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Abstract. The relation between photospheric and coronal active regions
in late-type stars is studied from two different points of departure. First, I
report on 5 years of ROSAT X-ray monitoring of the active young K-star
AB Dor. I compare the X-ray data with 16 years of V-band brightness mon-
itoring showing a 10-year decline between 1978 and 1989 and a subsequent
rise phase. Quite differently, the X-ray flux of AB Dor (while exhibiting
strong variability on time scales of minutes to weeks) reveals no pronounced
long—-term trend over the 5 years of the program. This supports the concept
of a saturated corona. Second, I present rotationally modulated ROSAT
X-ray light curves of three active stars (AB Dor, CF Tuc, YY Men) and
compare them with contemporaneous Doppler images. I demonstrate that
it is possible to explain the X-ray light curves by coronal emission regions
that are spatially related with photospheric active regions. I discuss the
concept of X-ray bright loops connecting the major star spot complexes.

1. Introduction

Coronal X-ray emission is an excellent tracer of stellar activity. The Sun, a
star only moderately active, shows a pronounced variation of its X-ray flux
by a factor of = 10 (soft) or =~ 100 (hard) following the solar activity cycle.
In contrast, variations of the visual brightness of the Sun are on the order
of one permille. If the Sun were at stellar distances, it would be extremely
difficult to detect any variability of its disk integrated visual brightness,
whereas the cyclic variation of its X-ray luminosity would be evident.

The most active late-type stars such as rapidly rotating pre-main se-
quence or RS CVn-type objects have X-ray luminosities that exceed the
Sun’s maximum X-ray output by 3 orders of magnitude. While these ob-
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Figure 1. Long-term brightness variation of AB Dor in the V-band showing a 10-year
decline followed by a 6-year rise which began in early 1989. Each vertical bar represents
the range of short—-term brightness variation due to spot induced rotational modulation.

jects are known to exhibit long—term changes of their visual brightness by
a few tenths of a magnitude (e.g. Cutispoto 1995), little is known about
the behaviour of their X-ray luminosity on time scales of several years. I
report on an extensive long—term study performed with ROSAT in Sect. 2.

Due to its proximity the Sun is the only star whose distribution of active
regions can be observed directly. In the stellar case, indirect techniques such
as Doppler imaging (e.g. Vogt et al. 1983; Kiirster 1993) or eclipse map-
ping (Schmitt & Kiirster 1993) must be employed. Unfortunately, with the
low spectral resolution of current X-ray observatories it is not yet possible
to obtain Doppler images of stellar coronae. Eclipse mapping techniques
are applicable only to a small number of suitable objects such as o CrB
(Schmitt & Kiirster 1993). However, with the wealth of data obtained with
current X-ray satellites (and especially in the ROSAT all-sky survey), plain
X-ray light curves of active stars currently abound. While the spatial infor-
mation content of a rotationally modulated X-ray light curve is relatively
low, a comparison with Doppler images of other layers of the stellar atmo-
sphere can be used to search for correlations between X-ray flux and the
visibility of stellar active regions, in an attempt to obtain indirect informa-
tion on coronal structure. I report on correlated ROSAT X-ray observations
and photospheric Doppler imaging in Sect. 3.

2. Long-term photospheric vs. coronal variability in AB Dor

2.1. THE VISUAL BRIGHTNESS

AB Dor (= HD 36705) is a rapidly rotating pre-main sequence KOV star
(P = 12.35 h; vsini = 93 km sec™!). For 10 years from 1978 a perpetual
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Figure 2. The ROSAT monitoring observations of AB Dor. PSPC measurements are
represented by circles (if from pointed observations) or triangles (if from the all-sky
survey). Data obtained with the less sensitive HRI are depicted by crosses. Linear least
square fits to both the PSPC and HRI data are shown as dashed lines.

decline of its average visual brightness (by AV = 0™2) was observed; in
1989 the reverse trend began. This brightness evolution is shown in Fig. 1
which was adapted from Kiirster et al. (1994) and supplemented with recent
data (Anders 1994; Bos 1994a, 1994b; Bos et al. 1995). As of now it is
unclear whether this variability is cyclic or irregular.

2.2. THE X-RAY BRIGHTNESS

In an attempt to find a stellar activity cycle in soft X-rays an ongoing
ROSAT monitoring program on AB Dor was begun in mid-1990. AB Dor
was selected, because it is a bright X-ray source located near the southern
ecliptic pole and therefore visible to ROSAT at all times. It was also chosen
because of its pronounced V-band variability and because it resembles a
young Sun. In the monitoring program AB Dor is observed once per month
for 1 — 1.5 ksec. I complemented the data set by all-sky survey data and
by a number of pointed observations of longer duration.

Fig. 2 shows the temporal behaviour of the soft X-ray (0.1 — 2.4 kev)
count rate as observed between mid-1990 and mid-1995. PSPC data are
plotted as circles (or triangles if obtained during the all-sky survey); HRI
data are depicted by crosses. The systematically lower HRI count rates are
a result of the reduced sensitivity of the HRI and do not reflect any stellar
property. In 1994 the PSPC became unavailable for this program.

Strong short-term variability is evident (statistical error bars are mostly
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Figure 8. Saturation of coronal X-ray emission in the Pleiades. Plot of log(Lx/Luvo1)
(pertaining to the PSPC band) vs. projected rotational velocity vsin i for Pleiades mem-
bers with 0.62 < (B — V'), < 0.85 (spectral types G2—K1). The plot was adapted from
Stauffer et al. (1994) to include AB Dor (cross). Genuine measurements are depicted by
solid circles whereas triangles represent upper limits to log(Lx/Lbo1) or vsini (or both).

smaller than plot symbols). Formal best fitting straight lines to both the
PSPC and the HRI data were plotted together with the data. They have
very small slopes, viz. 0.26 cts sec™! yr~! (PSPC) and 0.073 cts sec™! yr~!
(HRI). Considering the large short-term variability as well as the fact that
most measurements are short snapshots which do not cover the whole range
of short-term variability present at any given instant, I draw the following
conclusion from this data set: A possible long-term trend is marginal, at
best, and certainly not comparable to the cyclic soft X—ray variability of the
Sun. In the time interval for which ROSAT data are available (after 1990.5)
also the V-band flux shows much less systematic change than in previous
years. For this reason it is premature to assess any possible correlation
between AB Dor’s average X-ray luminosity and its V-band brightness.

The lack of any clear evolution of the X-ray flux supports the con-
cept that the coronae of very active stars are saturated. This concept is
employed to explain the observational fact that the X-ray—to—bolometric
luminosity ratio Ly/Lpol is constant for the most rapidly rotating late-type
stars in young stellar clusters such as the Pleiades, i.e. for samples of stars
of equal age. Indications that AB Dor is at the same evolutionary stage as
the Pleiades come from the strength of its Lil A6707 absorption line from
which an age of ~ 106 — 3 x 107 years was estimated (Ruciiski 1982, 1985,
Vilhu et al. 1987). This is further supported by AB Dor’s membership of
the Pleiades moving group (Innis et al. 1986). A comparison of AB Dor’s
Ly/Lpol with that of the Pleiades G and K-stars is shown in Fig. 3 which
was adapted from Stauffer et al. (1994) to include AB Dor (cross). AB Dor

finds its place far out in the saturated regime beyond vsin ¢ = 20 km sec™!.
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Figure 4. Left: A 46 ksec pointed ROSAT PSPC observation of AB Dor. X-ray light
curve folded with rotational period and plotted vs. the phase interval [—0.5,1.5]. Note that
every data point is plotted twice. Right: Nov 1991 Doppler image (based on Cal A6439)
of AB Dor’s photosphere shown at phases 0.0, 0.25, 0.5, 0.75 (top left to bottom right).

3. Short—term photospheric vs. coronal variability

3.1. AB DOR (= HD 36705)

Out of the wealth of ROSAT data of AB Dor a 46 ksec pointing carried
out within 6 days (Oct 28-Nov 03, 1991) is best suited to study short-term
variability. Fig. 4a shows the X-ray light curve folded with the rotation pe-
riod according to the ephemeris HJD 2,444,296.575+ 0.51479 x E (Innis
et al. 1988). Rotational modulation is present, but with substantial erratic
fluctuation superimposed. Assuming the latter to be caused by flares, one
can expect to find a well defined, smoothly varying lower envelope to the
data points representing the flux from the quiescent corona. This can actu-
ally be seen in Fig 4a. The quiescent flux is modulated by ~ +15% with the
maximum seen at phase ¢ = 0.5. Most of the major flares occur near the
same phase indicating that in fact the more active hemisphere is in view.

Fig. 4b shows a contemporaneous Doppler image of AB Dor’s photo-
sphere based on high resolution line profiles of Cal A6439 obtained with the
ESO CAT+CES about 3 weeks after the ROSAT observation (Nov 19-28,
1991), i.e. within a time short enough that no major changes of the spot
distribution have to be expected (see Kiirster et al. 1994; Collier Cameron
1995). For details of the reconstruction technique see Kiirster (1993) and
Kiirster et al. (1994). No pronounced high-latitude spot activity is found.
Most of the star spots on AB Dor are grouped into an active belt near
latitude +25°. At ¢ = 0.5, the phase of maximum X-ray flux, there is a
gap in the belt implying that the coronal emission is anti-correlated with
the visibility of photospheric active regions.
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Figure 5. Left: ROSAT all-sky survey PSPC light curve of CF Tuc folded with the
orbital/rotational period. Circles: data points from first covered binary cycle; crosses:
points from second cycle. Right: Photospheric Doppler image of the CF Tuc K-star
(larger component) of Sep 1990 based on Cal A6439. The binary system is shown at
phases 0.0, 0.25, 0.5, 0.75 (top left to bottom right).

3.2. CF TUC (= HD 5303)

Fig. 5a shows a ROSAT all-sky survey PSPC light curve of the partially
eclipsing RS CVn-type binary CF Tuc (types GOIV+K4IV). It dates from
Oct 19-24, covers = 1.5 orbital cycles of the synchronized binary, and was
folded with the ephemeris HJD 2,444,555.009 + 2.797672 x E (period
from Budding 1985; phase of conjunction refined with recent optical spec-
troscopy). A strong modulation is present with minima near the eclipse
phases (¢ = 0.0, 0.5) and a pronounced maximum visible at ¢ = 0.8.

Fig. 5b shows the binary as seen at the conjunction and quadrature
phases. The photospheric spot pattern on the larger K-star results from a
Doppler image (Cal A6439; ESO CAT+CES) obtained 6 weeks before the
ROSAT observations (Sep 07-15, 1990). It is dominated by a large feature
centered on ¢ = 0.8, i.e. the phase of the X-ray maximum. In addition,
there is considerable spot activity near the stellar pole. V-band photome-
try of CF Tuc of Sep 1990 (Cutispoto, unpublished) reveals a minimum of
the out—of-eclipse light curve near ¢ = 0.8, i.e. when the large feature seen
in the Doppler image is in view, indicating that the K—star is responsible
for the out—of-eclipse variability. However, it is not clear a priori which bi-
nary component is the major contributor to the observed X-ray flux. The
X-ray light curve suggests a primary eclipse (at ¢ = 0.0) which would im-
ply an X-ray bright G-star. Kiirster & Dennerl (1993) showed that it is
also possible to model the X-ray light curve by pure rotational modula-
tion of two features located in the K-star corona. If the K—star is actually
the dominant X-ray source, the striking coincidence of the phases of X-
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Figure 6. Left: ROSAT all-sky survey PSPC light curve of YY Men plotted vs. time in
units of the stellar rotation period. Right: Sep 1990 Doppler image (based on Cal A6439)
of YY Men’s photosphere shown at phases 0.0, 0.25, 0.5, 0.75 (top left to bottom right).

ray maximum and visibility of the major spot feature indicates a spatial
correlation of the corresponding photospheric and coronal active regions.

3.3. YY MEN (= HD 32918)

A third correlated X-ray and photospheric Doppler imaging study was
aimed at the single FK Com-type giant YY Men. Fig. 6a shows the ROSAT
all-sky survey light curve of Sep 30-Oct 12, 1990. The PSPC count rate is
plotted vs. time in units of the stellar rotation phase using the ephemeris
HJD 2,444,155.64+ 9.5476 x E (Collier 1982). A modulation is seen with
a maximum around ¢ = 0.3 — 0.5 and a minimum near ¢ = 0.8.

A photospheric Doppler image (Cal A6439; ESO CAT+CES) obtained
~ 3 weeks before the ROSAT data (Sep 09-19, 1990) is shown in Fig. 6b.
The dominant feature is a large polar spot with an appendage extending
towards lower latitudes. A pronounced low-latitude active belt is also seen
consisting of many small features. Near ¢ = 0.0 the belt seems to form a
continuous band that is probably an artefact of incomplete phase coverage.
V-band photometry of Oct 1990 (Cutispoto, unpublished) shows a light
curve minimum at ¢ = 0.3 — 0.4 and a maximum near ¢ = 0.8 — 0.9. This
supports the view that the low-latitude belt actually consists of a rather
homogeneous spot distribution not leading to significant brightness change
and that the V-band minimum is caused by the passage of the appendage
across disk center (¢ = 0.3), whereas the maximum is due to the movement
of the appendage towards the limb. Obviously, the X-ray modulation is
in anti-phase with the V-band variation, i.e. spot visibility is correlated
with X-ray flux. The X-ray minimum at ¢ = 0.8 can be explained, if an
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emission region is located beneath the appendage to the polar spot and
taken by stellar rotation to the invisible hemisphere at this phase.

3.4. A POSSIBLE COMMON PICTURE

For CF Tuc and YY Men a correlation of the X-ray flux with star spot
visibility is found while for AB Dor the opposite is observed. The photo-
spheric spot pattern on AB Dor is oriented predominantly parallel to the
equator, whereas in CF Tuc and YY Men spot activity is seen both near
the pole and at low latitudes. In an attempt to explain the observational
facts by a common (though necessarily non-unique) model, I propose the
following concept of large X-ray emitting loops connecting the major spot
complexes. An extended loop bridging the gap in the active belt on AB Dor
would be oriented parallel to the equator and visible best during phases of
minimum spot visibility. Loops on CF Tuc and YY Men connecting the
low-latitude features with the polar ones would be oriented meridionally
and therefore in view when the dominant spot features are seen.
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