sequence
stars, and in a seminal paper (Wilson, 1978) posed the question Does the chromospheric activity
of main-sequence stars vary with time, and if so, how? In that paper he concluded that all stellar
chromospheres were variable to one extent or another, that cyclical variations very likely did exist,
and that they should be considered to be generated and dissipated by processes and structures
analogous to those observed on the Sun until proven otherwise. Following Wilson’s retirement, the
so-called “HK Project” continued under the direction of S. Baliunas until the end of 2003, and it
remains today the fundamental observational data set of stellar chromospheric activity. Further
details about the program and its major results, as well as other stellar cycles investigations, are
presented in Section 4.1.
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Complementing the stellar cycles programs are long-term HK observations of the Sun, both
resolved and full disk (i.e., “the Sun-as-a-star”). Wilson observed the Moon as a solar proxy with
the MWO spectrometer, and early observations of the solar Ca K line suggested that the central
K> emission peak varied by as much as 40% over the solar cycle (Sheeley Jr, 1967). Direct, long-
term H & K observations of the Sun began at the National Solar Observatory (NSO) in 1974
using the McMath solar telescope at Kitt Peak (White and Livingston, 1978), and in 1976 at
Sacramento Peak (Keil and Worden, 1984). By the peak of solar cycle 21, it was apparent that
the “HK index,” the total emission in a 1 A rectangle centered on the line cores, closely tracked
the sunspot number, plage index, and 10.7 cm flux (White and Livingston, 1981). The NSO
workers also monitored a number of photospheric features (e.g., C1 A 5380 and several iron lines)
to study the relationship between chromospheric activity, photospheric structure, and solar and
stellar luminosity (Livingston et al., 1977; Livingston and Holweger, 1982; White et al., 1987); see
also Section 4.6.

3.3 From ground to space

The second cusp in our understanding of stellar chromospheric activity occurred beginning in 1978,
with the deployment in rather rapid sequence of a number of space-based observatories, especially
the International Ultraviolet Explorer (IUE) and the Einstein X-ray observatory; although certainly
not the first observational ventures into space, they were far more capable than their predecessors.
The advent of these satellites had two effects: (1) continuous access to the UV and X-ray spectrum
where most outer atmosphere diagnostics lie, and (2) a steadily growing data set of flux-calibrated
spectra. Thus, although the nature of IUE and similar missions precluded the kind of long-
term observations Olin Wilson was able to carry out, a watershed of observations of outer stellar
atmospheres rapidly accumulated.

A critical early result was the discovery of tight power law correlations between emission in
chromospheric, transition region, and coronal lines (e.g., Ayres et al., 1981). A few quotations
from that paper loom large in the present-day literature; Ayres et al. (1981) suggest that “the very
existence of the correlations argues that coronae and chromospheres are physically associated,” and
later in their paper, discussing chromospheric and coronal heating mechanisms, they write that
“the small-scale magnetic flux tubes thought to comprise the major component of the solar surface
field [may] serve as conduits of wave energy (acoustic or Alfvén) into the outer atmosphere. .. While
magnetic fields very likely provide the structure of stellar chromospheres, they may be responsible
only indirectly for the heating’. This is a fundamental shift in thinking from the time averaged,
spatially averaged nature of the “first generation” models discussed above.

Subsequent work demonstrated that similar power laws applied for numerous diagnostics for
normal dwarfs to binaries and even bizarre objects such as FK Comae stars (Oranje, 1986). Wil-
son’s Call H & K measurements also were shown to be similarly related to transition region and
coronal emission (Oranje and Zwaan, 1985; Schrijver, 1987), solidifying the idea of a tight physical
relationship between the “layers” of the outer stellar atmosphere. For an exhaustive treatment of
progress in the early IUE years, see the review by Jordan and Linsky (1987).

Progress during this period was not limited to the stars. Within months of the commissioning
of IUE, the Nimbus-7 satellite was launched, initiating what is now a three-decade record of space-
based measurements of the total solar irradiance (TSI). The extended TSI composite appears
in Figure 4; this figure is widely reproduced but of sufficient importance to the interpretation of
stellar activity and luminosity that I include it here. Further arguments are deferred to Section 4.7;
suffice to say here that the discovery that the solar constant isn’t, as Figure 4 clearly shows, created
an important new dimension to the study of stellar activity, and is a pivotal part of the radical
transformation of the field circa 1980.
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Figure 4: The extended composite total solar irradiance (TSI) record since 1975, from the World Radia-
tion Center (PMOD-WRC) in Davos, Switzerland (Frohlich).

3.4 Semi-empirical models

Empirical chromospheric models, in which parameters are adjusted until a satisfactory fit with
observations is obtained, began to emerge in earnest in the 1970s as logical outgrowths of extensive
work on the solar Call line. Initial efforts in this area began with the first of the papers in the
important Stellar Model Chromospheres (SMC) series by Jeffrey Linsky and his ‘Cool Star Mafia’
(his term, not mine). Their early models focused on Procyon (Ayres et al., 1974) and Arcturus
(Ayres and Linsky, 1975), since these were at that time the only stars other than the Sun with
high resolution, absolutely calibrated atlases suitable for creating absolute flux profiles of the Ca 11
lines. In subsequent papers, these models were refined and extended to dwarfs spanning the right
half of the HR diagram (Ayres et al., 1976; Kelch, 1978; Giampapa et al., 1981).

These early models provided a number of fundamental insights on the broad characteristics
of stellar atmospheric structure; perhaps most significantly, evidence was found for non-radiative
heating in the photosphere as well as the chromosphere, and both the temperature gradient and the
radiative loss rates were found to be higher for active chromosphere stars than for “quiet” stars.
These modeling efforts also necessitated the development of methods for creating absolutely (if
approximately) flux-calibrated profiles of a large number of cool stars (see Section 4.2). However,
they also had some critical limitations, and Ayres and Linsky (1975) acknowledge these explicitly in
their work on Arcturus: “A more detailed model [of the upper photosphere and low chromosphere]
could be devised, but we feel that such an approach is not justifiable until we have a reliable estimate
of the extent to which our assumptions of a homogeneous, static, plane-parallel chromosphere are
valid for Arcturus ...”

This turned out to be a wise caveat. The “simplicity” of the early models was driven, of
course, by the limitations of the available observations, both in terms of resolution and wavelength.
As new data gradually overcame these limitations, it became clear that one-component models
could not explain the full complexity of the chromosphere, a classic example being Heasley et al.
(1978), who demonstrated that the derived parameters in the Ayres & Linsky model could not
replicate Arcturus’s CO and Ca K line wing spectrum. This provided compelling evidence for the
inhomogeneous nature of the chromosphere summarized in Section 2.1, and served as a natural
springboard for more advanced modeling (see, e.g., Uitenbroek, 2000).

As the IUE era got underway, the growing body of ultraviolet data permitted much more
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extensive investigation of stellar chromospheres and transition regions, spurring two additional
important series of papers: Quter Atmospheres of Cool Stars (Linsky and Haisch, 1979 and sub-
sequent papers), continuing the semi-empirical modeling efforts in the SMC series, and Magnetic
Structure in Cool Stars (Middelkoop and Zwaan, 1981 and subsequent papers). The former series
focuses extensively on individual stars modeled in the SMC era, while the latter provides arguably
the most comprehensive examination in the literature of the Mt. Wilson H & K data with the
space-based data, but a pervasive theme in both series is the continual discovery of structures in
stars that appeared to be direct analogs of solar outer atmospheric structures.

Semi-empirical models remain the standard approach to understanding chromospheric structure
today, with the older “VAL” models having been supplanted by the “FAL” models (e.g., Fontenla
et al., 1993). First-principle, theoretical models of the chromosphere, incorporating the effects of
magnetic fields, appear to be the “next wave,” though their full 3D incarnations remain beyond
current computational limits (see the review by Carlsson, 2007 for a detailed discussion).

3.5 The high resolution chromosphere

In the preceding sections, I have reviewed the development of ground-based observations and mod-
els for phenomena that are clear signatures of chromospheric heating via non-thermal mechanisms.
In this section I review the physical arrangement of these phenomena in the Sun, as revealed by
modern, high-resolution instrumentation, under the assumption that analogous structures are re-
sponsible for stellar chromospheric activity, and that a detailed view of solar features will provide
a more visceral feel for the unresolved observations of their stellar analogs.

Stellar activity cycles have long been considered to be the result of a self-sustaining magnetic
dynamo, created by the combined action of turbulent convection and differential rotation (e.g.,
Parker, 1955; Babcock, 1961), and are likely generated near the base of the convection zone (in
the Sun, ~ 1.5 x 10° km below the visible surface; Parker, 1975). Chromospheric activity can be
a useful proxy for luminosity variations, since the structures responsible for both are dependent
on the extent and distribution of this magnetic field. The total solar irradiance varies by ~ 0.1%
over the activity cycle (Frohlich and Lean, 1998), primarily as a result of darkening by sunspots
but brightening by emission from faculae and network. At left in Figure 5, the familiar sunspots
(regions of intensely concentrated magnetic flux emerging from the solar interior) and faculae (in
visible light best seen near the limb, where their warmer high altitude layers are more evident
due to the oblique viewing angle, see Keller et al., 2004) are apparent. Spruit (1977) gives a
classic treatise on these phenomena, describing spots as “shadows” on the solar surface arising
from the suppression of convective heat transport by the intense, concentrated magnetic fields.
These elements permeate the chromosphere, and are apparent in the Call K image at right in
Figure 5; numerous bright chromospheric emission regions, or plage, are present.

The “quiet Sun” away from active regions is also permeated by magnetic features. High reso-
lution images of the quiet photosphere appear in Figure 6, obtained by the Dutch Open Telescope
(DOT, left) and the Swedish Solar Telescope (SST, right). The photospheric granulation is obvi-
ous in the patterns of bright granules and dark intergranular lanes, as is the filamentary structure
of the sunspot penumbra. The SST observations near the limb at oblique viewing angles (e.g.,
Lites et al., 2004) clearly reveal the granules, which are buoyant convective bubbles arriving at
the solar surface, as three-dimensional “hills;” they release their energy once the gas is sufficiently
optically thin, and the cooled plasma then sinks back into the interior in the dark lanes. Myriad
tiny magnetic flux tubes emerge in the granule centers, are swept up by horizontal flows, and
collect in the intergranular lanes (e.g., Spruit and Roberts, 1983), often appearing as bright points
in CH (“G band”) images: their lower internal gas densities suppresses the molecular formation
and allows radiation from hotter deeper layers to escape (see Figure 7, left).

The images in Figure 8 provide an exquisite view of the solar atmosphere from photosphere to
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Figure 5: Left: a well-known white light image of the Sun, illustrating sunspots and faculae, the latter
being apparent as bright regions near the limb (image courtesy NSO/AURA/NSF). Right: Ca1l K image
showing chromospheric emission from active regions and network (image courtesy Big Bear Solar Obser-
vatory/New Jersey Institute of Technology). The chromospheric extensions of the faculae (the so-called
“plage”) are readily visible across the disk.

Figure 6: Left: A closeup of a sunspot, clearly showing the penumbral spot structure and surrounding
photospheric granulation (image courtesy Dutch Open Telescope). Right: a sunspot, granulation, and
faculae observed from a more oblique angle (image courtesy Goran Scharmer and Mats G. Lofdahl, Institute
for Solar Physics of the Royal Swedish Academy of Sciences).

Figure 7: Left: Observations of photospheric granulation in the CH G band (4300 A) show the granulation
and bright points in the dark lanes; these are where the line of sight intersects flux tubes whose rarefied
interiors allow one to see to deeper, hotter gas. Right: the upper photosphere, viewed in the Ca1r H line,
exhibits reversed granulation (images courtesy Dutch Open Telescope).
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chromosphere, obtained with the Dutch Open Telescope and the Transition Region and Coronal
Explorer (TRACE). At top left is the photosphere, showing the very large active region AR10486,
marked by a number of spots and associated faculae. The simultaneous image of the chromosphere
at top right clearly reveals the greatly enhanced emission in the magnetically active areas near
the active region, as well as the general manifestation of the chromosphere as a seething mass of
narrow, magnetically confined structures. In this image, the Ca1l H primarily samples vertically-
oriented flux tubes that have been called straws (Rutten, 2007a) extending into hot transition
region and coronal regimes; an Ha image reveals somewhat different but still discrete structures
variously termed mottles, fibrils, and spicules (e.g., Suematsu et al., 1995). This is therefore a
highly resolved version of what the long-term activity cycle programs discussed in Section 4.1
“see” in the various chromospheric activity indices. Finally, at the bottom in Figure 8 is an image
taken by TRACE of AR10486 shortly after an enormous X-class flare that erupted two days after
the images at top were taken. An arcade of cooling, post-flare loops is present; these delicate,
croquet wicket structures are found not only in the active corona, but also in “quiet” regions (see
Schrijver et al., 1999 for an overview of initial TRACE observations).

Figure 8: Three contemporaneous views of the Sun. Top left: The solar photosphere, observed in the
light of the A 4300 CH G band on 2003 November 2. Active region AR10486 is apparent at center. Top
right: The solar chromosphere in the same location and time, observed in Ca1l H (images courtesy Dutch
Open Telescope). Bottom: A A 171 A image of an arcade of magnetic loops following a large flare that
erupted from AR 10486 two days after the other images were taken (image courtesy Transition Region and
Coronal Explorer).
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3.6 The modern chromosphere

Figure 8 represents what we may call a third cusp in our view of solar and stellar chromospheres. So
far, we have little evidence that stellar active chromospheric structures are substantially different
from the Sun’s, and the data from TRACE, SOHO, Hinode, SORCE, and comparable missions
must strongly guide stellar activity research over the next 15 years.

The earliest TRACE data revealed the highly confined nature of the outer solar atmosphere
(Schrijver et al., 1999), and have bolstered a “dynamical” view of the chromosphere that contrasts
sharply with the “layered” view alluded to in Section 2, and as modeled by the workers of the
1960s and 1970s (Section 3.1). Carlsson and Stein (1995) even asked “Does a non-magnetic solar
chromosphere exist?”, arguing that in the internetwork regions, the temperature rise is merely an
artifact of time-averaged modeling, with evanescent pulses of high temperatures occurring from
periodic heating by wave dissipation. This view is supported by the presence of cool CO 4.7 um
emission at chromospheric heights, the amusingly named CO-mosphere (Wiedemann et al., 1994).
This interpretation has met with criticism (Kalkofen et al., 1999; Kalkofen, 2001), but Ayres (2002)
argues that much of what was classically considered the chromosphere is indeed quite cool, and
Rutten (2007b) goes so far as to suggest that the chromosphere comprises merely the Ha mottles
and fibrils — which leads us full circle to the beautiful pink annulus of Figure 1, though with a far
different conceptual basis.

With this somewhat revised view to a chromosphere, I review in Section 4 the principal results
from long-term observations of solar and stellar chromospheric activity.

3.7 Going further

Section 3.1: The size of the literature makes any statement like this rather subjective, but I
believe the student interested in the development of stellar atmospheres theory can profitably
use the beautiful trio of papers by Thomas (1957), Jefferies and Thomas (1958), and Jefferies
and Thomas (1959) as an essential node both for researching subsequent developments as well
as the early work by Milne, Eddington, Chandrasekhar, and others. These papers are singularly
illuminating and readable. The early models have of course been thoroughly superceded; the
classic VAL (Vernazza et al., 1981) models may be compared, for example, with Anderson and
Athay (1989), the “FAL” stars (Fontenla et al., 1993 and previous papers in the series), and fully
3D models of “dynamic” chromospheres that are coming within the reach of current computing
power (for a recent review, see Carlsson, 2007).

Section 3.2: Olin Wilson’s early explorations of the relationship between stellar rotation,
chromospheric activity, and age used observations of clusters (the Hyades, Pleiades, Praesepe, and
Coma, Wilson, 1963), but were soon extended to field stars (Wilson and Skumanich, 1964), many
of which would end up on his long-term stellar cycles program. The concept of “chromospheric
ages” as deduced from the Call H & K activity proxy has since received a great deal of attention;
an important synthesis is presented by Soderblom et al. (1991), and Wright et al. (2004) give a
large set of chromospheric ages for stars observed as part of the Carnegie Planet Search Project.
Wilson’s long-term observations of stellar chromospheric activity commenced in March 1966 with
139 stars selected not for any particular “Sun-like” nature, but by virtue of noticeable HK emission
in spectrograms he had previously obtained (this point will return when I discuss solar analogs
later in this article). Even after over a year of observing, Wilson was evidently not sanguine about
the results of the program, noting that “If Sheeley’s [Sheeley Jr (1967), who found the solar K
line central intensity varied by 40% over the activity cycle] results are correct ... the observational
problem of finding stellar cycles should not be too difficult. However, the experiences of Popper
and myself suggest a more pessimistic outlook” (Wilson, 1968).

Section 3.5: Details of dynamo research and its numerous outstanding questions are outside
the scope of this review; for a recent evaluation see Charbonneau (2005), and for summaries of
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the long-term observational programs within the dynamo context, see Baliunas et al. (1996) and
Strassmeier (2005).

Section 3.6: In several places in this review, I make note of the evanescent nature of the chro-
mosphere that these recent observations clearly support. I thank one of the referees for suggesting
a comparison in this regard that should be useful for both researchers and students: despite the
volume over which it is distributed, the mass of the solar chromosphere is only about the mass of
Earth’s atmosphere; moreover, the mass of the photosphere down to 7 = 1 in the continuum is
only about that of the Indian Ocean!

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2008-2


http://www.livingreviews.org/lrsp-2008-2

22 Jeffrey C. Hall

4 Chromospheric Activity

Section 3 presents a synopsis of the development and present state of our understanding of active
chromospheric structures. In this section, I will discuss some of the major observational programs
and their results.

As discussed in Section 3.2, the Mount Wilson program was initially established to answer the
long-standing question of whether there were stellar analogs of the solar activity cycle. At the same
time, the theoretical basis was developing for understanding activity cycles as manifestations of
a magnetic dynamo driven by differential rotation and the convective envelopes of Sun-like stars.
Increasingly detailed observations of the Sun’s magnetic field also revealed its organization into
magnetic structures of varying size, from larger active regions to smaller network components. A
fundamental astrophysical motivation for observations of stellar chromospheric activity, therefore,
is the broader understanding of the operation of stellar dynamos and, with the advent of very
high-resolution observations and analysis techniques such as Doppler imaging, the distribution of
the magnetic structures responsible for activity around the stellar surfaces. Understanding the
nature and evolution of dynamo processes in the cool half of the Hertzsprung—Russell diagram,
and their effect on stellar output in various wavelength regimes and over the evolutionary history
of the stars, remains an essential impetus for this work.

Observations of chromospheric activity developed an additional motivation with the launch of
space-based observatories and the realization that the Sun (i) did not have constant luminosity
and (ii) exhibited increasingly large variations over its activity cycle toward shorter wavelengths,
particularly in the X-rays. Combined with the renewed awareness and interest in Maunder Mini-
mum episodes (Eddy, 1976), the obvious possibility that solar variations might have some impact
on terrestrial climate created a keen interest in identifying genuine twins of the Sun, whose chro-
mospheric activity would ostensibly be the most nearly valid proxy for assessing the likely envelope
of solar variability. The solar analog hunt was begun by Hardorp (1978), and in the best tradition
of astronomical research, it grew into a cottage industry (see, e.g., Friel et al., 1993 and previous
papers in the series, the exhaustive review by Cayrel de Strobel, 1996, and the “Top Ten” solar
analogs of Soubiran and Triaud, 2004). Understanding the so-called “solar-stellar connection”
through high-resolution solar observations and proxy stellar observations remains an important
focus of stellar activity work today, especially given the apparent paucity of real solar twins (see
Section 5 for further thoughts).

4.1 Synoptic observations and surveys of Cait H & K

Our understanding of the long-term behavior of stellar chromospheric activity comes primarily
from the 40-year HK Project at Mount Wilson Observatory (MWO), which operated from 1966
through 2003; major summaries of the observations are given by Wilson (1978), Duncan et al.
(1991), and Baliunas et al. (1995). Observations from the HK Project are expressed in terms of
the dimensionless index S, the ratio of emission in the H & K lines cores to that in two nearby
pseudocontinuum reference bandpasses (see Section 4.2 for details). The HK data have been used
to explore a variety of stellar properties; in this section, I summarize the major observational
programs and the general stellar ensemble properties and periodicities present in the data sets.
Baliunas et al. (1998) found that 60% of stars in the MWO survey exhibited periodic, cyclic
variations, 25% showed irregular or aperiodic variability, and 15% had flat activity records (see
Figure 9). Within these broad classifications are stars that also show evidence for multiple pe-
riodicities (Baliunas et al., 1995). This general distribution of cycle characteristics is also found
in the complementary long-term Solar-Stellar Spectrograph (SSS) program at Lowell Observatory,
but in a target set more closely clustered on the most nearly Sun-like stars than in the MWO
sample (Hall et al., 2007b). In general, in the MWO stars both the amplitude and the mean level
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of chromospheric activity decrease with increasing cycle length, and cycles shorter than about 6 yr
in Sun-like stars are not observed (Baliunas and Soon, 1995).
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Figure 9: Left: Representative time series from the MWO HK Project, illustrating periodically variable
(top), irregular (center), and flat (bottom) chromospheric activity, expressed in terms of the dimensionless
S index, running from 1966 —1991 (from Baliunas et al., 1995). Right: Analogous series from the Lowell
Observatory SSS project, showing the flux-calibrated time series for the Sun (top), the cycling solar twin
18 Scorpii = HD 146233 (center), and the relatively inactive solar analog 16 Cygni B = HD 186427.
Quantities in brackets at the top of each panel are the S values derived from the spectra. The time span
of the SSS series is 1994 -2006 (from Hall et al., 2007b).

In addition to identifying cycle durations, the MWO series can be used to identify rotation
periods and even differential rotation via drifts in rotation-timescale periodicities in S, assuming
that the emergence sites of stellar active regions migrate in latitude as do their solar counterparts,
and if their evolution does not obscure the signal. An initial attempt to extract the rather weak
differential rotation signal from the MWO series had limited success (Baliunas et al., 1985), but
Donahue and Baliunas (1992) reported detection of a drift in the apparent rotation period in
£ Com = HD 114710. The sense of the change, however, was opposite that of the Sun, with longer
periods late in the cycle (from the familiar “butterfly” progression of active region latitudes over the
solar cycle, we find shorter periods as late-cycle active regions migrate toward the solar equator).
Obviously, the more active the star, the more likely such detections will be. Photometric Doppler
imaging techniques have been usefully applied to a number of very active stars (e.g., Strassmeier,
1996 and subsequent papers in the series), but Hempelmann (2003) argues that the HK proxy and
similar diagnostics such as Mgil and Ly « are more fruitful avenues for this work in low-activity,
Sun-like stars, since they are not affected by the cancellation of active region brightening and spot
darkening.

The MWO and Lowell data sets are magnitude-limited in their high-priority target list to about
my < 7 due both to instrumental limitations and the necessity of maintaining a relatively high
observing cadence on samples of ~ 100 stars, and they have been supplemented by a number of
complementary programs that both reach somewhat fainter, as well as providing broad snapshots
of patterns in chromospheric activity.
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Wright et al. (2004) used the Carnegie Planet Search data set to derive S, Rj;k, chromospheric
ages, and rotation rates for the largest survey sample presented to date, with results for over 1200
F-M stars.

A library of flux-calibrated spectra of 91 southern Sun-like stars has been published by Cin-
cunegui and Mauas (2004); as I will discuss in Section 4.2, such libraries are certainly a desirable
trend and should be expanded.

Giampapa et al. (2006) surveyed the Cail H & K emission of a sample of F-K stars in the
open cluster M67, probing a roughly solar-age group of dwarfs at much fainter magnitudes than
the MWO or Lowell programs. The chromospheric activity of the M67 stars was comparable to
that observed in modern solar cycles, though ~ 25% of the stars were found outside the modern
solar cycle excursion. About 15% of these were found to have activity levels below the present
solar minimum, which is comparable to the frequency of flat activity stars in the MWO and Lowell
surveys. It is not clear, however, if these are truly in non-cycling states, or merely represent the
minima of cycling stars.

Henry et al. (1996) surveyed the Call H & K activity of over 800 southern Sun-like stars, a
sample mostly independent of the synoptic northern hemisphere programs. The general charac-
teristics of the ensemble appear in Figure 10, and they are typical of the activity-color appearance
of samples of Sun-like stars. Henry et al. (1996) identified four qualitative activity classes ranging
from “very active” to “very inactive,” as shown in the left panel of Figure 10. They also found
that (1) there was a deficiency in stars at intermediate levels of activity and that (2) this led to
a bimodal distribution of activity (right panel of Figure 10) that could be explained by a double
Gaussian distribution of active and inactive Sun-like stars, but which also revealed a very low-
activity excess (log Rjj;x < —5.1) which they suggested might be stars in Maunder Minimum-like
states.
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Figure 10: The distribution of activity in 815 southern Sun-like stars. Left panel: color versus activity,
displaying four qualitative activity levels and a relative lack of intermediate-activity stars of Rijx ~ —4.65.
Right panel: the distribution of activity is bimodal, though with a small low-activity excess that may
represent Maunder Minimum stars (from Henry et al., 1996).

A more recent survey undertaken as part of the NStars project is discussed by Gray et al.
(2003) and Gray et al. (2006). In their analysis of their northern sample, Gray et al. (2003)
obtained a bimodal activity distribution essentially identical to that of Henry et al. (1996), including
a significant excess of possibly Maunder Minimum stars at Ry = —5.1. Further work (Gray
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et al., 2006) revealed that the apparently ubiquitous bimodal distribution was in fact a function
of metallicity (see Figure 11). Metal-poor stars of [M/H] < —0.2 do not exhibit a bimodal activity
distribution. Although the interpretation is complicated by the presence of a number of active
stars in the metal-poor sample, Gray et al. (2006) speculate that the pronounced break between
bimodal and unimodal activity distributions at [M/H] = —0.2 may reflect a physical change that
allows the presence of active chromospheres for solar-metallicity stars, while suppressing them in
metal-deficient stars. Further aspects of the “break” between active and inactive stars are noted
in Section 4.3.
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Figure 11: The distribution of activity F, G, and K dwarfs as a function of metallicity. Metal-poor
stars show a singly-peaked distribution (left panel), while for stars with [M/H] > —0.2, the distribution is
bimodal (from Gray et al., 2006).

4.2 Measuring chromospheric activity

The glut of space-based observations of chromospheric activity from ITUE were calibrated in absolute
flux units, which had important consequences. Estimates of energy balance in the chromosphere
naturally emerged in physical units from the models, but determining the analogous quantities
from the ground-based observations is notoriously more difficult. Absolute flux calibrations rely
on the primary spectrophotometric standards Vega and 109 Vir (Hayes and Latham, 1975; Tiig
et al., 1977) or a handful of secondary standards (Hayes, 1970), and are especially vexing to relate
to heavily blanketed continua such as the blue and near UV regions of Sun-like stars. Additionally,
the usual measures of Ca H & K and Ha contain significant photospheric flux leaking into the
filter bandpasses, and determining exactly what to remove is non-trivial. This difficulty heavily
influences the characterization of ground-based observations of chromospheric activity the reader
will find in the literature.

Absolute Ca K chromospheric fluxes for cool main-sequence stars were computed by Blanco
et al. (1974) and Blanco et al. (1976), but Linsky and Ayres (1978) showed that their method
underestimated the chromospheric radiative losses in the K line. Linsky et al. (1979) created
absolute Ca H & K flux profiles of F-M dwarfs and giants by deriving empirical relations giving
the A 3950 surface flux as a function of Johnson V—-R. This work was the most extensive absolute
flux reference against which the initial space-based observations were compared, and other workers
have adapted the same procedure to produce absolutely calibrated data sets for both H & K (e.g.,
Pasquini et al., 1988) and Ha (Pasquini and Pallavicini, 1991).

In Sections 3.2 and 4.1, I discussed the origin and principal results of the four-decade Mount
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Wilson Observatory (MWO) survey of chromospheric activity in late-type stars. The HK photome-
ter used in the initial MWO survey (Wilson, 1978) was replaced in 1977 by a successor instrument,
the “HKP-2,” but both instruments measured activity in the same way and were satisfactorily
cross-calibrated in terms of the nearly ubiquitous activity index S (Vaughan et al., 1978). This is
a dimensionless ratio of the emission in the line cores to that in two nearby continuum bandpasses
on either side of the H and K lines: S o« (Fu + Fk)/(Fr+ Fv). The S index obviates the need
for absolute flux calibration while still providing a self-consistent assessment of activity for the
Sun or a given star, but it has a color term (from the reference bandpasses) and also includes a
photospheric contribution in the line core bandpasses; thus, it is difficult to interpret trends in S
for a stellar ensemble, and challenging to tie it meaningfully to model predictions.

This has led a number of authors to explore the conversion of S to physical units. Middelkoop
(1982) developed a method to remove the color term from S, and Noyes et al. (1984) extended
this work to create the dimensionless index Ry, which essentially gives the fraction of a star’s
bolometric luminosity radiated as chromospheric H and K emission. Nearly as common in the
literature as S, R’ is typically expressed in log units and ranges from about —4.4 to —5.1 for very
active to highly inactive stars. To some extent, however, even R’ is unsatisfactory due to luminosity
and metallicity effects, and Rutten and Schrijver (1987) found that the surface flux density was the
optimum unit to use for deriving relations between activity proxies (e.g., soft X-rays and Mg h
& k), as well as relationships between activity and rotation.

The calibration of S to flux has been primarily achieved using empirical approaches (e.g.,
Linsky et al., 1979; Hall, 1996), but such methods are unlikely to achieve better than about 15—
20% accuracy. The S-flux calibration, using flux-calibrated spectra rather than the empirical flux
scale approach of Linsky et al. (1979) and others, has been examined by Cincunegui et al. (2007);
while the available flux-calibrated data are limited, this seems the more desirable approach.

4.3 The Vaughan—Preston Gap and the evolution of stellar dynamos

The overall distribution of chromospheric HK fluxes in the MWO sample also revealed an inter-
esting bifurcation in the activity level, shown in Figure 12 (Vaughan and Preston, 1980) and now
known as the Vaughan—Preston Gap. Vaughan and Preston (1980) speculated that this could result
either from a fundamental property of dynamo evolution in cool stars, or a statistical artifact.

The MWO time series clearly show that the young, high-activity stars exhibit predominantly
irregular cycles, while older, Sun-like stars (i.e., those below the gap) have more well-defined cycles
(Vaughan, 1980; Baliunas et al., 1995). Durney et al. (1981) argued that this was a manifestation
of a rapid change in dynamo number from large, multiple-mode values to small, single mode values,
without requiring any sudden spindown of the star. Some subsequent studies argued against that
interpretation (Noyes et al., 1984), or suggested it was merely a statistical effect created by intrinsic
upper and lower bounds of the S index arising from photospheric background and chromospheric
saturation (Hartmann et al., 1984), but the gap appears in surveys employing both R’ (Henry
et al., 1996; Gray et al., 2006) and absolute flux (Hall et al., 2007b) and does appear to be a real
aspect of chromospheric activity in Sun-like stars.

The twin issues of whether the Vaughan—Preston gap is real, and if so, what it implies for the
evolution of the magnetic dynamo that drives chromospheric activity, have been fruitfully studied
in terms of quantities like the Rossby number Ro = P,o /7. (the ratio of the rotation period to
the convective turnover time, e.g., Noyes et al., 1984), or the ratio of cycle and rotation periods
Peyc/Prot (e.g., Soon et al., 1993). Brandenburg et al. (1998) and Saar and Brandenburg (1999)
explored relationships between the ratio of the cycle and rotational periods and Rjy, finding
that most MWO stars fall in two distinct parallel samples which they called the active (A) and
inactive (I) branches, suggesting that a rapid increase in Pio/Peye by about a factor of 6 occurs
at ~ 2-3 Gyr, switching stars from the A to the I branch. Bohm-Vitense (2007) has suggested
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Figure 12: The so-called “Vaughan—Preston Gap,” indicated in the figure with red ellipses, is a relative
absence of F and G stars of intermediate activity levels. In addition to appearing in the large surveys by
Henry et al. (1996) and Gray et al. (2006), it is present in the activity means obtained by the synoptic
programs at MWO (left panel; Cry is the Mount Wilson instrumental color index) and Lowell (right panel)
(adapted from Vaughan and Preston, 1980 and Hall et al., 2007b).

that this means different dynamos operate at different times in a star’s life, since I-branch stars
of given mass require many more rotations to generate an activity cycle than A-branch stars; she
also notes that the Sun lies squarely between the A and I branches (see also Section 5).

4.4 Basal heating of the chromosphere

A color-flux diagram of the Mount Wilson stellar sample reveals a clear, color-dependent lower limit
to the Ca1l H & K flux. A lower limit here is not surprising, since the triangular bandpass of the
MWO photometer admits light from the photospheric line wings unrelated to the chromospheric
activity; however, IUE observations of the Mg h & k fluxes for 30 of Wilson’s original survey
stars revealed the same lower limit (Doherty, 1985), suggesting the presence of a non-radiative
equilibrium, non-cycle related source of heating. Schrijver (1987) showed that log linear power law
relations between the flux densities in various chromospheric, transition region, and coronal line
fluxes were significantly tightened by the removal of a color and luminosity class-dependent basal
fluz ¢; from each set of fluxes, e.g., log(F; — ¢;) = alog(F; — ¢;) + b. Since the basal fluxes were
entirely uncorrelated with coronal (i.e., magnetic) emission and agreed well with model-predicted
fluxes in field-free regions of the atmosphere, Schrijver (1987) argued that the basal flux was of
acoustic origin.

A detailed examination of the various sources of the flux in the MWO instrumental bandpass
confirmed that stars have “basal chromospheres” responsible for at least part of the observed
activity (Schrijver et al., 1989b). Solar observations showed that the Sun’s basal emission was as
inhomogeneous as its magnetic activity, with basal intensities being observed in field-free regions
near the centers of supergranules (Schrijver, 1992); this also agreed with the basal emission’s being
of acoustic rather than magnetic origin. The acoustic explanation for heating of the non-magnetic
chromosphere was until recently considered the most viable (e.g., Schrijver, 1995; Buchholz et al.,
1998; Fawzy et al., 2002), though Schrijver (1995) noted in his review of the subject that weak
turbulent magnetic fields “could not be ruled out entirely”.
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Judge et al. (2003) have argued that this last caveat may be the case: based on hydrodynamic
simulations of the chromospheric Ca1l A 1335 multiplet, they conclude that the observed basal
emission, at least in this line, is magnetic in origin, possibly arising from weak internetwork fields
such as observed by Lites (2002). Using a specially uniformly timed sequence of Transition Re-
gion and Coronal Explorer (TRACE) observations, Fossum and Carlsson (2005, 2006) measured
the acoustic flux in the solar chromosphere and concluded that the high frequency acoustic flux
is a full order of magnitude less than the net radiative chromospheric losses, and that activity
of the middle and upper chromosphere is dominated by the magnetic field. This has led to the
idea of magnetoacoustic portals (Jefferies et al., 2006) allowing propagation of low-frequency mag-
netoacoustic waves via “leakage” through inclined flux tubes into the lower chromosphere. This
interpretation also fits naturally with the formation of spicules via photospheric p-mode shocks
propagating upward through flux tubes, driving the formation of the relatively short-lived spicules
(de Pontieu et al., 2004).

The most likely scenario at present accommodates both acoustic and small-scale magnetic
mechanisms. As noted above, ample evidence for acoustic contributions has emerged, but a “mul-
tiscale magnetic carpet” (Schrijver and Title, 2003) of surface fields unrelated to the dynamo is
strongly suggested by the recent, high-resolution solar observations. This latter component will
have important implications when we consider the nature of Maunder Minimum stars in Section 4.8.

4.5 Synoptic space-based observations

The high temperature of outer stellar atmospheres means that most useful spectral diagnostics
will lie in the UV beyond the ozone cutoff, EUV, and X-ray portions of the spectrum. The initial
rocket and satellite observations of the late 1960s and early 1970s confirmed the existence of these
indicators of chromospheric, transition region, and coronal activity in the solar UV spectrum
(Goldberg et al., 1968) and for a few bright stars (e.g., McClintock et al., 1975; Evans et al., 1975;
Dupree, 1975). The launch of IUE opened the spectrum from A\ 1150 -3300 A to near-continuous
observation; likewise, the HEAO, ROSAT, and XMM-Newton X-ray observatories have allowed
investigation of the evolution of stellar coronal activity unobservable from the ground.

The priorities and scheduling of these observatories has largely precluded extensive synoptic
observing, but we are nevertheless beginning to develop a multiwavelength picture of long-term
stellar variations. Hempelmann et al. (1996) compared MWO HK data with ROSAT survey and
pointed observations of a large set of Sun-like stars and found that the three broad types of stellar
variability in the MWO sample (see Figure 9) corresponded to distinct levels of X-ray emission,
with irregular stars having the highest X-ray fluxes and flat activity stars the lowest. While this
is not unexpected, it does create an additional method of checking for cycle minima versus true
Maunder Minimum states (cf. Section 4.8). From statistical arguments, Hempelmann et al. (1996)
also showed that we should expect to see coronal cycles in Sun-like stars if a sufficient X-ray time
series could be gathered.

This proposition has been borne out by more recent work. A synoptic observing program of
the binary HD 81809 with XMM-Newton begun in 2001 shows evidence for a coronal activity
cycle; interestingly, the cycle appeared to be shifted in phase by about one year from the HK
data (Favata et al., 2004). In contrast, Hempelmann et al. (2006) have identified a clear coronal
activity cycle, using XMM-Newton observations combined with earlier ROSAT observations, in
61 Cygni A = HD 201091 (see Figure 13). The cycle is only 1/3 the amplitude of the solar coronal
cycle variation, although 61 Cyg A has a much higher S index than the Sun, and unlike HD 81809,
the chromospheric and coronal cycles are tightly in phase.

These results provide a fascinating first look at the link between chromospheric and coronal
cyclic activity, although the observational perspective is where Olin Wilson was in about 1970.
The first two good results show us coronal cycles both in phase and offset with the chromospheric
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emission, and synoptic observations of additional stars will no doubt turn up additional surprises.
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Figure 13: Figure 8 from Hempelmann et al. (2006), the first and clearest long-term observation of
coherent chromospheric and coronal activity. The relative variability of the star is shown for the ROSAT
and XMM-Newton observations (filled circles) and the combined Mount Wilson and Lowell HK series (open
dots).

4.6 Sun-as-a-star observations

High resolution observations of the Sun provide a crucial conceptual and theoretical basis for
interpreting stellar activity, but unresolved, “Sun-as-a-star” observations are essential for com-
paring solar activity directly with the unresolved stellar proxies. Ground-based observations of
chromospheric and photospheric proxies since 1974 from the National Solar Observatory (NSO)
at Kitt Peak (KP) and Sacramento Peak (SP) are reported in a number of papers (e.g., White
and Livingston, 1981; Livingston and Holweger, 1982; Keil and Worden, 1984; Worden et al., 1998,
and references therein), and Livingston et al. (2006) have provided a thorough summary of these
synoptic observations from 1974 through 2006.

Figure 14 shows representative long-term solar observations from the NSO program (from
Livingston et al., 2006, Figure 18). The roughly 25% variation in Ca K is apparent; identical Ca K
records are obtained via lunar observations from Mount Wilson (Baliunas et al., 1995) and direct
solar observations at Lowell (Hall et al., 2007b). More surprising (and unexplained) is that the
central intensities of the photospheric lines deepened at the 1986 minimum but failed to do so for
the 1996 minimum (see center data series of Figure 14). This is particularly unexpected in light
of evidence that line blanketing rather than continuum variations are predominantly responsible
for cycle-timescale irradiance variations (Mitchell Jr and Livingston, 1991; Unruh et al., 1999).
Livingston et al. (2006) suggest that there is a hint of a 22-year cycle in the data, but that is
clearly an issue that further observation must decide.

4.7 Chromospheric activity and brightness variations

As discussed in Section 3.5, stellar chromospheric activity is related to the star’s magnetic structure
and therefore to the presence of photospheric features, such as spots and faculae, that modulate
luminosity. Nimbus-7 began the first long-term observations of the total solar irradiance (TSI),
initiating a data set now of critical importance in assessing the relationship between chromospheric
activity and solar and stellar luminosity. Radiometers aboard Nimbus-7 (launched in 1978) and the
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Figure 14: Figure 18 from Livingston et al. (2006). Top:

the Ca K record, showing the direct correlation

with the magnetic activity cycle. The scale is not shown in this figure, but the amplitude of the cycle in
Ca K is about 25%. Center: the record for five photospheric iron lines, showing the lack of response of the
lines to the 1996 Cycle 22/23 minimum. Bottom: control series, an Oz line normalized to air mass 1.0.
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Solar Maximum Mission (1980) revealed that the solar “constant” was variable in a manner that
appeared directly correlated with the activity level (e.g., Frohlich, 1987, see Figure 4), consistent
with expectations that modulation of facular area by magnetic fields should lead to luminosity
variations (Foukal and Vernazza, 1979). Models of solar irradiance variability typically apply
a two-component model of facular brightening and sunspot darkening to reproduce the ~ 0.1%
cyclic variability in the solar irradiance record (Chapman, 1987; Foukal and Lean, 1990), although
disagreement persists about the composite irradiance record and the presence or absence of a secular
increase in brightness from the cycle minimum of 1986 to that of 1996 (Willson, 1997; Frohlich and
Lean, 1998). Non-facular sources of brightness changes have been postulated (Kuhn and Libbrecht,
1991), but Lean et al. (1998) find that magnetic sources, both from active regions and the active
network, can explain the observed solar output variations, and recent work has employed sunspot-
faculae-network models to satisfactorily reproduce irradiance variations (Krivova et al., 2007).

The relationship between solar luminosity and chromospheric activity has spurred comple-
mentary stellar studies, the most extensive of which combined the Mount Wilson HK activity
observations with 11 years of Stromgren b and y photometry taken at Lowell Observatory of a
sample of Sun-like stars (Lockwood et al., 1997; Radick et al., 1998). The essential results appear
in Figure 15. The two panels at left are color-activity plots, and Radick et al. (1998) found that
on cycle timescales, more active (and hence younger) stars with log Riy < —4.7 display, with few
exceptions, inverse correlations of chromospheric activity and brightness, while older (including
solar-age) stars displayed direct activity-brightness correlations (as of course does the Sun itself).
An initial interpretation is that stars switch from spot-dominated to facular-dominated brightness
variations at =~ 2 Gyr. Equally interesting are the activity-variability plots on the right side of
Figure 15; the Sun has a vigorous chromospheric cycle relative to its closest stellar analogs (upper
right) but is photometrically sedate (lower right). Radick et al. (1998) found that this discrepancy
could not be due to inclination effects (i.e., that a sample of randomly inclined stars might appear
more photometrically variable than the Sun), a result corroborated by Knaack et al. (2001).

The Lowell photometric program ended in 1998, but observations of an expanded Sun-like star
sample continued at the Fairborn Observatory, using high-precision robotic photometric telescopes,
in southern Arizona (Henry, 1999). Observations from this program have been combined with the
Lowell photometry and the MWO data to provide a 20-year examination of chromospheric activity
and brightness variations for bright solar analogs (Lockwood et al., 2007). The conclusions from
this study are not significantly different from those of Radick et al. (1998) (a point I shall return
to in Section 5), but the photometric quiescence of the Sun remains a nagging issue. Lockwood
et al. (2007) point out that the Sun’s apparently low photometric variability may simply stem
from their small sample size, but also that the issue bears further investigation. Along those lines,
the star widely considered to be an excellent solar twin, 18 Sco = HD 146233 (Porto de Mello
and da Silva, 1997), has been found to have chromospheric activity similar to or slightly exceeding
that of the Sun, a Sun-like cycle amplitude (though of somewhat shorter length) and similarly
low photometric variability of about 0.09% over a full activity cycle (see Figure 16, from Hall
et al. (2007a)). Whether this similarity exists for other solar twins obviously remains to be seen.
Recently, Meléndez and Ramirez (2007) have found that the star HIP 56948 is a better solar twin
than 18 Sco, on the basis of its lower Li abundance. This is a good indication that a larger sample
of good solar analogs and twins, as we would statistically expect, will emerge once surveys are
pushed to fainter magnitudes than the MWO and Lowell programs have been able to achieve.

4.8 Flat activity stars and the Maunder Minimum

An intriguing aspect of chromospheric variability has been its absence in a number of Sun-like stars,
including the Sun itself. Eddy (1976) created renewed interest in the period of solar inactivity from
16451715 which he called the Maunder Minimum, after the British astronomer who first noted
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Figure 15: Left panels: long (top) and short (bottom) term brightness variations as a function of activity
level and color. Filled circles indicate inverse correlations of brightness and HK emission; open circles
indicate direct correlations. Right panels: HK variability (top) and photometric variability (bottom)
versus overall activity level. Relative to comparable stars, the Sun has a relatively strong chromospheric
cycle but low photometric variability (from Radick et al., 1998).
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Figure 16: The brightness variations and chromospheric activity of the solar twin 18 Scorpii over 10 years.
At top are the Lowell H & K seasonal means (blue diamonds), along with the solar seasonal means for
comparison (purple squares). The 18 Sco photometric means are shown at bottom, relative to individual
comparison stars (yellow and orange) and the weighted mean (red) (from Hall et al., 2007a).
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it in the 1890s, during which the solar activity cycle did not shut down entirely, but operated at a
greatly reduced level (Beer et al., 1998; Ribes and Nesme-Ribes, 1993). The solar activity-irradiance
correlations described in Section 4.7 raised interest even further in so-called “grand minima”,
especially in regard to estimating solar contributions to terrestrial climate change. Creation of solar
irradiance reconstructions has proceeded along two fronts: (i) modeling cycle-timescale irradiance
fluctuations via the cyclic evolution of bright faculae, active network and plage, and dark sunspots,
and (ii) examining possible secular changes in the minimum activity level via evolution of the quiet
network. I concentrate on point (ii) here.

A key initial problem was to estimate the Sun’s brightness in the absence of a quiet network.
Mount Wilson observations of the S indices of selected non-cycling stars suggested their Ca1l H & K
emission lay well below that of the contemporary solar minimum (Baliunas and Jastrow, 1990),
from which White et al. (1992) deduced that the K emission from the Sun during the Maunder
Minimum may have been as little as 11% that of current cycle minima. On this basis, Lean
et al. (1992) estimated that the Sun may have been 0.24% fainter during the Maunder Minimum,
a figure that guided subsequent irradiance reconstructions that included both cyclic and secular
components (e.g., Lean et al., 1995). Further examination of the activity records and S values of flat
activity stars yielded estimates of long-term solar variability as much as 0.4% (Baliunas and Soon,
1995) or 0.6% (Zhang et al., 1994). However, Hall and Lockwood (2004) were unable to recover the
bimodal cycling versus non-cycling star activity distribution of Baliunas and Jastrow (1990) using
a larger sample, and Wright (2004) argues that previously identified Maunder Minimum stars are
actually evolved. Recent irradiance reconstructions have employed small secular components to
the solar activity trend since 1715 (e.g., Wang et al., 2005; Krivova et al., 2007).

Renewed efforts to identify Maunder Minimum candidates demonstrably on the main-sequence
have been undertaken by Judge et al. (2004) and Judge and Saar (2007). Two leading candidates
are 7 Ceti = HD 10700 and HD 143761, and Judge and Saar (2007) used UV and X-ray observations
of these stars to detect the presence of transition region and coronal emission, concluding that
magnetic activity for at least these two flat activity stars is not significantly reduced below a cycle
minimum state. We therefore presently have a tentative view of flat activity stars as having small-
scale magnetic fields and, technically, chromospheric activity, while lacking the large-scale active
region fields characteristic of cycling stars. The sample on which this is based remains small, and
continued studies of low-activity stars will help clarify matters. The Holy Grail in this area is a
convincing observation of a star entering or leaving a Maunder Minimum; the star HD 3651 in
the MWO program may have done this, and the star ¢ Ser = HD 140538 makes an excellent case
for the end of a Maunder Minimum state in the Lowell data (see Figure 17). Essential adjunct
observations, of course, are the luminosity variations of such stars as their activity characteristics
change.
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Figure 17: Left: HD 140538 appears to have made a transition from a flat activity state to an unusually
short cycle in 2000 (from Hall et al., 2007b). Right: HD 3651 shows evidence of having entered a flat
activity state around 1980 (from Baliunas et al., 1995).
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4.9 Going further

Section 4.1: An unavoidable aspect of all the stellar time series is their uneven sampling, which
manifests itself both on yearly (due to the stars’ observing seasons) and intraseason (due to tele-
scope scheduling and weather vagaries) timescales. A widely used technique for handling the
MWO data is an adaption of the Lomb-Scargle periodogram to unevenly sampled data described
by Horne and Baliunas (1986). More recently, Frick et al. (1997) have developed an improved
technique, using a similar extension to standard wavelet analysis.

I must also note in passing that the intentional focus of this review on Sun-like stars has
completely ignored an important set of the most chromospherically active stars we know of: close
binaries with cool components. The fundamental introduction in the modern literature is Hall
(1976), introducing, among others, the archetypal active close binaries, the RS CVn systems,
which typically include a G or K subgiant and a late F or G dwarf with orbital periods from a few
days to a few weeks. Since such systems typically are synchronous, both components are greatly
spun up and exhibit greatly enhanced chromospheric emission relative to field stars. They are thus
excellent test cases for exploring the limits of activity as the atmospheres approach saturation, as
well as Doppler imaging techniques (e.g., Vogt et al., 1987; Strassmeier, 1996) to map the rough
distribution of surface features. The reader may find numerous texts on the subject (e.g., Hilditch,
2001), and the recent literature contains a number of surveys and catalogs of the brighter systems
(Strassmeier et al., 1993; Montes et al., 2000).

Section 4.2: Interpreting the ground-based observations of stellar chromospheric activity in
terms of absolute flux has caused, as J.R.R. Tolkien put it, “a gorgeous row”. The Mount Wilson S
index itself is in reasonably good shape; the various other programs that have either replicated .S or
created S-like quantities are in reasonable agreement (e.g., Hall and Lockwood, 1995; Gray et al.,
2003; Wright et al., 2004; Hall et al., 2007b), despite its shortcomings for physical interpretation.
However, fine points in color corrections and flux calibration have led to discrepant formulations
of log Rjyk and absolute surface flux from a given S measurement, as well as difficulty reconciling
solar and stellar observations (Noyes et al., 1984; Rutten, 1984; Schrijver et al., 1989a). Duncan
et al. (1991) wrote that “in general the agreement [of S/flux calibrations] is good”, though the
continued ruffling of feathers in the literature suggests this assessment was generous. Hall et al.
(2007b) have revisited the issue, and while the S/flux and solar/stellar calibrations seem to be
in good agreement, the empirical determination of fluxes still has distressingly large errors of 15—
25%, stemming largely from uncertainties in the quantities needed to derive flux scales in the
manner of Linsky et al. (1979). The uncertainties are aggravated for low-activity stars that are
currently of particular interest (see Section 4.8), since most of the flux in the typical measurement
bandpasses does not arise from dynamo-related activity and must be removed to obtain R’ (see
Noyes et al., 1984) or the excess flux Fyk (see Schrijver et al., 1989b; Hall et al., 2007b). Using
carefully flux-calibrated spectra as a starting point (Cincunegui et al., 2007) may be a promising
approach to resolving some of these issues. Beyond all these issues, the flux-calibrated space-based
data also require careful treatment; for a thorough discussion, see Judge (1990).

Section 4.6: Not surprisingly, the NSO HK records correlate well with other measures of
the Sun’s overall level of activity, such as the 10.7 cm flux and the sunspot number. The latter,
because of its 400-year baseline, is fundamental to the irradiance reconstructions described briefly
in Section 4.7, and has also led to extensive work on an ancillary topic, the prediction of solar
activity via application of various dynamo, statistical, and in some cases numerological models
(for a review see Hathaway et al., 1999) to replicate the observed sunspot records. Predictions for
solar cycle 24, which should last from ca. 2008 -2017, indicate that it should be either very weak
(Schatten, 2005; Penn and Livingston, 2006), fairly moderate (Sello, 2003), or extremely strong
(Dikpati et al., 2006). I hazard that one of these is correct. More seriously, the Sun will answer
the question for us in due course, and will provide a useful check on models that lead to these
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divergent predictions, and perhaps further insight on the claim by Bushby and Tobias (2007) that
the whole enterprise is futile.

Section 4.7: Another long-suspected source of variations in solar irradiance are secular changes
in the Sun’s radius. Some evidence suggested such changes happened in the past (Gilliland, 1981)
as well as over recent solar cycles (Noé¢l, 2004), but more recent observations from space find no
evidence for solar radius changes (Kuhn et al., 2004). Like Abbott’s early attempts to measure the
solar constant, this appears to be another in the long list of examples of observations phenomenally
difficult to do from the ground.

Section 4.8: An interesting aspect of recent solar and stellar activity research is the strong
evidence for a fingerprint of solar activity in terrestrial climate records (the subject of a great many
reviews; as a fairly recent starting point, see Haigh (2001), Rind (2002), or the recent lectures by
M. Lockwood, J. Haigh, and M. Giampapa on the Sun, solar analogs, and climate (Haigh et al.,
2005). The possibility that grand minima (or maxima) may induce luminosity excursions beyond
those of the modern solar cycle makes the puzzle all the more interesting. A full discussion of
this issue is far out of the scope of this review. The one-sentence summary is as follows: simple
and dominant correlations between solar activity and climate (Friis-Christensen and Lassen, 1991)
generally appear to be untenable (Damon and Peristykh, 1999), and although the Sun appears to
be in an unusually high-activity state relative to the past several millennia (Solanki et al., 2004),
the observed modern irradiance variations and likely secular evolution since the Maunder Minimum
are insufficient to be the dominant contributor to late 20th century global warming (Wang et al.,
2005; Foukal et al., 2006). However, it is clear that the Sun influences climate, likely in ways we
do not fully appreciate. Blanket dismissals of solar variations in assessing modern climate change
sometimes border, in my opinion, on the overconfidence that is damaging to healthy scientific
skepticism, and continued investigation of the important problems is entirely warranted. For an
excellent recent review of solar influences on climate and the outstanding issues, I refer the reader
to Haigh (2007). Recent books and monographs covering the Sun-Earth connection in detail are
Hoyt and Schatten (1997), Friis-Christensen et al. (2000), Benestad (2002), and Pap and Fox
(2003).
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5 A View to a Chromosphere

Toward the end of the 1972 conference on stellar chromospheres (Jordan and Avrett, 1973), Olin
Wilson said: “It is important to realize that a chromosphere is a completely negligible part of a
star. Neither its mass nor its own radiation makes a significant contribution to those quantities
for the star as a whole”. If Wilson was intending to be provocative, he succeeded magnificently,
drawing a lengthy rebuttal and summation from R.N. Thomas. While the latter part of Wilson’s
statement may be technically correct, we now know that the chromosphere is directly physically
associated with structures that do contribute to the properties of the star as a whole, especially at
high energies where ionizing radiation can have a profound influence on Earth and the heliosphere.
With the significance of the chromosphere well established, let us examine a few threads in the
previous sections with an eye toward future work.

What is the next generation of synoptic observations? Through 40 years of effort, Olin
Wilson, Sallie Baliunas, and their colleagues created one of the outstanding data sets of modern
astrophysics, but despite this, our view on long-term stellar chromospheric variability has a number
of critical limitations. For example, it is important to realize that Cair H & K is a completely
negligible part of the spectrum. In his defense of the CO-mosphere, Ayres (2002) cautions us
not to overlook “spectral backwaters” such as the far infrared. We would do well to note that
the brackish water reaches our doorstep. Probably the critical region to sample from the ground
in future synoptic studies is AA 4000—5000, which includes in particular the CH G band near
A 4300, which precisely tracks magnetic flux concentrations directly related to the chromospheric
and coronal activity of the star (Schiissler et al., 2003). The Lowell SSS is equipped with an
echelle that samples ~ A\ 51009000, primarily useful in surveying the chromospheric proxies in
that part of the spectrum, but suffering, particularly redward of A 6000, from numerous telluric
blends. The solar cycle and even rotational signal is visible in the myriad “proxies” in the optical
spectrum (Livingston et al., 2006; Livingston and Holweger, 1982; Hall and Lockwood, 1998), and
these regions provide much more light than the dark heart of the Cair lines. This is particularly
important if we extend our observations to fainter solar analogs (as with the Giampapa et al., 2006
Hydra observations of Call, done with no small difficulty at my = 14, to study the distribution
of activity in M67). Given the increasing realization of the importance of the evolution and
distribution of the small-scale magnetic fields, the ideal next-generation synoptic instrument will
ideally survey A\ 3900 —6600.

What is the future of H & K7 I should be as provocative as Wilson if I said it was time
to send Ca1l H & K to a home for retired proxies, but I do believe that if a research “cusp” such
as we saw circa 1960, 1980, and 2000 is to occur in the future, it will not involve synoptic H & K
observations. There are still insights to be gleaned; the Lowell observations are satisfactorily
stitched to the MWO series and are now extending many of them, and we still have points to
make about cycle amplitude evolution and secular evolution of activity at cycle minima. However,
the recent spectroscopic-photometric retrospective published by Lockwood et al. (2007) is largely
incremental over the previous reports from that program (Lockwood et al., 1997; Radick et al.,
1998); and while the SSS HK database (Hall et al., 2007b) offers time series and some interesting
cycle detections beyond those of Baliunas et al. (1995), the overall behavior of the target set yields
few surprises. The essential astrophysical utility of long-term observations of activity is the insights
about the dynamo discussed in Section 4.3; further advances will come from (1) broadening the
set of synoptic ground-based proxies and (2) ensuring they are obtained with contemporaneous
photometry (cf. Radick et al.,, 1998; Hall et al., 2007a) and, if at all possible, EUV and X-ray
observations as Favata et al. (2004) and Hempelmann et al. (2006) have begun.

How special is the Sun? Although this is a commentary on stellar chromospheric activity,
the field has become so intertwined with solar work, and the evidence that stellar variations arise
from structures analogous to solar phenomena so overwhelming, that it is no longer possible to
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study magnetic phenomena in either the Sun or its cousins in isolation. I have noted throughout
that the recent detailed views of the Sun are important guides for stellar work, assuming that the
Sun is a typical G star. In a gross sense, it appears to be, but if the devil is in the proverbial details,
is it really? Solar twins have been hard to come by, though the well-studied sample is severely
magnitude-limited to perhaps my = 7.5. The “Top Ten” solar analogs of Soubiran and Triaud
(2004) include the one star everyone seems to agree on, 18 Scorpii = HD 146233 as #1; the rest are
variously poorly studied, possibly evolved (HD 95128), old (HD 186427), or binaries (HD 10307).
Only very recently are other genuine twins beginning to be found (Meléndez and Ramirez, 2007).
One essential issue here is the still puzzling photometric quiescence of the Sun relative to stars of
similar color (Lockwood et al., 2007; Radick et al., 1998). Interestingly, the photometric variability
of the one solar twin for which it has been measured, 18 Sco, is nearly identical to the Sun over
a full activity cycle (Hall et al., 2007a) — and therefore also an outlier relative to most dwarfs
with B — V =~ 0.65. So we can now pick our statistical poison: one star does not a trend make;
or, if the one star agreed to be a solar twin is also a photometric outlier, is there something we
don’t know about the Sun? Clearly, ongoing, synoptic observations of the slowly growing sample
of solar twins are critical, since it is otherwise difficult to approach this question without treading
uncomfortably close to the anthropic principle. Bohm-Vitense (2007), however, in examining cycle
lengths and rotation periods in the context of the “active” and “inactive” dynamo branches of
Saar and Brandenburg (1999), notes that the Sun lies squarely between the two sequences and
writes that “Clearly the Sun is not a good standard star for the discussion of stellar activity. (Is its
special position between the sequences necessary to permit life on earth to evolve and survive?)”.
I believe Wilson would have enjoyed pondering this question. (With its shorter, = 7.5-year cycle,
18 Sco lies somewhat off the I branch though not discordantly so).

The next cusp. The arguments above show a profitable direction for future observations
of stellar chromospheric activity most likely to lead to fundamental advances. The Sun is the
one star for which we have an outstanding view to a chromosphere, and an increasingly detailed
understanding of its fine structure. We also know the Sun spends some amount of its time in
grand minima whose occurrence has been very recently argued to be chaotic (Usoskin et al., 2007).
Wilson selected the MWO stars to sample a broad ensemble; we now need to contract the color-
magnitude box around the Sun, push to fainter magnitudes (to at least my = 10) to find other
solar twins and analogs, and increase the time resolution of observations of stellar analogs of
the modern and Maunder Minimum Sun. Essential complements will be contemporaneous high-
precision photometry as Hall et al. (2007a) have done for 18 Sco, and at least a few EUV and
X-ray observations per year as Hempelmann et al. (2006) are doing for 61 Cygni. Such work opens
a host of questions: Is the Sun special? If so, how big is the parameter space that delineates a
truly “Sun-like” dynamo and resulting activity? Are the Sun’s grand minima similar to those of
7 Ceti?

This is a modification of the question posed by Wilson three decades ago: Does the chromo-
spheric activity of other Suns vary, and if so, how similarly to the Sun’s? Hopefully, at some point,
this Living Review can be updated with at least a partial answer.
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