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ABSTRACT
We present an empirical study of the strength of magnetic stellar activity among cool giant
stars on the red and asymptotic giant branches using the Ca II H&K chromospheric emission
strength measured in the context of the Mount Wilson project. Because we consider only
stars with a parallax error smaller than 10 per cent, the stars can be accurately placed into an
empirical Hertzsprung–Russell diagram and their evolutionary status can be reliably assessed
from a comparison with calibrated evolutionary tracks. We find that S-index values among
evolved giants redder than 1.5 in B − V and with luminosity classes I and II are larger than those
found among the progenitor K giants with luminosity class III and B − V < 1.3. Converting the
measured S-indices into physical chromospheric surface fluxes, we find that chromospheric
heating undergoes a remarkable reversal and revival as giant luminosity increases. We also
discuss possible explanations for this new finding.
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1 IN T RO D U C T I O N

One of the early discoveries in activity studies of late-type stars was
that of a dividing line in the Hertzsprung–Russell (HR) diagram,
which separates solar-like stars with chromospheres and transition
regions from non-solar-like stars without any indications of transi-
tion regions but substantial mass loss (Linsky & Haisch 1979). A
little later, the concept of a dividing line was extended into the X-ray
range, when Ayres et al. (1981) showed that indeed – as expected by
Linsky & Haisch (1979) – the presence of transition region material
detected, for example, in C IV λλ 1548 formed at temperatures of
≈ 105 K, goes along with X-ray emission formed at temperatures
> 106 K. The X-ray dividing line derived by Ayres et al. (1981)
rises diagonally from about spectral type K2 III to warmer effective
temperatures at higher luminosities.

This dividing line is usually interpreted as the disappearance of
stellar activity, when mass loss sets in, in the form of a cool wind
(see Hünsch & Schröder 1996, and references therein). Evolutionary
arguments, such as more efficient magnetic breaking in cool giants,
made this explanation appear plausible (see Schröder, Hünsch &
Schmitt 1998), especially as the observed dividing line is perpen-
dicular to the evolutionary tracks of cool giants on their red giant
branch (RGB) and asymptotic giant branch (AGB), widened only
on the temperature scale by a variation in mass and metallicity.

However, this picture has never become fully consistent with all
observational findings. Reimers (1982) has already pointed out the
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existence of giants, which feature ultraviolet (UV) spectroscopic
evidence for both a cool wind seen in the Mg II h&k lines, and a
hot transition region type plasma emitting in the C IV and Si V lines,
thus suggesting the existence of embedded coronal plasma. These
stars were then consequently called hybrid stars, clearly presenting
an uncomfortable contradiction to the general picture of declining
activity on the cool side of the HR diagram. In deeper X-ray obser-
vations with ROSAT, coronal X-ray emission was found from most
of the hybrid stars studied by Reimers & Schmitt (1992), Kashyap
et al. (1994) and Hünsch et al. (1996), yet these giants were seen
as atypically active exceptions to the general picture of declining
activity on the cool side of the HR diagram.

Ayres et al. (1997) – and precursors to that publication – then de-
veloped the view that the disappearance of coronal emission among
cool giants beyond the dividing line does not imply the absence of
any stellar activity but, rather, the activity is simply not observed
in the same way as we know it from the normal, solar-type stars.
This scenario was given the names ‘coronal graveyard’ and ‘buried
alive’ magnetic fields (Ayres, Brown & Harper 2003), where the
much larger pressure scaleheights lead to magnetic loops being
covered under chromospheric gas. Therefore, X-ray non-detections
do not necessarily give the correct picture of stellar activity among
very cool giants.

There are a number of reasons to support this point of view, be-
yond those given at the time by Ayres et al. (1997). A key finding
from a purely empirical point of view is the direct detection of mag-
netic fields in the photospheres of cool, evolved giants presented
by Konstantinova-Antova et al. (2013) and Aurière et al. (2015),
inspired by the pioneering work of Hubrig et al. (1994). Using
spectropolarimetry over the entire visible spectrum, magnetic fields
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can be measured with a sensitivity in the range of a few gauss, and
observations of a larger sample of evolved cool giants advancing
on the RGB and AGB demonstrate that magnetic fields in the pho-
tospheres of cool giants are, indeed, not the exceptional case, but
rather an entirely common and normal phenomenon. Specifically,
Aurière et al. (2015) report the detection of magnetic fields in 29
out 48 giants that were observed in their Zeeman survey; in the sub-
sample of 24 giants with previously known signatures of activity,
23 stars were also detected to have magnetic fields. Clearly, this ev-
idence points to a close connection between activity and magnetic
fields and it avoids the above-mentioned bias of coronal detections
among cool giants.

The only other useful activity indicator in this respect is chromo-
spheric emission. While a large amount of knowledge on chromo-
spheres has been gained by studies based on IUE and Hubble Space
Telescope (HST) UV spectra, utilizing the rich UV emission-line
spectrum of the chromospheres of cool stars, the widest coverage
in terms of stars has actually been achieved by ground-based ob-
servations of the Ca II H&K line emission. Such observations can
be carried out by spectroscopy (with a resolution of 20 000 or bet-
ter) on even modest-sized telescopes. Its direct relation to solar and
stellar magnetic activity had already been discovered very early on
by Eberhard & Schwarzschild (1913) and was extensively studied
by O. C. Wilson for decades. In the 1960s, Wilson finally devel-
oped a quantitative measure of the Ca II H&K emission strength, the
so-called S-index, and began a systematic chromospheric activity
monitoring programme, using the 2.5-m and, later, 1.5-m telescopes
at the Mount Wilson Observatories; we refer to Vaughan, Preston &
Wilson (1978), Wilson (1978), Duncan et al. (1991) and Baliunas
et al. (1995) for more details on the hardware used, a presentation
of key observational results and for further references.

However, at the time of the presentation of those results in the
1990s, the scientific impact of the Mount Wilson programme was
limited, considering the huge effort that had gone into it. With hind-
sight, we can identify three reasons for this. First, the S-index is an
ingenious activity measure in the sense of its independence from
observational or stellar conditions and in its timeless way of cali-
bration, but it was difficult to compare in absolute terms with the
flux measurements obtained by satellites such as the IUE, despite
efforts by Rutten (1984) and Rutten et al. (1991). This problem was
solved only recently by calibrating against model atmospheres; see
Mittag, Schmitt & Schröder (2013) and Pérez Martı́nez, Schröder
& Hauschildt (2014) for more details. Secondly, exact parallaxes
were not available at the time and, consequently, the Mount Wilson
project S-data were published without any quantitative astrophysi-
cal perspective. Thirdly, the untimely loss of the project leader in
1994, limited funding and insecure science careers of the remaining
team members had the consequence that these shortcomings were
never addressed, once Hipparcos parallaxes became available (see
Perryman 2002).

The new findings of Konstantinova-Antova et al. (2013) and
Aurière et al. (2015), as well as the exploration of our own new
chromospheric activity data obtained with our TIGRE telescope
(Schmitt et al. 2014), have inspired the work presented here. Aurière
et al. (2015) give convincing evidence for an increase of magnetic
field strength detected in the photospheres of a selected sample of
evolved giants with the ascent on the AGB and RGB. In addition,
with S-indices derived from their own data, these authors demon-
strate a good, albeit scattered, correlation between chromospheric
emission and magnetic field strength (see fig. 10 of Aurière et al.
2015). Still, the sample used by Aurière et al. (2015) is limited in
size. Here we present empirical evidence for the evolution of stellar

activity, in particular in the later giant stages, using only S-indices
rather than detailed spectra as chromospheric activity indicator, but
measured for a large number of stars with well-determined positions
on the HR diagram, which can be compared to a well-calibrated grid
of evolutionary tracks.

2 W H Y D O M O S T E VO LV E D , C O O L G I A N T S
L AC K C O RO NA E ?

To better understand the above-mentioned bias of coronal X-ray
detections and their failure as a probe into the distribution of stellar
activity for evolved cool giants, we point out two important findings.

First, chromospheric eclipse observations of ζ Aur-type bina-
ries across the Linsky–Haisch coronal-wind dividing line in the
HR diagram show a dramatic growth of their chromospheric ex-
tents (see Schröder 1990, and figs 3 and 4 in that paper). ζ Aur
systems are eclipsing binaries consisting of a late-type giant and
a hotter companion. Because of their specific geometry, they di-
rectly provide an observable height resolution of their chromo-
spheres, when during an eclipse the hot binary companion is shining
through the giant’s chromosphere from behind and is scanning the
giant’s chromosphere moving along its orbit. For this sample of giant
stars, this demonstrates a substantial physical change in their outer
atmospheres.

Secondly, inactive stars on the coronal side of the Linsky–Haisch
division (Linsky & Haisch 1979) – that is, those stars not showing
any magnetic heating related chromospheric emission beyond the
basal flux – nevertheless show a kind of basal coronal X-ray lumi-
nosity, comparable to the X-ray surface flux of the inactive solar
corona (Schmitt 1997). In their survey of nearby giants, Hünsch
et al. (1996) find a plateau of X-ray emission near an X-ray lumi-
nosity LX of 1027 erg s–1 or LX/Lbol ≈ 10−8 for giants with a B −
V colour below 1.2. In contrast, the redder giants typically remain
undetected in the ROSAT data.

Consequently, taking into account only the large majority of inac-
tive, or less active stars (and so for the moment excluding the more
exceptional and active hybrid stars), the division between coronae
and cool winds in the HR diagram found by Linsky & Haisch (1979)
is actually well defined and reflects, based purely on observational
evidence, a large change in the physical properties of the outer giant
atmospheres in this part of the HR diagram. Only very active giants
appear as X-ray sources (and hybrid stars) on the more evolved side
of the Linsky–Haisch division.

Given this complexity, is it possible to understand this change
with simple arguments based on chromospheric physics? From the
Sun, we are familiar with the so-called Athay description of the tran-
sition from the chromosphere to the corona (e.g. Athay & Thomas
1956; Athay 1981). In the very simplest terms, energy is continu-
ously deposited in the chromosphere, but this heating is balanced
by radiative cooling from recombination processes. In this way, the
large reservoir of neutral hydrogen keeps the chromospheric tem-
peratures stable under about 10 000 K. As plasma densities decrease
with height, the hydrogen ionization fraction rises, and so does the
reservoir of free electrons to spark collisional excitation, followed
by radiative cooling though collisionally excited resonance lines.
The larger radiative losses through a larger reservoir of free elec-
trons balance a larger heating rate.

In coronal stars, hydrogen ionization comes ever closer to 100
per cent, so that the free electron reservoir cannot sufficiently grow
with a rising heating rate, and radiative cooling becomes unable to
balance any stronger heating. In consequence, a runaway process
occurs, with the temperature rising very steeply by two orders of
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magnitude to transition region and coronal values, where finally heat
conduction by electrons is able to re-establish a new cooling process
and hence thermal equilibrium. Consequently, we can assume that
the non-detection of a corona around a cool, inactive star means that
its chromosphere does not reach that critical point. At the risk of
oversimplification, we would like to highlight two relevant factors
to produce this outcome: one works along the luminosity coordinate
of the HR diagram, and the other along the Teff coordinate.

For more luminous giants, by applying hydrostatic equilibrium
at the temperature minimum (neglecting magnetic terms), Ayres,
Shine & Linsky (1975) find that chromospheric column densities
Nchrom should scale as Nchrom ∝ 1/

√
g. Because the pressure (and

density n0) at the base of the chromosphere scales with g Nchrom

or, consequently, with
√

g, then scaleheights L in this simple hy-
drostatic model are increasing up the giant branches with g−1, as
roughly N∝L n0. In this way, the well-established Wilson–Bappu
effect (Wilson & Bappu 1957; Wilson 1967) is explained mainly by
an increasing Ca II K line opacity with decreasing gravity (increas-
ing luminosity).

This simple model is fully consistent with the growing extent
of giant chromospheres found empirically by Schröder (1990) and
mentioned above. Even though a stellar chromosphere, as we know
it from the Sun, is highly magnetically structured, the Wilson–
Bappu effect also empirically confirms the simple hydrostatic ap-
proach of Ayres et al. (1975). Consequently, any given amount of
surface energy flux dissipated into a giant chromosphere has to heat
a much larger column density on the evolved side of the Linsky–
Haisch division.

In addition, in those giants with a substantial magnetic activity,
such larger column densities lead to the tapping of magnetic field
loops under dense chromospheric plasma, which is the argument of
Ayres et al. (2003). The effect is the same: an absence or a reduction
of coronal emission, which is not related to lower activity.

Now, looking at the temperature axis of the HR diagram, the basal
chromospheric surface flux FCaII, as measured for example in Ca II

H&K emission, is observed to decrease steeply (see Pérez Martı́nez,
Schröder & Cuntz 2011; Pérez Martı́nez et al. 2014). The available
data suggest a dependence FCa II ∝ T 7–7.6

eff . As most cool giant stars
are of moderate activity, their chromospheric Ca II emission flux
falls into a relatively narrow (0.5 dex) band between this basal flux
and only about three times this flux (see fig. 5 in Pérez Martı́nez
et al. 2014).

In summary, from both observational and theoretical arguments, it
appears that coronal emission strongly decreases, or among inactive
cool giants even disappears, but this is for reasons unrelated to stellar
activity. Consequently, coronal X-ray detection becomes unsuitable
as an activity indicator for evolved giant stars. Other, unbiased
activity indicators are required. It is for this purpose that we present
the following work based on chromospheric Ca II line emission.

3 C HROMOSPHERIC EMISSION: A LESS
BIASED INDICATO R O F STELLAR ACTIVI TY
AC RO SS THE H R D IAGRAM

Sensitive measurements of both magnetic fields and chromospheric
Ca II H&K emission are good activity indicators in the sense that
both avoid the biases of coronal X-ray detections. In addition, chro-
mospheric emission is straightforward to observe and, in fact, be-
cause of the Mount Wilson project, such data already exist for over
a thousand stars.

3.1 Mount Wilson S-index observations

Conventional, ground-based spectroscopy has been performed for
many years for many stars. A large body of data on chromospheric
Ca II H&K line emission has been observed in the context of the
Mount Wilson project, resulting in calibrated S-index measurements
that are independent of the instrumental details and atmospheric
transparency. Unfortunately, using his approach, it is not possible
to record surface fluxes in absolute terms.

Without repeating the exact definition of the S-index and its cali-
bration (see Vaughn et al. 1978 for an original account), we merely
recall that S-index values give the chromospheric emission (mea-
sured in two narrow windows of about 1-Å width) relative to the
strength of the nearby pseudo-continuum (measured in two sym-
metrically placed 20-Å windows on the blue and red sides of the
Ca II doublet, chosen to be less crowded with lines, referred to as R
and V bands).

This idea of the S-index was developed by Wilson in the 1960s
and used by his research group into the 1990s. Measurements in
those days were taken directly on the optical spectrum, using a
four-channel photomultiplier, while nowadays the S-index is ob-
tained numerically from the digitally recorded and reduced spec-
trum. What makes these so different approaches fully comparable
is the list of S-index values for 17 calibration stars used and passed
on by Wilson, who selected these stars as a calibration sample in
order to provide different, but relatively invariable activity levels.
In this way, the S-index gives the chromospheric emission in mea-
sures of the photospheric flux in the reference windows, which falls
towards lower effective temperatures nearly as steeply as the basal
and moderately active chromospheric emissions do (as mentioned
above; see Pérez Martı́nez et al. 2014).

Viewed from the observational side, this definition of the S-index
is of great practical advantage, as the resulting values of, for ex-
ample, weakly active stars, depend only little on the stellar param-
eters, such as the effective temperature in particular. In absolute
terms, however, this definition requires a careful discussion (see
Section 3.3).

3.2 Impact of Wilson–Bappu effect

Another issue with S-index measurements of giants is the impact
of the Wilson–Bappu effect (Wilson & Bappu 1957), which smears
out the Ca II line emission of the more luminous cool giants be-
yond the nominal 1-Å window, in which the S-index is measured
and calibrated. In addition, line scattering of the chromospheric
emission, produced at the bottom of the chromosphere, into the ex-
tended outer chromosphere and wind region of supergiants causes
an apparent wind-absorption feature, increasingly cutting into the
chromospheric emission with lower gravity. These two effects lead
to an underestimate of the real chromospheric emission related
to chromospheric magnetic heating on the upper RGB and AGB,
which is increasing with lower gravity, when compared to what
the respective S-index values, multiplied by their reference fluxes,
would suggest.

To illustrate the Wilson–Bappu effect and its impact on the S-
index determination, we show two example spectra of the Ca II

K emission of θ1 Tau, a K0 III giant in the Hyades (according to
Hipparcos, d = 46 pc and MV = +0.5), taken on 2015 November 10,
and plotted in Fig. 1, and the spectrum of a typical K3 II giant (ι Aur,
according to Hipparcos, d = 151 pc and MV = −3.2), taken on 2015
November 12, and plotted in Fig. 2; both spectra were obtained with
our robotic TIGRE telescope described in detail by Schmitt et al.
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Figure 1. Chromospheric Ca II K emission of Hyades K0 III giant θ1 Tau
(MV = +0.5) as observed with TIGRE. The width begins to exceed the
narrow bandpass profile (indicated by the dashed triangle) of the S-index
measurement.

Figure 2. Chromospheric Ca II K emission of K3 II giant ι Aur (MV =
−3.2) as observed with TIGRE. As a result of the Wilson–Bappu effect,
a significant fraction of the line emission of ι Aur falls outside the narrow
bandpass profile used by the standard S-index.

(2014). The activity levels characterized in terms of the S-index of
these stars are similar, and the S-index values obtained from our
TIGRE measurements are 0.188 and 0.257, respectively, indicating
elevated levels of magnetic activity. We note that both stars have
also been detected at X-ray wavelengths – θ1 Tau with the Einstein
Observatory (Stern et al. 1981) and ROSAT survey observations
(Stern, Schmitt & Kahabka 1995), and ι Aur in a deep ROSAT
pointing (Kashyap et al. 1994) – at different emission levels (i.e.
for θ1 Tau an X-ray luminosity of LX ≈ 1030 erg s–1 was measured,
while ι Aur has LX ≈ 1.8 × 1027 erg s–1, almost a thousand times
weaker).

In Figs 1 and 2, we also indicate the narrow bandpass of the
HK photometer (dashed triangle), to which we have calibrated our
S-index values; see Rutten (1984) for a detailed discussion of the
S-index bandpasses. It is immediately obvious that a substantial
fraction of the Ca II K emission from the much brighter giant ι Aur
falls outside the nominal window for S-index measurements.

Being well aware of this problem, the Mount Wilson team intro-
duced a wider spectral window with a width of 1.5 Å around the
Ca II H&K line cores, which was used for selected measurements
after 1982 and which we refer to as the ‘wide’ bandpass. The latter
issue is also addressed by Wilson (1982), who points out that for the
brightest supergiants the emission core flux is missed even with this
wide spectral window. Examining the S-index values for 125 giants,
for which (non-simultaneous) measurements with both bandpasses

are available in the Mount Wilson archive, we find that on average
the S-index values based on the wide bandpass are increased by
a factor of about 1.8 over the standard S-index derived from the
narrow bandpass. This ought to be the resulting underestimate of
the chromospheric emission by the S-index values for giants of lu-
minosity class II and possibly even more for those of luminosity
class I.

However, the wider emission-line bandpass was not the only
change in the set-up for those alternative S-index measurements of
the Mount Wilson team. The continuum reference bands also dif-
fer from those of the standard S-index used on these giants before
1982 and published by Duncan et al. (1991). Without knowing the
exact calibration procedure of those wide bandpass measurements,
it is currently difficult to compare and to interpret the respective
S-index values in physical terms. In particular, the wider band picks
up different photospheric contributions, and the numerical increase
cannot be attributed to a more complete capture of the chromo-
spheric emission alone.

We conclude from this discussion that the problem of smearing
out of giant chromospheric emission by the Wilson–Bappu effect
needs to be addressed by using a full measure of the Ca II emission,
rather than mere S-index values, and a calibration of the spectral
surface flux scale of the observed spectrum by the spectral fluxes of
matching model atmosphere spectra.

3.3 From S-index data to an activity HR diagram

With the S-index data published by Baliunas et al. (1995), we have
already demonstrated the scientific value of placing stars into the HR
diagram to localize different degrees of activity (for main-sequence
stars, see Schröder et al. 2013) and to link activity-related stellar
properties to evolutionary status and mass. Here we expand this
approach to all stars observed in the context of the Mount Wilson
programme, including the most evolved cool giants.

Large parts of the first decades of the data collected in the
framework of the Mount Wilson project have already been pub-
lished by Duncan et al. (1991). Recently, the whole data base
collected in the context of the Mount Wilson project has been
made public and has become available to the astronomical com-
munity at large; the data can be downloaded from the web site
ftp://solis.nso.edu/MountWilson HK/, and a detailed description of
the data is also provided there.

The available data specifically include the star identification, the
calibrated S-index, which we use in this paper as the basis for our
analysis, an instrument code indicating with which instrumental set-
up the data were taken, and the date of the observation, as well as
other material. The availability of this large data set extending over
decades is a great asset for all studies of the rare and fast-evolving
stages of stellar evolution, such as the far-evolved cool giants high
on the RGB and AGB or the more massive cool giants.

Specifically, we find observations for almost 2300 different stars
in the released Mount Wilson data base. Because we want to place
the stars into the HR diagram, we demand a parallax accuracy of
10 per cent or better, which avoids misplacements by more than 0.2
mag. Most of these stars are located relatively nearby and are thus
affected only little or even negligibly by interstellar absorption and
extinction. Furthermore, we select only stars for which at least two
measurements are available, and we always average the available
observations. Here, we only consider entries where the instrument
code contains the digit ‘1’, which refers to the ‘standard’ 1.09-Å
FWHM bandpass around the Ca II H&K lines, which we refer to
as ‘narrow’ in the following. Note that additional data exist, which
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were taken with a wider bandpass, primarily used for observations
of giant stars (see below); we refer to Duncan et al. (1991) for a
description of the hardware to produce the data. In this way, we end
up with a sample of 845 stars in total.

To relate these data to evolutionary states and masses, we place
(see Fig. 3) the observed stars in the HR diagram, coded by the
size of their respective S-index values; the colour/symbol coding in
Fig. 3 is such that it visualizes fiducial low-activity stars (S-index
below 0.2), modest-activity stars (0.2 to 0.3), enhanced-activity
stars (between 0.3 and 0.4) and high-activity stars with different
symbols and colours. For the HR diagram, we choose the observa-
tional coordinates MV and B − V, and for comparison we plot the
well-tested, calibrated evolutionary tracks based on the Cambridge
Eggleton code, which for cool giants includes a detailed mass-loss
description. For a detailed account of these evolution models and
their calibration, as well as their transformation into an observa-
tional HR diagram, we refer to Schröder & Sedlmayr (2001) and
Schröder & Pagel (2003), and further references therein.

Inspecting the post-main-sequence distribution of S-index val-
ues in Fig. 3 and the underlying evolutionary tracks – ignoring
some individual cases of strong (S > 0.6) chromospheric emission,
probably due to binarity, which distort the general picture – large
S-index values are found among Hertzsprung-gap crossers, which
are well known for their rejuvenated activity from their strong X-ray
emission. By contrast, very modest-mass K clump giants and lower
RGB stars show relatively low S-index values. Yet among the more
luminous, more massive giants, we observe an increase of activity
among He-burning stars in their blue loops; all these observations
are fully consistent with what we already know about stellar activity
from X-ray detections (Schröder et al. 1998).

The new and exciting feature demonstrated by Fig. 3 is the clear
increase of the S-index values for stars higher up on the RGB and
AGB with a colour redder than B − V = 1.5. This is demonstrated
in the upper panel of Fig. 4, where we show stars with BV colours
in the range 1.5 < B − V < 1.6 and MV < 1.SMWO versus MV

together with a formal linear regression. However, recalling the
definition of the S-index as the ratio between the observed line-
core emission in Ca II H&K and the photospheric flux FRV in two
nearby photospheric windows (R and V), and given the fact that the
near-UV photospheric fluxes effectively decline with approximately
the eighth power of effective temperature, an increase in SMWO

could be produced by a decrease in Teff rather than an increase
in chromospheric activity. Clearly we must convert the measured
S-indices into energy fluxes to address this issue.

In order to check whether the clearly visible increase in the S-
index with absolute magnitude and hence luminosity class among
giants in the B − V colour range 1.5 < B − V < 1.6 is really
associated with a rise of the actual chromospheric emission in terms
of chromospheric emission-line surface fluxes, we must convert the
observed S-indices into physical quantities. Rutten (1984) provides
the empirical framework for this procedure. For all our sample stars,
we have measurements of SMWO, B − V and MV, and we use Gray
(2005) to derive empirical effective temperatures Teff for all sample
stars. The flux FHK (in arbitrary units) in the Ca II line cores can
then be computed from (note that this is equation 9 in Rutten 1984)

FHK = SMWO × Ccf × T 4
eff × 10−14, (1)

where Ccf is a colour-dependent conversion factor given for giants
in the relevant B – V range (equation 10b in Rutten 1984) by the

expression

log Ccf = 0.45 − 0.49(B − V ) − 0.25(B − V )2

− 0.066(B − V )3. (2)

The fluxes FHK computed in this way are shown in the second (from
top) panel in Fig. 4; again, a clear increase indicated by a linear
regression is visible.

Furthermore, Rutten (1984) derives a lower boundary FHK, min for
the observed flux FHK-distribution, which is displayed in his fig. 6;
the corresponding values are listed in his table 2. From fig. 6(b) in
Rutten (1984), we recognize a very smooth decrease of FHK, min with
B − V colour. We interpret FHK , min as the sum of the photospheric
and basal flux contributions and we define an excess flux �FHK

through the relation

�FHK = FHK − FHK,min. (3)

This clearly suggests that we should interpret �FHK as the part of
the flux FHK that is related to magnetic activity. In the third panel
(from top) in Fig. 4, we plot �FHK for our sample stars and the
slope of the observed linear regression is even increased.

Finally, we can convert the excess fluxes �FHK derived in this
way into physical units by introducing – following Mittag et al.
(2013) – the quantity R+

HK by defining

R+
HK = �FHK × 1.29 × 106

σT 4
eff

. (4)

In equation (4), σ denotes the Boltzmann constant and the factor
1.29 × 106 converts the fluxes FHK into physical fluxes (in cgs units;
see equation 11 in Rutten 1984 and his discussion). By definition,
R+

HK denotes the fraction of the total output in the Ca II line cores
with respect to the bolometric output of the star and it represents a
completely colour- and size-independent quantity to quantitatively
characterize chromospheric activity.

In Fig. 4 (bottom panel), we plot the derived R+
HK-indices for our

sample stars and we again recognize a clear increase in chromo-
spheric activity with absolute magnitude. Therefore, we conclude
that the observed increase in the S-index is indeed an increase of
the chromospheric fluxes in the Ca II emission cores, rather than an
artefact of the S-index definition. As shown in Section 3.2, a real
chromospheric flux increase with luminosity might be larger than
what is depicted here due to the Wilson–Bappu effect. We estimate
that to make a factor of 1.5 or 2.

In summary, Fig. 4 demonstrates that the increase of chromo-
spheric emission related to magnetic activity, as giants ascend on
the giant branches, dominates over the falling photospheric ref-
erence fluxes across the respective narrow B – V range. However,
when we consider the wider B − V range from already K3 subgiants
(the coronal versus cool wind division; Hünsch et al. 1996) to M2
giants, then the decrease of the photospheric reference flux is larger
than just across the narrower B – V range of the giant branches.
From about B − V = 1.2 with Ccf = 0.244, Teff ≈ 4200 K, to
B − V = 1.6 with Ccf = 0.057, Teff ≈ 3600 K, the total decrease of
the reference flux FRV reaches a factor of the order of 8. In absolute
terms, this almost compensates for most of the gains shown here to
occur on the giant branches.

This means that the average rejuvenation of chromospheric mag-
netic heating around B − V = 1.5 mostly falls short of driving those
late-giant chromospheres beyond the Athay point again, with only
some exceptions formed by the most active cases. This is entirely
consistent with observations. Indeed, several very active M-giants
have been found with coronal X-ray emission (Hünsch et al. 1998),
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Figure 3. Sample stars from the Mount Wilson programme placed into an HR diagram, coded by S-index value strength using different symbols, for all stars
with a relative parallax error better than 10 per cent. A general increase of chromospheric emission of evolved cool stars is notable on the the upper AGB
around B − V ≈ 1.5. Also shown are the evolutionary tracks for stars with various masses; see text for details.

Figure 4. Top panel: SMWO versus MV for sample stars; a linear regression
is plotted as a solid line. Second panel from top: same as top panel, but
now the values of FHK computed from equation (1) are shown. Third panel
from top: same as top panel, but now the values of �FHK computed from
equation (3) are shown. Fourth panel from top: same as top panel, but for
R+

HK values, computed from equation (4).

but these form a small minority among their kind. With this study
of S-index values found in the HR diagram we can now show that
these M-giants with coronal emission are not isolated phenomena,
rather they form the tip of the proverbial ‘iceberg’. There is a general
rejuvenation of chromospheric magnetic heating in evolved giants
around B − V = 1.5 seen in the rise of S-index values. Only in the
most pronounced cases is this rise strong enough in absolute terms
(considering the general decline of chromospheric heating among
less cool giants) to drive the chromospheric material beyond the
Athay point again.

4 D I S C U S S I O N A N D C O N C L U S I O N S

In our study of the chromospheric emission strength measured in
the context of the Mount Wilson project, the S-index measurements
for stars with an exact placement in the HR diagram combined with
well-calibrated evolutionary tracks offer a new and clear picture of
stellar activity in the course of late stellar evolution. On the coronal
(i.e. hot) side of the Linsky–Haisch dividing line, this picture is fully
consistent with the X-ray detections obtained since the 1980s. How-
ever, for the reasons detailed above, we argue that coronal X-ray
emission is not representative for stellar activity on the cool side of
the HR diagram, as the disappearance of coronae is a consequence
of simple chromospheric physics. By contrast, both photospheric
magnetic field measurements and chromospheric emission mea-
surements are far less biased for the more evolved cool giants – and
the latter (i.e. chromospheric emission) is much easier to observe.

Therefore, we are led to the conclusion that the initially declining
stellar activity is not disappearing on the upper RGB and AGB, but
it rather undergoes a significant revival during the last, more short-
lived evolutionary stages of a cool, luminous giant. The rise of
chromospheric Ca II H&K fluxes related to only magnetic heating
is most significant, when shown over a luminosity scale.
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This new finding can be understood in terms of a scenario sug-
gested by asteroseismology – that the core contraction in the giant
stages leads to a significant core spin-up. In fact, fast rotating cores
have been proven to exist in Hertzsprung-gap-crossers and RGB
stars, as they cause a splitting of bipolar, mixed (g- and p-) pulsa-
tion modes (Beck et al. 2012). The same argument ought to apply to
AGB stars as well, which would naturally explain why in the mean-
time a large number of giants are known to show those split mixed
modes (Buysschaert et al. 2012). Such fast rotating giant cores are
expected to lead to strong, differential rotation of the outer con-
vective envelope in radial direction. Also, such a fast spinning core
might provide a type of dynamo to work in giant stars that differs
from the solar dynamo, which in turn is based on differential ro-
tation in latitude and thought not to work in the large convective
envelopes of cool giants.

As stellar evolution speeds up on the most luminous segments
of the RGB and AGB, viscosity-related braking in the interiors of
these giant stars ought to become less important. Consequently,
the contracting cores rotate even faster in the more luminous cool
giants, and an even stronger radial rotational velocity profile is cre-
ated. In these simple terms, we argue that it can be understood why
the magnetic activity and chromospheric heating become stronger
on the upper end of the giant branches. Furthermore, because stel-
lar evolution in general proceeds much faster for larger masses,
the same argument can be used to explain why the more massive
stars are generally more active. Their evolution time-scales are a
lot shorter and so compete much better with the time-scales of
viscosity-related braking of the core.

In the future we plan to study the behaviour of giant stellar activity
in the time domain to investigate this type of cool giant dynamo.
For this purpose, it is necessary to monitor giant chromospheric
emission over the time-scale of a decade or so. By obtaining the
whole Ca II H&K line profile and comparing it with photospheric
model atmospheres, which define the spectrally resolved surface
flux scale, a measurement of the true chromospheric line emission
fluxes will be possible, as well as quantitative studies of the temporal
evolution of the giants’ chromospheres.
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