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Abstract.

Corond astronomy is by now a fairly mature discipline, with a quarter century having
gone by since the detection of the first stellar X-ray coronal source (Capella), and having
benefitted from a series of major orbiting observing facilities. Several observationa charac-
teristics of coronal X-ray and EUV emission have been solidly established through extensive
observations, and are by now common, almost text-book, knowledge. At the same time the
implications of coronal astronomy for broader astrophysical questions (e.g. Galactic structure,
stellar formation, stellar structure, etc.) have become appreciated. The interpretation of stellar
coronal properties is however still often open to debate, and will need quditatively new ob-
servational data to book further progress. In the present review we try to recapitulate our view
on the status of the field at the beginning of a new era, in which the high sensitivity and the
high spectral resolution provided by Chandraand XMM-Newtonwill address new questions
which were not accessible before.
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1. Foreword

Given the breadth of the subject and the sheer volume of published literature,
reviewing in depth all aspects of corona astronomy is a daunting task. We
have therefore deliberately chosen to concentrate on specific aspects of the
field, skipping a number of topics, several of which would by themselves
deserve a large review. We have concentrated mostly on the observational
aspects, and have skimmed over (apart from mentioning them where relevant)
most of the often controversial open-standing theoretical issues. These in-
clude for example corona heating mechanisms and dynamo theory, for which
we do not review the large body of theoretical work in any detail, but only
discuss them in the context of their relationship with observations.

The observational topics which we have decided to discuss in detail are
(in addition to the historical overview of Sect. 2) the general characteristics
of X-ray emission across the H-R diagram (Sects. 4.1-4.4), the relation-
ship between X-ray activity and rotation (Sect. 4.5), coronal activity cycles
(Sect. 5.2), the spatia structuring of stellar coronae (Sect. 6), flares (Sect. 7),
the temporal evolution of X-ray activity along the lifetime of astar, (Sects. 8
and 9), the till controversia field of coronal metal abundances (Sect. 10),
the recent evidence obtained from high-resolution spectroscopy on the den-
sity and thermal structuring of stellar coronae (Sect. 11) and the use of X-
ray observations (unbiased surveys in particular) as a tool to study Galactic
structure.

X-ray emission in the pre-main sequence (PMS) phase, which would de-
serve (and has received in the recent past, Feigelson and Montmerle, 1999)
a complete review by itself is only briefly discussed to put the evolution of
X-ray activity in the main sequence phase in the proper context. In several
places we have considered EUV observations (performed by EUVE) on the
same ground as X-ray observations, given that they sample the same range
of plasma temperatures as X-ray observations, no distinctions between the
X-ray and EUV wavelength range has therefore been implemented. At the
same time, the body of work on forbidden coronal lines (such as the Fexxi
1354 A line), mostly performed with HST observations, will not be reviewed
here for reasons of space, the interested reader being referred to some of the
recent papers on the subject, e.g. Johnson et a. (2002), Robinson et al. (2001),
Ayres et al. (2001), Pagano et al. (2000) or Linsky et a. (1998).

An effort has been made to collect the relevant information in a systematic
way inanumber of tables. Table | (page 4) gives (approximate) spectral types
and abject classes for al individua stars mentioned in the present review,
Tables Il and 111 (pages 60 and 61) contain a brief description and reference
to the main published detailed analyses of stellar flares, Table 1V (page 65)
contains reference to the main published analyses of X-ray observations of
open clusters (as well as summary information about the clusters), while Ta-
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Table . Indicative spectral types and object class for al stars discussed in the present
paper. “nZAMS’ = young, near Zero-Age Main Sequence.

Name Class Spec. type | Name Class Spec. type
a Cen GOV -+K5V FK Aar flare M1.5V

o CrB Algol AQV+G5V HD 283572 PMS G211

XX Ori nZAMS GOV HR 1099 RSCVn GOV +...
€Eri K2v HR 5110 RS CVn F21V+...
AAnd RSCvn G8llI+ ... HU Vir RSCVn KOIV+...
™ UMa nZAMS G115V Il Peg RS CVn KOV+...
oGem RSCvVn K1+ .. LHS2065 flare MoV
o?CrB RSCVn GOV+ .. LkHa 92 PMS K

EBO0OA G8V+K4v LP944-20 BD MoV

44 Boo WUMa GOV+GoV LQHya flare Kov

47 Cas FovV MWC 297 HAeBe Be

AB Dor nZAMS K1 P1724 PMS G8

AD Leo flare M3.5vV Procyon F5Vv

Algol Algoal B8V+K2lV | RSCVn RSCVn Fa+...
Altair ATV Sirius A1V

AR Lac RSCVn G2IV+KOlll | UV Cet flare M5.5V
AU Mic flare MOV UX Ari RS CVn G5V+KOlvV
BY Dra flare K6V VB 10 flare M8V
Capella RSCVn G5lll+... VB 50 nZAMS G1v
Castor A2V VB8 flare M7V

CF Tuc RSCVn G3V+... VW Cep W UMa KOV+KOovV
CN Leo flare M5.5v WUMa W UMa F8V+F8Vv
EK Dra nZAMS F8V Wolf 630 flare M3V
EQ1839.6 flare M3.5V YLW 15 Class| PMS -

ER Vul WUMa GOV+GoVv YLW 16A Class| PMS —

EV Lac flare M3.5V YY Gem flare MO.5V

ble VI (page 92) contains reference to the main published analyses of coronal
abundances based on high-resolution X-ray spectra. Anindex isalso provided
to the individua stars.

2. Historical overview

During total solar eclipses the corona is visible as a faint “halo” extending
out to a few solar radii from the (occulted) photosphere, so that, in an em-
pirica sense, the existence of the corona around the Sun must have been
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known since the earliest times. The understanding of the nature of this ex-
tended atmosphere around the Sun had to wait for the birth of astronomical
spectroscopy. During the eclipse of Aug. 7 1869 the American astronomer
C. Young discovered an isolated weak green line in the visible coronal spec-
trum (Young, 1869), which heinitialy (incorrectly) identified with aFel line
—athough he found it surprising that only one Fe line would be present in the
spectrum. Later eclipse observations produced evidence for additional lines; a
more accurate wavel ength determination of the green coronal line (5303.2 A)
in 1898 was inconsistent with any known spectral feature. This led to the
hypothesis that the lines in the spectrum were produced by a new, hitherto
unknown element, christened “coronium”. It was only in 1942 that the emis-
sion spectrum of coronium was correctly identified with the lines of highly
ionized Fe (in particular Fex1v, Edlén, 1945). Such high ionization states of
Fe require temperatures T ~ 1 MK. This result posed a puzzling question:
what physical process could hesat the solar corona to a temperature more than
two orders of magnitude hotter than the solar photosphere (T = 5770K)?
The high temperature of the solar corona was confirmed by the detection of
its thermal X-ray emission, which took place in 1946 with a sounding rocket
instrument developed by the U.S. Naval Research Laboratory group directed
by H. Friedman.

The fashionable theory for coronal heating was, until the late 1960's, that
it was due to acoustic waves, produced by the convective turbulent motions of
the solar atmosphere, and dissipated in the corona. Such a mechanism would
likely produce arather spatially homogeneous corona, as the acoustic waves
would be produced everywhere in the photosphere. The detailed pictures of
the X-ray emitting corona produced by the imaging X -ray telescopes flown on
the Skylab space station in 1973-1974 showed instead that the solar corona
is highly structured, with most of the X-ray bright plasma confined in arch-,
or loop-like structures, whose foot points often coincided with the location
of sunspots on the photosphere. The coronal regions outside the loops are X-
ray faint, and were dubbed “ coronal holes’. The evolution of the instrumental
capabilities of solar X-ray telescopesis shown in Fig. 1.

Coronal loops were aso observed to be dynamic entities, and flaring (sud-
den brightening of one or more individual loops, followed by a slower decay
in its X-ray luminosity) was found to be a common occurrence. A compre-
hensive review of the early solar X-ray work can be found in Vaiana and
Rosner (1978).

The high degree of structuring of the solar corona requires away of con-
fining the plasmain the individual loops. Magnetic fiel ds (which were already
known to be associated with sunspots) offered the obvious explanation. The
structured, magnetically confined corona was difficult to reconcile with the
acoustic heating theory, although a model in which the plasma would be
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Figure 1. Solar X-ray images at various resolutions obtained through rocket flights, showing
the evolution of the spatial resolution of various X-ray telescopes. Image ais obtained in 1963
with the first set of X-ray grazing incidence optics, while images b to h show the evolution
of grazing incidence optics from 1965 to 1973, just prior to the Skylab solar X-ray telescope.
Taken from Vaiana et a. (1973), where a more detailed description of each image can be
found.
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Figure 2. Soft X-ray images from the Yohkoh observatory taken closeto solar maximum (left)
and solar minimum (right), showing the significant differences in the coronal structures along
the solar cycle (adapted from Peres et al., 2000). The X-ray luminosity in the band of the
ROSAT PSPC detector (0.1-2.4 keV) changes by afactor of ~ 20 between the two images.

magnetically confined but acoustically heated would still be compatible with
severa observational facts related to the solar corona.

Any predictive theory of corona heating must however explain severa
other characteristics of the corona, including the large variation in X-ray
luminosity taking place during the solar cycle (see Sect. 5.2). The significant
difference in the solar coronal structure and luminosity between the cycle
maximum and the cycle minimum is easily visible in Fig. 2; the change in
soft X-ray luminosity, a factor of ~ 20 (in the band of the ROSAT PSPC
detector, 0.1-2.4 keV) between the two images! is for example incompatible
with a corona heated by a predominantly acoustic mechanism.

The detection of coronal X-ray emission from stars other than the Sun had
to wait until the identification, by Catura et a. (1975), of the binary system
Capella as the optical counterpart to a soft X-ray source detected during a
rocket flight in 1974. Interestingly, the rocket experiment had briefly been
pointed to Capella only to calibrate the attitude control system. Soon there-
after, Capellaand Sirius were again detected as soft X-ray sources by the ANS
satellite (Mewe et d., 1975), and a few years later several active (RS CVn-
type) binaries were detected in soft X-rays with the HEAO-1 satellite (Walter
et al., 1978; Walter et al., 1980).

An understanding of whether coronae are a common occurrence around
cool stars (or whether the individual sources detected up to then were some-

1 The variahility on time scales of the solar rotation period has comparable amplitude, see
Fig. 10.
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how pathological cases, none of them indeed being “normal” main sequence
stars) had to wait for the launch in 1978 of the Einsteinsatellite, the first
imaging X-ray observatory. The imaging capability of the IPC detector on-
board Einsteinallowed it to detect X-ray emission from hundreds of normal
stars, so that Vaiana et al. (1981) could state that X-ray emission was a com-
mon occurrence across the whole H-R diagram (Fig. 3), with the apparent
exception of late B and early A stars and very cool giants. The widespread
occurrence of stellar X-ray emission put the last nail on the coffin of the
acoustic heating theory, as only stars in a rather narrow range of spectral
types would have enough “acoustic flux” to heat a corona. The inadequacy
of the acoustic model to explain the characteristics of the X-ray emission
from the RS CVn binaries detected with the HEAO-1 satellite had already
been pointed out by Walter et a. (1980). Since then it has been shown that,
in stars with convective envelopes (e.g. main sequence stars of spectral type
F and later) a mechanism similar to the solar one, with a magnetically con-
fined corona, offers amuch better explanations of the observations, although
several observational features of coronal emission still defy explanation.

Copious X-ray emission was a so observed with Einsteinfrom early-type
stars and from giant stars, as apparent in Fig. 3. For the early type stars the
lack of convective envelopes (and an observed tight correlation with the bolo-
metric luminosity) make it implausible that the X-ray emission is caused by
the same mechanism as in low-mass stars, so that wind-driven shocks have
been claimed as being the source of the X-ray emission. Neither early type
stars nor giants will be covered in detail in the present review. It is however
worth mentioning that the current view of X-ray emission from early-type
stars is undergoing significant changes based on results from high-resolution
spectra from both Chandraand XMM-Newton(e.g. Schulz et al., 2002).

A few important properties of stellar coronal emission (later confirmed
by the ROSAT observations) were already established through the Einstein
survey. Thermal X-ray emission (which was attributed to the presence of
solar-like coronage) was observed to be common across al cool stars, with
awide range (up to afew orders of magnitudes) inintrinsic X-ray luminosity.
The therma nature of the emission was soon confirmed by the spectra from
the SSS detector on-board Einstein(Swank et a., 1981). It was immediately
apparent that there was little correlation between the “classic” stellar param-
eters (i.e. mass, photospheric temperature and luminosity) and the coronal
luminosity. Stars occupying the same location in the H-R diagram easily have
coronal luminosities differing by factors of 1000. Also, it was evident that the
Sunisaweak corona source, with an average coronal X-ray luminosity lying
at thelow end of the broad distribution spanned by solar-type stars. Very soon,
Pallavicini et a. (1981) showed that one key parameter influencing the level
of coronal emission was stellar rotation, so that many Einsteinobservations of
cool stars (from late F to M aswell as active binaries) could bewell fit through
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Figure 3. Original plot from Vaiana et a. (1981), showing the position in the H-R diagram of
stars detected as X-ray sources in the early Einsteinsurvey of stellar X-ray emission.

asimple square law (Fig. 4), Lx O (vsini)?. Another key early result was the
correlation between X-ray luminosity and characteristic corona temperature
(Schmitt et al., 19904).

The still limited sensitivity and sky area coverage of the Einsteinobser-
vations had not alowed to establish whether al cool starsindeed are coronal
sources or whether some stars are actually X-ray dark and thus do not have a
corona. The launch of the ROSAT satellite in 1990 allowed to address these
guestionsin detail. ROSAT had animproved sensitivity (when used in pointed
mode) with respect to Einstein and it also performed, as the first phase of its
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Figure 4. Origina plot from Pallavicini et a. (1981), showing X-ray luminosity as afunction
of projected rotational velocity vsini. The continuous line isasquare law fit.

mission, an all-sky survey (the ROSAT All Sky Survey, RASS), during which
some 25000 coronal sources were detected (see e.g. Motch et a., 1997 and
Zickgraf et al., 1997 for adiscussion of therelative fraction of coronal sources
in the RASS), providing a sample of unprecedented size. This allowed to
determine the X-ray emission levels of complete volume limited samples of
stars. Schmitt (1997) for example discusses the X-ray emission from all A,
F and G-type stars within 13 pc from the Sun, using a mixture of RASS and
pointed ROSAT observations, and showing that coronae aretruly universal in
F and G stars (see Sect. 4.1).

3. Relevance of coronal astronomy
Stellar coronae, which are composed of hot plasmaintertwined with magnetic

fields, are driven by physical processes which are applicable (and thus of
interest) to a broad range of astrophysical phenomena.
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In addition, coronae are an essentia feature of low-mass stars, and there-
fore have a significant impact on their structure and evolution, as well as on
the structure and evolution of the planetary system which may surround the
star. In the case of the Sun the coronais at most a negligible perturbation on
the total energy balance, with an average tota fractional X-ray coronal lumi-
nosity (expressed in the ROSAT 0.1-2.4 keV band) aslow asLy /Lpg =~ 107
at solar minimum (Peres et a., 2000). However, in the most active stars, the
quiescent coronal X-ray luminosity can reach Ly /Lpo =~ 10~3, and during
intense flaring events in low-mass stars the total X-ray luminosity at the
peak of the flare may become comparable to the total stellar luminosity (see
Sect. 7.1.3), so that the corona is clearly not any longer (even though for
limited periods of time) a “small perturbation” but rather an important term
inthe stellar energetics. Also, such energetic events close to the stellar surface
are likely to have anon-trivial influence on the outer structure of the star, and
evenin its quiescent state the presence of the corona (and of the implied mag-
netic field) in the active stars is likely to affect the structure of the convection
zone. The Sun in its youth most likely underwent a phase of high activity, so
that proper understanding of coronal evolution is essential to understand the
evolution of the early Sun and planetary system.

Coronae are thought to be (largely) magnetically confined, and this is
certainly true for the flaring plasma; therefore the ubiquity of coronae in
late-type starsis an indication of the pervasiveness of magnetic fields. These
magnetic fields are produced in the stars through some form of dynamo pro-
cesses (which can differ in different types of stars, see Sect. 4.3), and play
akey role in the evolution of the star’s rotation: the magnetic field channels
a hot, ionized stellar wind which carries away angular momentum from the
star and is therefore responsible for its rotational braking. At the same time
these processes regulate the amount of mass loss from the star. Magnetic
fields will also substantially modify the stellar interior structure, asthey alter
the convective instability conditions (Ventura et al., 1998b), and thus likely
affect the structure of the convective envelope (see discussion in Sect. 4.3),
athough their detailed influence on stellar structure and evolution has yet to
be assessed.

In addition, magnetic fields influence the photospheric thermal structure
(such as the sunspots visible on Sun’s surface, or the large spots inferred by
Doppler imaging on active stars), and will therefore have an impact on e.g.
the determination of photospheric stellar abundance, including key elements
of cosmolagical relevance such as lithium. Already Giampapa (1984) noted
how the measured abundance of Li varies in sunspots, and the debate on the
influence of activity on e.g. the observed large dispersion of Li measured in
the Pleiades (Soderblom et al., 1993) is still ongoing (Stuik et al., 1997).

Therefore stellar coronae — and the physical processes which produce
them, in particular the stellar dynamo and the implications of the relative
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magnetic fields on the interior structure, energy transport and mixing pro-
cesses — are an essentia ingredient in the evolution of a cool main sequence
star, and proper understanding of the structure and evolution of the coronais
necessary for a full understanding of the structure and evolution of stars in
general.

Coronae also have a strong influence on the circumstellar environment,
and in particular on the environment in which planets form and evolve. This
is true in all phases of a planet’s life, athough the influence in the early
stages is bound to be more significant. The copious flux of X-rays produced
by the corona in the early (pre-main sequence) stages of the life of a star
will ionize the circumstellar disk, and strongly modify the environment in
which planets form. The state of the art in modeling the influence of very
young stellar coronae on the (proto-) planetary environment has recently been
reviewed by Glassgold et al. (2000). More generally, the masslossfrom active
stars can be an important input to the chemica evolution of the inter-stellar
medium (ISM). Although the early suggestion of Mullan et a. (1992) for
high quiescent mass | oss rates in low-mass stars has been refuted by Lim and
White (1996) (see adso Wargelin and Drake, 2002 on the subject), episodic
mass losses, perhaps in the form of giant coronal mass gjections (for which
the evidence is discussed in Sect. 7.3.2) could still be an important input
to the chemical evolution of the inter-stellar medium. Given the evidence
(Sect. 10.4) for activity-dependent chemical fractionation in the corona, the
material returned to the ISM islikely to be selectively enhanced or depleted
with respect to the “ parent” star, also during the pre-main sequence phase.

One of the important parameters that can significantly affect a (proto-)
planetary environment is the number of ionizing photons incident on e.g. the
planetary atmosphere. Asaresult of the evolution of the X-ray properties of a
“typical” main sequence star (Sect. 9) this number evolves strongly with time.
A preliminary computation (Micela, 2002) shows that the number of harder
(and thus more ionizing) X-ray photons decays more steeply in time than the
number of softer X-ray photons. For example, the flux of hard (1-10 keV)
X-ray photons at the Earth has decreased by more than two orders of magni-
tude since the Sun was the same age as the Pleiades, from ~ 10° cm—2s!
then to ~ 3 x 10’ cm~2 s~ today. This only includes the contribution of the
corona, and therefore does not include the large number of EUV/UV photons
generated by the transition region, and is only based on the evolution of the
“quiescent” coronal emission.

Flares are aso likely to have a large impact on planetary environment
and atmospheres and in the pre-main sequence phase (and in the first phases
of the main sequence) stars exhibit very powerful flares (Sect. 7.1.3). These
sudden releases of large quantities of very energetic photons from very young
stars will play arole on planetary formations, while in the first phases of the
main sequence they will affect the environment of already formed planets,
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a a level depending on the duty cycles and energy released during these
flares. The effect of this on the global evolution of e.g. climate on planets has
till not been assessed, but clearly resolution of the so-called “faint young
Sun paradox” (Ulrich, 1975) has to properly consider the evolution of the
terrestrial atmosphere under the influence of the evolving solar coronal emis-
sion. Feigelson et al. (2002b) have shown, using Chandraobservations of the
Orion nebula cluster, that the energetics of flares — and relative proton fluxes
in the proto-planetary nebula — in very young solar analogs (age < 1Myr)
is sufficient to explain the observed meteoritic abundance of several short-
lived radio isotopes. Unfortunately a systematic knowledge of the evolution
of coronal variability (flaring rate, duty cycle, energetics, etc.) in starsis yet
lacking.

Theinfluence of the corona on the planetary environment extends well into
the star’s main sequence life, certainly up to the age of the Sun. The influence
of the Sun on the terrestrial climate isa subject of lively research and debate,
but the evidence is accumulating that the bulk of the influence on the Earth’s
climate comes from the phenomena associated with the Sun’s activity (e.g.
Lean, 1997; Soon €t a., 2000), so that understanding the evolution of the
solar coronaislikely to be essential to understand the evolution of the Earth’s
climate and even perhaps the origin of life. This evidence for alink between
the state of the Sun’'s corona and terrestrial climate is both empirical and
theoretical. Among the empirical evidence perhaps the best known case is
the Maunder minimum, i.e. the period in which the solar cycle appeared to
stop, so that sunspots effectively disappeared from the Sun from ca. 1645
to ca. 1715. This coincided with an unusually cold period, known as “the
little ice age”’. Severa theoretical studies also show that high-energy solar
emission (specialy the EUV photons) has a strong influence on the photo-
chemistry of the high atmosphere, and thus e.g. on the formation of cloudsin
the atmosphere.

Finally, magnetically confined plasmas, on different spatial scales, are a
genera astrophysical phenomenon, for which stellar coronae form an excel-
lent “case study”, as their relative proximity allows the physics to be studied
with a degree of detail which is not always possible with more energetic but
further away objects.

4. Characteristics of stellar coronal X-ray emission

4.1. X-RAY EMISSION FROM SOLAR-TYPE STARS

The first systematic study of the X-ray emission from late-F and early-G
stars was performed with the Einsteinobservatory (Maggio et al., 1987), and
confirmed the early conclusion of Vaiana et al. (1981) that X-ray activity is
common in solar-type stars, with alarge spread in activity level.
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The genera characteristics of X-ray emission from solar-type stars have
been studied in detail with the large-scale stellar survey performed with the
ROSAT observatory. Schmitt (1997) performed a complete survey of all stars
of spectra types A, Fand G in the solar neighborhood (within 13 pc), comple-
menting the RASS observations with pointed observations where necessary,
ensuring that no “Mamquist”-type bias is present in the survey. Perhaps the
most notable conclusion is the true universality of X-ray emission among
solar-type stars: al G-type dwarfs in the sample observed with sufficient
sensitivity were detected as X-ray sources, so that coronae appear to be an
essential component of solar-type stars. Truly X-ray dark cool dwarfs, if they
exist at al, must be very rare.

The X-ray luminosity of nearby F and G dwarfs ranges (in the ROSAT
0.1-2.4 keV band) between logLyx ~ 26.5ergs ™ and logLyx ~ 29.5ergs ™1,
with a median logLy ~ 27.7ergs ™1, and the coronal X-ray luminosity is
clearly correlated with the temperature of the emitting plasma, with the more
luminous stars also being hotter. This had aready been established as a gen-
eral property of stellar X-ray emission on smaller samples of stars (see Fig. 3
of Schmitt et al., 1990a), but again the statistical completeness of the ROSAT
samples allows to verify this as afully genera property.

If surface X-ray flux (rather than total X-ray luminosity) is taken as a
parameter, nearby solar-type stars span ailmost four orders of magnitude (see
Fig. 5), with a well-defined minimum level of coronal emission, which is
apparently universal across main sequence late-type stars from F- to M-type,
and is not the result (as discussed in detail by Schmitt, 1997) of a selection
effect. This minimum X-ray surface coronal flux is Fx ~ 10*ergecm=2s71,
which is aso the typical level observed in solar corona holes, so that one
possible interpretation for the occurrence of stars exhibiting minimum X-ray
luminosity isthat they are covered with coronal holes (i.e. with open magnetic
field lines), with little if any emitting closed magnetic structures (Ioops).

At the sametime, it appears that the intermediate activity level observed in
nearby stars can be simply realized by covering the surface of a solar-like star
with active regions (Drake et a., 2000). This was argued aready quite early
in the history of coronal astronomy, e.g. by Vaianaand Rosner (1978), so that
the solar analogy appears as a quite likely one for the coronal properties of
normal, disk population solar type stars.

Solar-type stars showing the maximum level of the activity (logLx ~
30ergs 1) require plasma densities higher than observed in the core of solar
active regions (unless very extended coronae are postulated, which are con-
trary to the evidence available, from either density measurements, Sect. 11.1
or the evidence on the location and size of the emitting regions, Sect. 6), and
thus the use of the solar analogy to understand their corona emission is not
immediately straightforward.
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Figure 5. Origina figure from Schmitt (1997), showing the X-ray surface flux for a vol-
ume-limited, complete sample of nearby cool dwarfs, spanning spectral types F, G, K and
M. The wide span (almost four orders of magnitudes) in activity level is evident, as is the
existence of a“universal” minimum flux level Fx ~ 10* ergcm=2s~1. The dashed lines show
the range of flux (in the same band) from solar corona holes.

The completeness afforded by the ROSAT survey of solar-type stars al-
lowsto clearly put the Sunin perspective: with its maximum X-ray luminosity
logLyx ~ 27.5ergs ! the Sun lies near the median of the Ly distribution for
nearby stars, and thus isarather inactive star when compared with the general
disk population.

4.2. X-RAY EMISSION FROM STARS AT THE CONVECTIVE BOUNDARY

Stellar structure theory predicts that the surface convection zone should dis-
appear, in solar metallicity main sequence stars, at masses larger than M ~
1.8 Mg, that is, for stars of spectral class earlier than late A. Under the
assumption that surface convection is a necessary ingredient for a dynamo
— and thus for a magnetically confined corona — coronal activity should aso
disappear. The exact “location” of this coronal boundary in the H-R is diffi-
cult to predict theoretically, as it depends sensitively on the detailed physics
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of convection — something for which a satisfactory theory is still missing.
Thus, sensitive X-ray observations can pin down the exact location of the
convection boundary and constrain the physics of convection.

Early IUE observations (see Schmitt et al., 1985 for the early references)
aready showed that, while chromospheric activity was common in early F
stars, it disappeared in A-type stars. Chromospheric studies (which rely on
the measurement of line fluxes) are however impaired by the strong UV con-
tinuum of A-type stars, as well as by their average high rotation velocity,
and X-rays are thus a more sensitive probe of the presence of a corona. The
change in corona properties at the convection boundary was evident in the
earliest Einsteinsurveys. Topka et a. (1982) aready noted a strong drop in
the X-ray detection rate of A-type vs. F-type stars, and Schmitt et al. (1985)
showed that single A-type stars are not X-ray emitters, with some apparent
detections being due to UV photon contamination in the X-ray detectors (the
problem is discussed in detail, for the ROSAT HRI, by Barbera et a., 2000).
Many confirmed or suspected binaries with an A-type primary are found to be
X-ray emitters, with X-ray luminosities fully compatible with normal coronal
emission from a late-type star, so that the observed X-ray emission can be
explained as due to the unseen companion.

Altair (of spectra type A7V) was found to be the earliest spectra type
intrinsic X-ray emitter, a result later confirmed with ROSAT observations
(Schmitt, 1997). Its X-ray spectrum is soft (Panzera et a., 1999), with the
dominant component at T ~ 1 MK, and the presence of a chromosphere has
been confirmed e.g. by Simon and Landsman (1997). The coronal emission
from Altair israther wesk (Lx = 3 x 10%” ergs~1), with a corresponding sur-
face X-ray flux Fx ~ 10*ergcm—2s71, i.e. a the observed minimum level
of flux for solar type stars. If the solar analogy is valid for these stars, Al-
tair would thus likely be covered by “corona holes’, i.e. open magnetic
structures, with no active regions and relative closed coronal loops.

Some earlier A-type stars are found to be X-ray emitters, often at levels
higher than Altair (Panzera et al., 1999), but the lack of detailed information
on the star’s nature (and in particular on the presence —or lack of —alater type
companion) makes it impossible to assess whether they are intrinsic X-ray
emitters or simply the brightest component of a (still undetected as such) bi-
nary system harboring an opticaly faint, X-ray active, later type companion.
The latter interpretation is reinforced by the very deep X-ray observations
of some early A-type stars, in particular Vega, for which the non-detection
in a deep PSPC observation has allowed to put a very stringent upper limit
to its X-ray luminosity of Ly < 3 x 10%®°ergs! (Schmitt, 1997), supporting
the idea that confirmed bona fide single early A-type stars are indeed X-ray
dark. A direct demonstration of the existence of X-ray dark A-type starsis
also provided by the observation of the eclipsing binary a CrB discussed in
Sect. 6.2.1 (see Fig. 13). Thus, spectral type A7V appears to be the location
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in the H-R diagram where (at least for near-solar metallicity stars) dynamo
action appears.

More massive (O and early B) stars are copious X-ray emitters, but their
X-ray emission is thought to be due to “non-coronal” mechanisms (i.e. to
shocks in the stellar wind), with an X-ray luminosity well correlated with the
bolometric luminosity, with Ly /Lpo =~ 10~7. X-ray emission from early-type
stars will not be discussed further in the present review.

One challenge to the interpretation of coronal activity in early type stars
comes from the frequent detection of strong X-ray activity in the pre-main se-
guence progenitors of A stars, i.e. the Herbig Aeand Be stars (HAeBe). These
are often clamed to be structuraly similar to their main-sequence coun-
terparts (with no convective envelopes), although they are still surrounded
by significant amounts of circumstellar material, as evidenced by their IR
excesses. X-ray emission is a common occurrence among HAeBe stars. An
early Einsteinsurvey (Damiani et a., 1994) of known HAeBe stars detected
~ 50% of them as X-ray sources, a result confirmed by the ROSAT survey
of Zinnecker and Preibisch (1994). These works showed that HAeBe stars
have relatively high X-ray luminosities (Lx /Lpo ~ 1076-10~° —significantly
higher than typical for the wind-driven X-ray luminosity of main-sequence O
and B stars, Lx /Lpo ~ 10~7). Zinnecker and Preibisch (1994) found no cor-
relation between the X-ray luminosity and the rotationa velocity (as would
be expected for “normal” coronal emission), but a correlation between X-
ray luminosity and mass loss rate, pointing to a wind-related origin (and
making it difficult to explain such correlations with the presence of unseen
companions).

Later observations with ASCA (Hamaguchi et al., 2002) show that the
X-ray spectra of HAeBe stars are well fit with thermal models, with rather
high plasma temperatures ranging between 1 and 5 keV, again significantly
higher than the typical X-ray temperatures of O and B stars. One challenge
to the wind-related explanation comes from the observation of a significant
flaring event on the highly reddened HBe star MWC 297, which shows all
the characteristics of a normal intense coronal flare, with an increase in X-
ray luminosity of a factor of 5 over the quiescent value, and an increase in
temperature from 30 MK during quiescence to 80 MK during the flare. The
X-ray spectrum of MWC 297 during theflareisshownin Fig. 6. The e-folding
time of the flare decay is 60 ks, again typica of intense stellar flares. Such
an event would point to the X-ray emission from MWC 297 being of coronal
origin, or — at least — magnetically confined, given that long-duration flaring
events must be confined, (Reale et a., 2002), and could therefore not occur
in an expanding wind.

One element which has not yet been considered in explaining the origin
of the X-ray emission from HAeBe stars is whether they indeed have no
convective envelope. The case of Altair shows that even an extremely thin
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Figure 6. The ASCA SIS spectrum of the X-ray emission from the Herbig Be star MWC 297
during the flare reported by Hamaguchi et al. (2000), plotted together with the best-fitting
thermal model. Note the hardness of the spectrum, indicative of the high flaring temperature.

convective envelope is sufficient to sustain significant magnetic activity. The
recent models of Siess et a. (2000) indicate that a star like Altair has a
very thin convection zone, extending to a depth of only 2 x 10-2 R,. While
these models show that main sequence early A and B stars indeed have a
fully radiative structure, the same models predict the presence of thin (but
non-negligible, up to a depth of 0.01 R,) convective envelopes in pre-main
sequence early A and B stars. Whether these envel opes are indeed sufficient
to sustain the dynamo action required to explain the observed vigorous X-ray
activity in HAeBe stars (with much higher plasma temperatures and X-ray
surface fluxes than observed e.g. in Altair) remains to be assessed.

4.3. X-RAY EMISSION AT THE LOW MASS END

The early surveys of the X-ray characteristics of low-mass dwarfs using Ein-
steinobservations (Rosner et al., 1981; Golub, 1983; Bookbinder, 1985; John-
son, 1986) showed that coronal X-ray emission isvery common aso in these
stars, with some evidence present in these early data for a decay in the X-ray
activity leve at the lower masses.

However, a systematic analysis of al the Einsteindata on low-mass stars
had to await the work of Barberaet al. (1993), who showed that K-type dwarfs
are common X-ray emitters with X-ray luminosity ranging between logLyx ~
27.0 ergst and logLyx ~ 29.5 ergs~1, with amedian logLyx ~ 27.7 ergs1,
i.e. very similar to the behavior of G dwarfs. M dwarfs were aso found to be
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common emitters, although at alevel somewhat lower than the earlier spectral
types, with a range of luminosity between logLy ~ 26 ergs™ and logLy ~
29 ergs*, and amedian logLy ~ 27.2 ergs 2.

One issue which was raised from the Einsteindata is whether there is a
change in the coronal emission level around spectral type M5. The theoretical
basis for the question is the change in stellar structure taking place at this
spectral type: earlier type stars have a solar-type structure, with a radiative
core and a convective envelope, which gets deeper in the later spectral types,
until it disappears completely at around spectral type M5, where stars become
fully convective (as first pointed out by Copeland et al., 1970). According to
theory this leads — as discussed in Sect. 5.1 — to a change in the type of
dynamo expected to be at work in the stellar interior, and thus to possible
differences in the level of coronal emission.

X-ray emission from very late-type stars was soon detected with Einstein
with Johnson (1981) reporting an X-ray detection of the very low mass star
VB 8 (whose spectral type, dM7e, only became available later Dahn et al.,
1986, so that it was not clear initialy that the star wasfully convective). Using
the whole Einsteindatabase of observations Barbera et al. (1993) showed that
the Einsteindata were indeed compatible with a drop in the X-ray emission
level of M dwarfs at spectral type M5 (or absolute magnitude My = 13.4),
at the ~ 99% confidence level. The drop was present both in the X-ray lumi-
nosity and in the X-ray surface flux. They aso found a correlation between
X-ray activity level and kinematics (a statistical age indicator) for these stars,
which they interpreted as evidence for an age-activity correlation, with activ-
ity decreasing in the older stars as expected (see Sect. 9.2 for adiscussion of
the age evolution of X-ray activity in dM stars).

Later Schmitt et al. (1995) addressed the X-ray emission of K and M
dwarfs using a complete volume limited sample observed with ROSAT (anal-
ogoudly to what done for F and G dwarfs, see Sect. 4.1). Once more, it was
shown that X-ray emission (and thus the presence of a corona) is a universa
feature, also for cooler dwarfs, which have a minimum surface X-ray flux
level similar to the one observed in F and G dwarfs (Fig. 5). Again, X-ray
dark K and M disk population dwarfs, if they exist at al, are extremely rare.
The higher sensitivity of the PSPC allowed to detect M dwarfs with X-ray
luminosity as low asloglLyx = 25.7 ergs L. Similar to what was found for F
and G dwarfs, more X-ray luminous stars have hotter (harder) spectra.

Fleming et al. (1995) explored the properties of the ROSAT K and M
dwarf sample, concluding that no change in the X-ray properties of M dwarfs
was visible down to absolute magnitude My = 15. In particular no decrease
in the X-ray activity at spectral type M5 was visible, so that the earlier Ein-
steinresults would seem to have been affected by selection effects. Also, no
correlation is present in the Fleming et a. (1995) ROSAT sample between
the X-ray emission level and the kinematic properties, while a correlation
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was found between X-ray emission level and photospheric metallicity, with
metal-poor stars showing alower X-ray emission level. Such decay with the
metallicity isconsistent with the results obtained for dM starsin open clusters
(Sect. 9.2), which allow younger and more metal-rich M dwarfsto be sampled
than available in the nearby field population.

The decay of X-ray emission with metallicity observed in the volume-
limited sample of Fleming et a. (1995) could either be an indirect reflection
of the age-activity correlation (which would thus question the validity of
kinematics as an age indicator for nearby stars) or be due to a difference
in the corona structure induced by the varying metal abundance on e.g. the
radiative |osses of the coronal plasma. Although it isstill unclear which one of
the two interpretations applies (see Sect. 9.5), given the very weak correlation
observed between age and metallicity in field dwarfs (e.g. Edvardsson et al.,
1993) and the presence of an age-activity correlation for dM stars (Sect. 9.2)
the latter would appear to be a more plausible hypothesis.

Giampapa et a. (1996) anayzed the PSPC spectra of a humber of M
dwarfs sufficiently bright for a spectral analysis of the X-ray emission, ar-
guing that (under the assumption of a two component isotherma moded fit
to the PSPC spectrum — commonly referred to as a “2-T fit") the temporal
variability of X-ray emission is concentrated in the hot component (with
typical temperatures T ~ 10 MK), while the emission measure of the cooler
component (with T ~ 2-4 MK) is constant in time. This led them to hypoth-
esize that two physical components are actually present in the coronae of
dMe stars. By moddling the two components with hydrostatic loop models,
they further showed that the cool component must be composed of small
(L <« R,) high-pressure (pp > poe) loops, while two solutions are possible
for the hotter component, i.e. large loops (L 2 R,) with afilling factor f ~ 0.1
or small loops (L < R,) with avery small filling factor f <« 1. Later Favata
et al. (2000a), analyzing severa flares on the dMe star AD Leo showed that
the flaring loops (when modeled with the hydrodynamic models of Reale
et a., 1997, as discussed in Sect. 7) arein al cases small (with typical sizes
L ~0.3R,), ruling out thefirst of the two possibilities, so that coronae ondMe
stars appear to be confined to compact loops, with no evidence for large loops
extending to large distances from the star. Micela et al. (1997b) analyzed the
temporal variability of the emission measure produced through 2-T fits for
a set of older (and thus less active) M dwarfs, showing that, although the
hot component indeed exhibits more intense variations than the cool one, the
variations are strongly correlated, pointing to the corona being composed of
asingle set of structures (rather than the two distinct sets of structures hy-
pothesized by Giampapa et a., 1996). In principle there could be adifference
in the corona structures of young and old M dwarfs (the stars of Micela
et a., 1997b being one order of magnitude fainter in X-rays than the ones
of Giampapa et a., 1996), so that a similar correlation analysis on the more
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active stars would be useful to understand whether the observed temporal
variations of the components are indeed independent.
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Figure 7. The differential emission measure for the corona of AD Leo, derived from the
ChandraL EGTS spectrum, from Maggio et a. (2002).

Maggio et al. (2002) have studied the high resolution Chandraspectrum
of AD Leo, showing that a continuous differential emission measure (DEM),
with no evidence of bimodality, as shownin Fig. 7, is necessary to explain the
rich X-ray spectrum (as earlier discussed by Cully et al., 1997 intheir analysis
of the EUVE spectrum of aflare on AD Leo). The two discrete temperatures
found by Giampapa et a. (1996) in the fit to the PSPC spectrum are in good
agreement with the peak of the DEM (for the hot temperature) and with
the “barycenter” of its low-temperature tail (for the cool temperature). Thus,
perhaps a more likdly interpretation is one in which only one set of coronal
structures is present (with asingle typical size and filling factor), filled with
low temperature plasma in quiescence, and in which the hot plasma appears
during the frequent flaring episodes visible in the light curve of the harder
photons.

While no drop in corona activity isvisible at the fully convective bound-
ary, asignificant change in corona properties is apparent for the still cooler
dwarfs, with a drop in the corond heating efficiency evident for stars fainter
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than My ~ 17.5 (see Fig. 8). Only very few stars with My > 17.5 are known
in the solar neighborhood (and are thus accessible to X-ray observations) so
that the data are quite sparse and any conclusion perforce preliminary.

The coolest stellar objects for which X-ray activity has been conclusively
established are the M8V star VB 10 (Gl 752B) and the M9V star LHS 2065.
Fleming et al. (2000) detected a flaring event in a ROSAT HRI observation
of VB 10, with a pesk X-ray luminosity of order Ly ~ 3 x 10*” ergs™.
No quiescent X-ray emission was visible in the ROSAT observation. Re-
cently, Giampapa and Fleming (2002) obtained a deep Chandraobservation
of VB 10, detecting its quiescent X-ray emission at alevel of only Lx ~ 3 x
10® ergs (Lx/Lpo ~ 107°), significantly lower than the quiescent X-ray
luminosity of M dwarfs with My < 16.5. Schmitt and Liefke (2002) detected
(also using a ROSAT HRI observation) a flaring event on LHS2065, with
comparable pesk X-ray luminosity (at Ly ~ 4 x 10’ ergs™1) as the VB 10
flare. Also, evidence for quiescent X-ray emission (at rather high luminosity,
Lx ~ 2 x 10?®®ergs 1) is found in the second of the two HRI observations
analyzed (the two observations are separated by 6 months). Whether thisisa
true “quiescent” emission level or whether it is due to unresolved flaring ac-
tivity (which would explain why the same quiescent emission level isnot seen
in the first of the two observations) will have to await for deeper observations
of this object.

Whether X-ray activity isindeed ascommon (albeit at lower level) in these
very late M dwarfs as it is in the earlier M dwarfs is still largely an open
guestion (for lack of observational data). On the basis of observations of the
Ha line Giampapa and Fleming (2002) argue that there is evidence for a
genera rather precipitous drop in the activity of very cool dwarfs. The data
in Fig. 8 have been interpreted as suggestive of a dichotomy in the behavior
of very late-type dwarfs, with the quiescent emission level decreasing rapidly
with spectral type, while the level of the flaring coronal emission (at least for
the more intense flares) remains essentially constant.

4.3.1. Brown dwarfs

Brown dwarfs are stellar objects with masses below 0.075-0.08M,. Below
this mass (whose accurate value depends on e.g. the metalicity) the central
temperature of the star never rises to the hydrogen burning limit (as first
pointed out by Copeland et al., 1970), so that they will continue their gravi-
tational contraction (with the exception of a brief deuterium burning episode
for objects with M 2 0.01M,) until eventually electron degeneracy setsin.
In a sense brown dwarfs thus never reach the main sequence but continue
contracting down the H-R diagram aong the analog of pre-main sequence
tracks for low-mass stars. Their optical luminosity is a strict function of age
(being driven by gravitational contraction). If at their brightest these stars
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Figure 8. The X-ray emission level of late-type dwarfs (from Giampapa and Fleming, 2002).
For the coolest objects both the quiescent and flaring X-ray luminosity levels are indi-
cated. Note the apparent dichotomy between the flaring emission level (which stays roughly
constant) and the quiescent level, which decreases significantly in the cooler stars.

emit at a saturated level (i.e. Lx/Lpol ~ 103, see Sect. 4.5) one would then
expect the X-ray luminosity of brown dwarfs to be a strong function of age.
A similar question as the one regarding the transition to fully convective
stars at around M5 applies to brown dwarfs, i.e. whether the transition to
nuclear burning in the (fully convective) core affects the X-ray properties
of a star. Their interna structure is fully convective, not unlikely the low-
mass end of the dM stars, so that the same issues related to the working of
the dynamo (see Sect. 4.3) arise here. Whether brown dwarfs are (significant)
X-ray emitters at al has been answered positively only recently. Thefirst sys-
tematic investigation of the X-ray properties of brown dwarfs was performed
by Neuhduser et a. (1999), who searched the ROSAT All Sky Survey (as
well as a number of pointed ROSAT observations) for X-ray emission from
known young (t < 10Myr) brown dwarfs, finding 2 X-ray sources among
the 27 brown dwarfs surveyed. Further studies of individual young stellar
associations have shown that X-ray emission is common among young brown
dwarfs. For example Preibisch and Zinnecker (2001) have surveyed with

ssr-preprint.tex; 27/02/2003; 11:59; p.23



24

Chandra ACIS the very young cluster IC 348 (t ~ 1.3Myr), detecting as
X-ray sources 4 out of 13 known brown dwarfs in the cluster. The detected
X-ray luminosities range between 8 x 10°” ergs and 4 x 102 ergs*. The
fractional X-ray luminosity for these objects is Ly /Lpo = 10~4-10-3, with
coronal temperatures T = 1-2 keV (Preibisch and Zinnecker, 2002) similar
to low-mass stars, with the X-ray brightest emitting at the saturation level,
and the rest at lower levels. This would be compatible with a basic similar-
ity in the X-ray emission mechanism between brown dwarfs and low-mass
gtars, i.e. the same type of corona is possibly at work in both stellar types.
Evidence for flaring emission is also reported by Preibisch and Zinnecker
(2002). Therefore, the crossing of the sub-stellar boundary seems to have
little influence on the existence and structure of the corona, with a substantial
continuity in coronal properties between stars and brown dwarfs.

The Chandraobservations of the Orion nebula cluster (Feigelson et a.,
2002a; Flaccomio et a., 2003a) also suggest that the behavior of X-ray emis-
sion from young brown dwarfs can be understood as a simple extension of
the behavior of low-mass stellar objects, i.e. that they indeed generally emit,
at this young age, at alevel closeto the saturation, with Ly /Lpg ~ 1073,

Contrary to the very young brown dwarfs discussed above, older brown
dwarfs appear to have low levels of quiescent X-ray emission. Recently, flar-
ing X-ray emission has been detected in a Chandraobservation from a much
older (t ~ 500 Myr) rapidly rotating brown dwarf, LP944—20 (Rutledge et a.,
2000). Theflare lasted 1-2 hr, with an estimated peak X-ray luminosity Ly ~
1.2 x 10 ergs™2, corresponding to Ly /Lpo ~ 2 x 1074, and an estimated
peak temperature T ~ 0.3 keV. No X-ray photons were detected from the pre-
flare, quiescent phase, with an upper limit to the quiescent X-ray luminosity
Lx < 10%*ergs™ (Lx/Lpa < 2 x 107°). Recently Martin and Bouy (2002)
used a deep XMM-Newtonobservation to revise the upper limit to the quies-
cent X-ray luminosity downward to Ly < 3 x 10?3 ergs™!. Therefore, these
older objects, while till displaying activity (as testified by the flare) have a
very low level of quiescent X-ray emission. Whether they have a quiescent
corona at all is a subject of debate. Martin and Bouy (2002) also estimate,
using al the available X-ray observations of LP944—20, that strong flares
arerare, taking place less than ~ 1% of the time.

4.4, X-RAY EMISSION FROM ACTIVE BINARIES

The high chromospheric activity level of some short-period binary systems,
of which RS CVn is the prototype, was known already well before the be-
ginning of coronal X-ray astronomy. Their high soft X-ray luminosity was
apparent in the data from the HEAO-1 satellite (Walter et a., 1978; Walter
et al., 1980), but, as with the other stellar types, the determination of their
activity level as a class came with the data from the Einstein observatory
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(Pallavicini et al., 1981). Mgjer et a. (1986) presented the results from an
Einsteinsurvey of active binaries, which established their high X-ray lu-
minosity level (the objects in their sample were spanning a range 29.0 <
logLy < 31.5ergs™1), and high coronal temperatures. Fits to the | PC spectra
invariably required two temperatures, the lower at T ~ 3 MK, the hotter
a T 2 10 MK, indicative (given the low spectral resolution of proportional
counters) of an underlying continuous emission measure distribution span-
ning a broad temperature range. They also found no correlation between the
rotational velocity of the stars and their X-ray luminosity (as expected for
stars emitting X-rays at their “saturation” level, see Sect. 4.5).

The need for multiple emission components, or temperatures, in the X-ray
spectrum of active binaries had aready been established, on asmaller sample
of objects, by Swank et a. (1981), who had analyzed the X-ray spectra from
eight well known active binaries, obtained with Einsteiris Solid State Spec-
trometer, which had a spectral resolution comparable to the CCD detectors
of ASCA. Swank et a. (1981) also used the scaing laws of Rosner et al.
(1978) to show that one possible scenario compatible with their spectral data
was that X-ray emission was being produced, in these objects, in large, low-
pressure loop structures. This was soon taken as justification for scenarios
involving large, interconnecting loops in binary systems (e.g. Uchida and
Sakurai, 1983) asdiscussed in Sect. 6.2.1. The study of flares on these objects
shows however that the active corona is confined in structures smaller than
the stars, so that these extended active coronal structures are unlikely to exist
(Sect. 7.2).

A more complete survey of the X-ray emission of active binaries was per-
formed with the ROSAT All-Sky Survey. A large sample of 112 systems was
studied by Dempsey et a. (1993a), who confirmed the large X-ray luminosity
observed with Einstein and the lack of strong correlation with rotation or with
other stellar parameters. The emission was found to peak at Lx /Lpo ~ 1073,
again indicative of emission near the saturation level. A study of the coro-
nal temperatures derived from the PSPC spectra, for the 44 systems with
sufficient statistics (Dempsey et al., 1993b), confirmed the presence of a bi-
modal distribution in the best-fit temperatures, with values typically centered
aT~2MK,and T ~ 16 MK, fully in line with the earlier Einsteinresults.
Dempsey et d. (1997) studied, in asimilar fashion, the characteristics of the
X-ray emission of asample of 35 BY Dra systems (see below) finding similar
X-ray spectral characteristics as for the RS CVn-type systems.

The high activity level of these stars is generally interpreted as due to
their fast rotation, itself a consequence of (partia) tidal locking of the stellar
rotation period with the orbital period of the binary. Apart from this, ac-
tive binaries are a rather heterogeneous group, with al short-period binary
systems with a late-type component included in the class, irrespective of
the evolutionary status and of other characteristics. Different authors have
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employed different definitions, and most studies have based themselves on
the catalog of chromospherically active binaries of Strassmeier et a. (1993),
itself a compilation of data from the literature. While the original definitions
of the various subclasses of active binaries included e.g. the presence of
photospheric spots, currently systems with one or both evolved components
are classified as RS CVn-type, while systems where both components are
late-type low-mass K or M dwarfs are classified as BY Dratype. Active
binary system in which both components are F or G dwarfs are classified
as WUMartype if in a contact binary, and lack a specific class for detached
systems, athough they are often included in the RS CVn group. Thislack of
homogeneity is probably one of the reasons for which attempts to ascertain
properties of the coronal emission from active binaries as a class, e.g. by
correlating with other stellar parameters, have not been successful.

Algol-type binaries, in which one of the two components is an X-ray dark
early type star, are also bright X-ray sources. Also for them the tidal locking
of the stellar rotation of the late-type component to the orbital period of the
systemislikely to bethe driver of the high X-ray luminosity. A survey of their
X-ray emission (compared to RS CVn-type objects) has been performed by
Singh et al. (1995) and Singh et al. (1996a).

4.5. CORRELATION BETWEEN X-RAY ACTIVITY AND ROTATION

The magnetic fields visible on the solar surface and responsible for the solar
activity phenomena are thought to be produced in the stellar interior through
some dynamo mechanism. While a complete, self-consistent dynamo theory
is gtill missing, the driving mechanism appears to be the complex interaction
between rotation and convection, with faster rotation resulting in enhanced
dynamo action. On the basis of ageneral stellar-solar analogy asimilar mech-
anism is thought to be operating in the other “solar-like” stars, for which an
activity-rotation connection is thus expected.

A correlation between stellar rotation and activity level was already no-
ticed in the early Einsteinobservations, by Walter and Bowyer (1981) on a
sample of RS CVnsystems, and by Pallavicini et al. (1981) on alarger sample
of stars of different types. These observations found a quadratic relationship
between the X-ray luminosity and the rotational velocity projected along the
line of sight (vsini), as shown in Fig. 4. Following these pioneering studies,
alarge number of papers were devoted to the exploration of this relationship,
enlarging the samples and the parameter ranges (see e.g. Schmitt et al., 1985;
Maggio et a., 1987; Hempelmann et al., 1995 to mention a few), essentialy
confirming that a quadratic dependence links rotation and X-ray activity level
through the range of parameters explored. Note that while rotational period
P.ot isabetter quantity against which to study the dependence of activity level,
projected rotational velocities are much easier to observe, and thusformed the
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basis of the early work. Later, when photometrically determined periods have
become available for large samples of stars, they have been used, resulting in
atightening of the correlations observed earlier against vsini.

At the same time it became evident that fast rotators do not follow the
quadratic relationship found by the early work. Rather, the X-ray luminosity
of stars with rotational velocity above a given value remains approximately
constant around a maximum allowed value of Ly corresponding to a fixed
fraction (~ 10~3) of the star’s bolometric luminosity, something which be-
came known as “saturation” (Sect. 4.5), as first discussed in the X-ray con-
text by Vilhu (1984). The typical case is that of the fast rotators among
Pleiades dK stars, whose Einstein observations provided early evidence of
the phenomenon (Caillault and Helfand, 1985; Micelaet a., 1985).

Saturation, which from an observational point of view is defined by the
flattening of the relationship of activity with rotation, had been observed
earlier for chromospheric and transition region emission: Vilhu and Rucinski
(1983) found that the chromospheric and transition region emission of solar-
type stars saturates at rotational period of ~ 3 days, and Saar (1991) found
a saturation of the filling parameter? f. The phenomenon can be interpreted
in aframework in which the increase of activity level is mostly driven by an
increase in coverage of the stellar surface by active regions; saturation would
then correspond to the maximum coverage possible of the stellar surface by
active regions. At the same time this implies a saturation of the maximum
guantity of energy that the heating mechanism is able to deposit in corong;
the existence of saturation would thus indicate that the dynamo mechanism
has a maximum efficiency governed by the the bolometric luminosity.

The existence of a“universal” saturation level Ly /Lpo ~ 10~2 naturally
implies that different stellar types will show a different level of maximum,
saturated X-ray luminosity, with fainter, lower-mass stars saturating at lower
Lx and therefore at lower rotational velocity (larger Prqt). Inthe X-ray regime
Pizzolato et al. (2003), using ardatively large sample of stars, have recently
shown that the saturation period goes from 1 day for early dG starsto ~ 4
daysfor early dM stars.

A useful parameterization of this dependence of the saturated X-ray lu-
minosity and rotational period on the stellar type has been obtained in the
form of a relationship between Lx /Ly and the so-called “Rossby number”,
defined as the ratio between the rotationa period and the convective turnover
time (which is a function of the bolometric luminosity). Originaly the rela-
tionship between activity and Rossby number had been determined empiri-
cally by Noyes et al. (1984), based on Call H&K observations, and has been
later applied to the the X-ray regime in various samples (Micela et al., 1984;

2 representing the total fraction of the stellar surface which is covered by the coronal loops
under certain model assumptions.

ssr-preprint.tex; 27/02/2003; 11:59; p.27



28

T 1 T T T T [ T T T T [ T T T T
= OO %O -
_ - O eC& -0 o _
3 | Q O Oﬁotxa @%ﬂugm |
L wuﬁx: %D;D < Xd@j " |
L jDD o ) i
3 -4 R
A L J
~ L i
> — _
A | - —
af | _
o -5

-6 _

Y T Y T T Ty T Y Y N T I AN RO S N
-2 -1 0 1

log Rg

Figure 9. Fractional X-ray luminosity vs. Rossby number for open cluster (open symbols)
and field stars (filled symbols). Different symbols refer to different clusters. Both the tight
correlation between X-ray luminosity and Rossby number for logRp 2 —1 and the saturated
regimefor logRy < —1 are visible. From Randich (2000).

Schmitt et al., 1985; Maggio et a., 1987; Hempelmann et al., 1995; Patten
and Simon, 1996; Randich, 2000).

In the non-saturated regime the Lx /Lpg VS. Rossby number relationship is
equivaent to the Ly vs. P relationship, since the convective turnover time
is proportional to /Lo, While in the saturated regime it unifies the Ly vs.
P.ot relationships for all spectra types. In practice two characteristic times,
the rotationa period P and the convective time Tgon (computed at some
position in the convection zone), appear to compete. When Prot/Teony > Rg”t,
the Ly—rotation relationship holds, while when Prot/Tcons < RE™ saturation
occurs. The change between the two regimes occurs when Prot/Teonv =~ Rg”t
(asapparent from Fig. 9, R§™ ~ 0.1), and in fact, although with alarge spread,
the rotational period at which the saturation occurs is linearly related to the
convective turnover time (Pizzolato et a., 2003).

In addition to the well observed phenomenon of the saturation, a super-
saturation, i.e. a decrease of X-ray luminosity for the very fast rotators, has
in some cases been abserved, in particular in late-type stars in young clusters
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(Randich, 1998). A hint of decrease in X-ray luminosity, attributed to super-
saturation, isvisible at the lowest values for the Rossby number in Fig. 9.

The origin of saturation and of super-saturation is unclear and severa
hypotheses have been put forward to understand the origin of these phenom-
ena. The mechanisms which have been invoked include dynamo saturation
(see e.g. Charbonneau and MacGregor, 1992), the suggestion that in fast
rotators more open-field regions are created, or that fast rotation induces a
concentration of magnetic flux to the poles (Solanki et a., 1997), or that the
centrifugal force produces an increase of density in the outer parts of the
magnetic loops, stressing, distorting and opening the closed magnetic field
(Jardine and Unruh, 1999).

5. Open problemsin coronal physics

Many key issues in coronal astronomy are till far from resolved, and many
widely accepted paradigms do not rest on physical modeling but rather on
analogies with the Sun and qualitative reasoning. For example the mechanism
(or mechanisms) responsible for the heating of the corona is till not clear,
and no satisfactory theory of coronal heating exists even for the Sun. Here
we will briefly discuss two of the open problems with direct observational
implications, namely the dynamo mechanisms and the presence of activity
cycles.

51 DYNAMO MECHANISMS

Coronal activity dissipates magnetic fields, which in the Sun are observed
to emerge continuoudly from the interior, so that magnetic fields must be
continuously generated within the solar — and stellar — interior through some
hydromagnetic dynamo process. Dynamo action isthe result of a highly non-
linear interaction between several components, which include the bulk gas
motions in the stellar interior (in particular in the convective envelope), the
stellar rotation, and the pre-existing magnetic fields. Questions such as the
exact location of the dynamo, or which are the relevant fluid motions, are
il largely subject to debate (although recent helioseismic results — see e.g.
Christensen-Dalsgaard, 2002 for a recent review — have led to significant
advances). However, a self-consistent dynamo theory with predictive power
is till missing. A review of dynamo theory is outside of the scope of the
present work, and we refer the reader to the excellent introduction of Del uca
and Gilman (1991), who discuss the key characteristics of the solar-type dy-
namo. The dynamo at work in solar-type stars is thought to depend on the
interaction between the twisting effect on the field induced by the convective
eddies (the “a” effect) and the shearing of the field’s toroidal component by
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the star’s differential rotation (the “w” effect), and is therefore called an a—w
dynamo. Such dynamo cannot operate in the bulk of the convective envelope
(see p. 288 of Del.uca and Gilman, 1991 for a discussion of the “dynamo
paradox”), and both theoretical indications and recent helioseismic results
show that the solar dynamo is most likely located at the base of the convection
zone at the interface with the radiative core.

The a—w dynamo is thus not expected to operate in fully convective stars
(as for example low-mass pre-main sequence and main sequence stars of
spectral type later than about M5, Sect. 4.3). Another type of dynamo depends
solely on the action of the convective eddies (Durney et al., 1993) — thus
called an a? dynamo — and can therefore be at work also in fully convective
stars. Less magnetic flux should be generated by aturbulent dynamo (as com-
pared to the case of the solar-type “shell” dynamo) because there is no stable
overshoot layer where the fields can be stored and amplified, and only small-
scale magnetic regions should emerge uniformly distributed on the surface (in
contrast with the larger scale magnetic fields generated by the a—w solar-like
dynamo?), because the crucial ingredient is small-scale turbulent flow field,
rather than large-scale rotational shear.

However, convection has the tendency to pump magnetic fields downward
(“turbulent pumping”, Brandenburg et a., 1992; Tobiaset al., 1998), so that —
in afully-convective star —fields may accumulate near the center. Sufficiently
strong magnetic fields can lead to the formation of aradiative core (Cox et d.,
1981), which could be the seed for aresurrection of a“shell” dynamo mecha
nism, so that the strong activity observed in some late dwarfs (Sect. 4.3) could
il be due, through this feedback process, to the same dynamo mechanism
asin earlier type stars.

Corona observations, regarding elements such as the presence or lack of
coronal cycles (Sect. 5.2), the location of coronal structures on active stars
aswell as their characteristic sizes, constrain the sites of emergence and the
scales of the magnetic fields in stars other than the Sun. Also, whether the
trangition to full convection indeed leads to different coronal characteristics
(Sect. 4.3) is another observational constraint to dynamo theory.

5.2. ACTIVITY CYCLES

One of the earliest established properties of sunspots was the cyclical vari-
ation of their number. The existence of such cycle was first postulated by
Schwabe (1843), and later the period of about 11 years was extablished.
The variation in number of sunspots is connected with the cyclic variation

3 Although the presence of large-scale asymmetries in the convection patterns in the star,
e.g. in the form of a“handedness’ between the northern and southern emispheres of the star
could induce the generation of large-scale magnetic fields, even for a pure a2 dynamo (D.
Hughes, priv. communication).
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observed for alarge number of solar coronal physical parameters, including
the intensity of the X-ray and EUV emission, as well as the chromospheric
emission level and others. As shown in Fig. 10 the average X-ray luminosity
of the Sun in the 0.73-2.5 keV band (as observed by Yohkoh) along the cycle
varies by some two orders of magnitude, although e.g. rotational modulation
creates alarge spread in the X-ray luminosity.

Thereissignificant evidence that the activity cycle of the Sunisnot always
operating, and that in particular there are extended periods of time during
which the cycle appears to “ switch off”. The best known (and studied) oneis
perhaps the “Maunder minimum”, a period of time between 1645 and 1715
in which the Sun showed no evidence for spots (and thus likely a very low
X-ray and chromospheric activity).

The existence of activity cycles in other solar-type stars has been conclu-
sively established by the ongoing long-term monitoring program of chromo-
spheric emission in a large sample of solar-type stars (using the emission in
the Call H&K lines as a diagnostic), which began already in 1966 thanks
to the foresight of O. Wilson. A sufficiently long observational basdline is
now avalaible, allowing to assess whether cycles with periods of several years
are present in the target stars. The Mt. Wilson data have been discussed by
Baliunas et a. (1995), the main result being that solar-like cycles are present
inanumber of stars, but they are not an universal feature. In addition to cyclic
stars, anumber of starsin the Mt. Wilson sample show a constant Call index,
with a featureless light curve in time, and another significant group show a
evidence for irregular, non-cyclical variations. Whether the “flat” stars are
stars with no activity cycles at al, or whether they are cyclic stars which
have been observed during a temporary “Maunder-like” minimum activity
state is till an open question, although some stars appear to show evidence
for atransition from a cyclic state to aflat state. One general trend apparent
from the Mt. Wilson sample is that stars with high (chromospheric) activity
levels have a higher tendency to show irregular variations, while intermediate
activity level stars are more likely found in a cyclic state, and low-activity
ones tend to have flat lightcurves. The scatter of this relationship is however
very large (see Fig. 2 of Baliunas et al., 1995), so that the activity level alone
isnot a good predictor of astar's cyclic behavior.

The original Mt. Wilson sample has not been selected in a statistically
“clean” way (it isnot e.g. volume limited), so that it is not unfortunately pos-
sible to make meaningful statements about for instance the relative fraction
of stars with cycles.

In the solar case the amplitude of the cycle modulation of the Cail chro-
mospheric flux is small, less than 50%, while in the X-rays the amplitude
is much larger, some two orders of magnitude. Notwithstanding the level of
modulation which would thus be expected, whether stars other than the Sun
exhibit a cyclic behavior in their X-ray emission is still an open question.
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Figure 10. Solar coronal X-ray luminosity along an entire solar cycle (starting in mid 1991)
inthe 0.73-2.5 keV band (AIM( filter) from Yohkoh synoptic observations. In addition to the
long-term variability due to the effects of the 11 year cycle the cyclic variability due to the
solar rotational modulation is evident. The units are instrumental.

The reason for this is at least in part observational: no comparable long-
term stellar observational data base is available in the X-rays as it isin the
chromospheric lines, given that satellite observing time is a much scarcer
resource than the observing time at the moderate ground-based telescopes
used for the Call monitoring program.

The (lack of) evidence for stellar X-ray cycles had been reviewed by Stern
(1998). High-activity stars (e.g. RS CVn-type binaries) show evidence for
their X-ray flux being reasonably constant (i.e. within a factor of ~ 2) on
time scales of several years. Kashyap and Drake (1999) studied the long-
term variability of RS CVn-type binaries using Einsteinand ROSAT data,
finding marginal evidence for larger variations being present on a 10 yr time
scale than on 1-2 yr scale. This constrains the possible amplitudes of cyclic
variations (in the ROSAT bandpass) to afactor of < 4 (much smaller than the
amplitude of the solar cycle).

Stars in young open clusters (thus, high-activity objects) are good targets
for these studies, having been observed with many X-ray observatories. for
the Pleiades, thereis evidence that alarge fraction (up to ~ 40%, Gagnéet al.,
1995hb) of solar-type stars indeed show significant (larger than a factor of 2)
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long-term variations in their X-ray luminosity, and that the level of variability
on long (10 yr, the interval between the Einsteinand ROSAT observations)
time scalesis marginally higher than the level of variability apparent on short
time scales (few months to 1 yr, the span of the PSPC data set). In prin-
ciple this additional variability level could be due to cyclic variability, but
the evidence is margina at best. The addition of a ROSAT HRI observation
(Micelaet al., 1998) has alowed for a 15 yr baseline to be covered, but has
not changed the earlier conclusions.

For stars in the Hyades, the evidence for significant long-term variability
is even weaker. Stern et a. (1995b) compared the RASS observations of stars
in Hyades with the Einsteinobservations of the same stars, showing that for
more than 90% of the stars the variability over the 10 yr baseline was at
most afactor of 2. Interestingly, among the few objects showing evidence for
significant long-term variability are three of the four giants in Hyades. Thus,
observational results are compatible with alack of (strong) cyclic behavior for
high activity main-sequence stars. Additional information will be available
from the recent observations of young open clusters performed by Chandra
and XMM-Newton the detailed comparison with the earlier observations has
however not yet been performed. The general lack of observed cyclic vari-
ability in very active stars has been interpreted (Drake et a., 1996b; Kashyap
and Drake, 1999) as due to their being dominated (also for stars which are not
fully convective) by an a? dynamo, rather than by a solar-type a—w dynamo
so that indeed the coronae of highly active stars, with saturated activity levels,
would be driven by a different underlying mechanism than stars with a solar
activity level.

Indirect evidence for the presence of X-ray cycles in low-activity, normal
disk population solar-type stars is accumulating. Hempelmann et a. (1996)
have performed a study of the RASS observations of the solar-type stars
which show cyclic behavior in the Mt. Wilson sample, showing that (once
the dependence on rotational velocity is removed) the X-ray flux of these
stars shows evidence for amodulation (of about afactor of 10) in phase with
the Call cycles. The data sampleis quite sparse, and the observed modulation
is aso compatible with anull result at the < 6% level, so that it constitutes at
most suggestive evidence for the presence of cyclesin these stars.

Similar evidence has been obtained by Marino et a. (2002) anayzing the
variability of a group (ca. 10) of field solar-type stars which have been ob-
served with the ROSAT PSPC with an observational baseline spanning up to 4
years. In most cases these stars, while not variable on short time scales, show
significant variability on the time scale of a few years, with a typica range
in long-term X-ray luminosity of afactor of ~ 3. This exclusively long-term
variability is compatible with being due to cycle-like variations.

For later-type low-activity M dwarfs Marino et a. (2000) show that no
such dichotomy in long vs. short term variability is present: the X-ray vari-
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ability level of M dwarfsisin general higher than for G dwarfs, but with no
evidence for additional variability on longer time scales with respect to the
short time scales. Also, the distribution of variability amplitudes for M dwarfs
is compatible with the distribution of amplitudes for solar flares, so that the
observed variability is compatible with being due (mostly) to flare activity.
Drake et al. (1996b) studied the behavior of the very late type dMe star VB 8,
which does not show significant X-ray variability over 10 yr, aresult which
they interpret in terms of a corona dominated by an o dynamo.

Tentative direct evidence for X-ray cyclic modulation has been claimed
for the young solar analog EK Dra, for which Gudel et al. (2002b) show
a long-term (10 yr baseline) X-ray light curve, in which some modulation
is evident, in phase with the amplitude of the photometric modulation (and
thus purportedly with starspot coverage). This modulation is however small
(afactor of ~ 2), much smaller than for the solar cycle, and X-ray fluxes
have been determined with a variety of X-ray detectors, so that the lack of
homogeneity may result in some bias in the data.

Proper study of the X-ray cyclic behavior in stars other than the Sun
requires a program of dedicated periodic monitoring of solar-type stars on
long time scales. Thelong foreseen life of Chandraand XM M-Newtonmakes
such monitoring programs possible, and indeed two such programs have been
approved for the XMM-NewtonAO-1 and AO-2 observing cycles. Therefore,
the knowledge on X-ray cyclic behavior on normal stars — other than the Sun
— should improve significantly in the upcoming years.

6. Thestructure of stellar coronae

6.1. STRUCTURING OF THE SOLAR CORONA

The earliest imaging X-ray observations of the solar corona (see Fig. 1) show
that the X-ray coronais highly structured; later Skylab observations showed
that most of the X-ray emitting plasmais contained in magnetically confined
loops. Coronal loops are well visible in the Yohkoh observations shown in
Fig. 2, and the high degree of structuring revealed by the more recent high
spatial resolution observations of the TRACE observatory isshownin Fig. 11.
The theoretical characteristics of such structures were discussed by severd
authors in the late 1970's (Rosner et al., 1978; Craig et a., 1978; Jordan,
1980), who established some fundamental scaling laws relating the length of
coronal loops to the peak plasma temperature and pressure. The Rosner et d.
(1978) formulation of these scaling laws (the one which has been most often
used and referred to in the literature) is

Trnax 0 (pL)Y/3 (1
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which applies to quasi-static loops smaller than the pressure scale height
of the plasma, with uniform cross section and heating rate per unit volume
along the loop. In quasi-static, steady-state loops the heating rate is balanced
by radiative and conductive losses at each location aong the loop, with the
plasma being in hydrostatic equilibrium. Later works extended this relation-
ship to loops higher than the pressure scale height (Serio et al., 1981) and
to expanding loops (Vesecky et a., 1979; Ciaravella et a., 1996; van den
Oord et a., 1997). The above scaling law relates local parameters (Tmax and
p) to the global loop parameter L, suggesting that the physical conditions of
steady-state coronal loops depend only on the loca heating deposition along
the loop.

In the stellar context, the simple quasi-static coronal loop has often been
used as a building block to model different characteristics of the observed
integrated emission. This includes the modeling of stellar flares (Sect. 7) as
well as attempts at modeling the observed, disk-integrated emission measure
distribution (e.g. Sect. 11.2.1). Thus, understanding whether indeed real solar
corona structures behave as quasi-stetic, steady-state loops directly affects
the understanding of stellar coronal observations.

The applicability of these smple scaling lawsto actual solar coronal loops
was tested on data from Skylab observations by e.g. Rosner et a. (1978),
and subsequently on loops observed by Yohkoh by e.g. Porter and Klim-
chuck (1995) and Kano and Tsuneta (1995). Porter and Klimchuck (1995)
found that the observed lifetime of the Yohkoh loops is much longer than the
computed cooling times, so that the loops indeed appear to be in a state of
guasi-static equilibrium.

The more recent observations of the solar corona performed with TRACE
are showing (thanks to their high spatial and temporal resolution) a more
complex and till somehow controversial picture. Some analyses (e.g. As
chwanden et al., 2000) of loops seen in the TRACE images result in much
flatter temperature profiles and higher densities than predicted by the simple
scaling laws of Eg. 1. Aschwanden et al. (2000) interpret their findings asim-
plying that coronal loops are in general not uniformly heated, or even heated
from the top, but appear to be heated in their lower parts, so that significant
mass upflows are required (see also Aschwanden, 2001).

Other analyses of loops seen in TRACE images on the other hand find
loop structures which are well described by quasi-static loop models (Testa
et a., 2002). Whether different populations of loops exist in the solar corona
(perhaps with a difference between “cool” loops, seen by TRACE and “hot-
ter” loops, seen by Yohkoh, as proposed by e.g. Aschwanden et a., 2000),
or whether the issue lies in the different analysis methods used by different
authors is still unclear. One issue affecting most studies of solar loops is that
the structures being studied are individually chosen, so that the applicability
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Yohkoh/SXT - Al.1 TRACE - 195A

Figure 11. The left panel shows the solar corona as seen by Yohkoh on 13 Aug. 1998, while
the right panel is a zoom of one of the active region, as seen by the TRACE observatory; the
high level of structuring of the coronal loopsisclearly visible. From Testa et al. (2002).

of the results obtained in terms of the population statistics of solar coronal
loops (and thus their applicability to the stellar case) is unclear.

The interpretation of the TRACE data is still being debated. Whether the
physics of loops is indeed much more complex and dynamic than embodied
in quasi-static models, and whether the simplistic modeling approaches at
times carried out on stellar X-ray spectra, or the use of scaling laws to derive
e.g. spatia scales when the a density and temperature are known, are likely
to lead to correct results remains to be seen.

In the Sun, even assuming that the individual loops can be reasonably
well described by the simple quasi-static models discussed above, in practice
the corona is congtituted by a broad population of loops, spanning a range
of characteristics and parameters, which cannot be easily determined by the
inspection of the disk-integrated X-ray emission alone (i.e. by studying “the
Sun as a star”, as discussed in Sect. 11.2). Even if solar-like loops are the
basic building block of stellar coronae, it islikely that as broad a population
of loops exists there as in the solar corona, and that the integrated X-ray
spectrum aone will not necessarily unveil the complexity of the emitting
region population (see e.g. Judge, 2002).

For stars, no direct evidence for the presence of corona loops exists (due
to the obvious lack of imaging resolution), although it's most often assumed
that stellar coronae have similar types of structures as the solar one. As dis-
cussed below indirect evidence for the presence of magnetically confined
structures in stellar coronae is supplied both by density measurements of
the quiescent corona (Sect. 11.1), which are too high for a purely gravity-
confined, hydrostatically supported plasma, and thus regquire amechanism for
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confinement, and by the observation of flares, which again can only take place
(with the observed characteristics, Reale et a., 2002) in confined structures
(Sect. 7).

Finally, scaling laws empirically determined in actual corona structures,
both solar and stellar, can constrain the underlying heating mechanisms (as
reviewed by both Mandrini et a., 2000 and Klimchuck, 2002). Although the
theoretical heating models must be more fully developed and the observa
tional uncertainties must be reduced before any definitive statements about
specific heating mechanisms can be made, the technique could in the future
supply significant constraints to more refined theories.

6.2. TOOLS FOR STUDYING THE CORONAL STRUCTURES

Given that stars are, in X-rays, unresolved point sources, al studies of their
coronal structure have to rely — unlike the solar case — on indirect tools. Often
— for lack of better information — it is assumed that the coronae of active
stars are simply scaled up versions of the solar corona. As discussed above,
the solar corona can be schematically represented by an ensemble of loop-like
structures with characteristic sizes smaller than the solar radiusitself4, located
at intermediate latitudes, with the polar region devoid of significant coronal
activity (being the seat of the so-caled coronal holes). While for stars with
X-ray luminosity afew times the solar one the scaling from the solar picture
is perhaps straightforward, whether and how this scaling can be extended to
objects with X-ray luminosity up to 10* times (and with temperatures up to
10 times higher) the solar value is still an open question (e.g. Drake et al.,
2000), also given that (as discussed in Sect. 4.1) loops with solar-like plasma
pressures, even if they wereto fill the whole available volume, cannot explain
the observed X-ray luminosity.

Several relevant questions about the structuring of the stellar coronal emis-
sion are thus still the subject of debate, but perhaps the most fundamental
ones are the size of the corona structures (with the attendant implications on
e.g. the plasma density, the strength of the confining magnetic field and the
characteristics of the underlying dynamo) and their location on the star. Even
more fundamentally, whether indeed the coronae of stars much more active
than the Sun are composed of solar-like loop structures — as it is assumed
by analogy with the Sun — and whether these loops are well described by
guasi-static models, is ill to be proven unambiguously.

In the following we will describe the main tools which are available (and
have been used) to address the study of the stellar coronal structure, reviewing
the main results obtained in each area.

4 loops have typical sizes L < 0.3Ry, as evident from the inspection of X-ray images, e.g.
Fig. 2.
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6.2.1. Eclipse mapping

The study of the optical light curves of eclipsing binary systemsisaclassical
tool to determine their radii (as well as other physical characteristics), and
in principle the same should be applicable to the study of their X-ray light
curves. However (asreviewed e.g. by Schmitt, 1998) the process suffers from
severa drawbacks. One of them isthat the reconstruction of a 3-dimensional
optically-thin structure from its 1-dimensiona projection (the light curve) is
a mathematically ill-posed problem, which is extremely sensitive to noise.
The solutions to this type of deconvolution problems are far from unique,
and additional constraints have to be imposed to the solution to guarantee
convergence. These congtraints (which often embody an a priori “prejudice”
about the nature of the corona structures) significantly affect the nature of
the solution. As shown by Schmitt (1998) it is easy to conceive very different
corona structures which would produce light curves essentially impossible
to distinguish observationally. Also, eclipse mapping techniques rely on the
assumption that all variations observed in the light curve are due to the spatia
modulation of an otherwise constant source distribution. In practice, all coro-
nal sources (including the Sun) are observed to be highly variable on avariety
of tempora scales (see Sect. 7.1.2), so that the deconvolution process will
interpret these intrinsic intensity variations as spatial modulation, producing
spurious structures. In general, X-ray light curves of eclipsing binary systems
will not be as unambiguous as their optical light curves, as shown e.g. for the
Chandraobservation of 44 Boo in Fig. 12.

Notwithstanding the above difficulties, severa attempts at deconvolving
the observed X-ray light curve in terms of the underlying source spatia struc-
ture have been made, mainly in eclipsing active binary systems. AR Lac has
perhaps been the target most often observed for this type of study, starting
with the Einstein observation of Walter et a. (1983), who monitored the
emission level throughout two primary and one secondary eclipses. The tem-
pora coverage of the IPC data was spotty, but some evidence for a primary
eclipse in the X-ray is visible, while no secondary eclipse appears. Wal-
ter et a. (1983) concluded that both stars had small scale height coronae
(H ~ 0.02 R,), and that the primary star in addition also had an extended
(H ~ 1 R,) coronal component. Later, White et a. (1990) repeated the ex-
periment with a longer EXOSAT observation (which, unlikely the Einstein
observation, had continuum time coverage), spanning almost a complete or-
bital cycle. Thelight curveiscomplex: in thelow-energy band (0.05-2.0 keV)
an X-ray primary eclipse is present, with a hint of secondary eclipse. In the
high-energy band (1.0-6.0 keV) no eclipses are visible, and aflareis present
at primary ingress (the flareis also visible in the soft light curve). The dataare
interpreted as evidence for a corona with two distinct components, a compact
cooler corona and a diffuse hotter corona.
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The same experiment was performed by Siarkowski et al. (1996) using a
complete (1 orbital phase) AR Lac light curve obtained by ASCA. Both SIS
and GI S datawere used with an iterative deconvolution method (described by
Siarkowski, 1992). In this case, the hard (2.0-7.0 keV) and soft (0.4-1.5 keV)
light curves track each other closely, with adeeper primary eclipse and ashal-
lower secondary eclipse clearly visible, very unlike the EXOSAT hard X-ray
light curve. As expected, the deconvolution method interprets each variation
in the X-ray light curve as due to spatial modulation, and the solutions found
for the ASCA light curves are strongly dependent on the a priori constraints
imposed (in this case from the assumed initial emission distribution). No
unambiguous solution is thus found (even in a case in which the modulation
is clearly visible in the light curve), although the authors show a preference
for a solution which concentrates much of the emitting material in the inter-
binary region (something which the ChandraHETGS observations of active
binaries, Sect. 6.2.4, are showing not to be the case). While the change in the
hard X-ray light curve between the EXOSAT and ASCA observations could
in principle beinterpreted as achange in the actual coronal structure (with the
hot extended corona * disappearing”), it once more points out the difficulty in
discriminating temporal variations from actual spatial modulation.
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Figure 12. Top panel: X-ray and optical light curves for the eclipsing contact binary 44 Boo.
The uppermost curveisthetotal ChandraX-ray light curve, while the middle curve represents
the low-temperature component of the X-ray emission (0.66-0.89 keV). The lowest curve is
the scaled optical light curve, with the primary (P) and secondary (S) minima marked. Four
flares (F) are identified, with vertical bars denoting their duration. From Brickhouse et al.
(2001).

Thisisclearly demonstrated by the recent Chandraobservation of AR Lac
(Huenemoerder et al., 2002). The observation lasted 100 ks, and both primary
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and secondary eclipses were observed twice, as were the quadratures. The X-
ray flux at primary eclipse (see Fig. 1 in Huenemoerder et a., 2002) changed
by afactor of 2 between the two observations, and a clear flare-like event is
visible at one of the secondary eclipses. In quadrature, the X-ray flux changes
by several tens of percent, showing that the light curves do not repeat them-
selves reliably, and therefore that temporal variability dominates over spatia
modulation. Each individual Chandraobservation (if the lack of repeatability
was not known) could be interpreted through a deconvolution algorithm, but
what would be the physical meaning of the result isan open question. Finaly,
the most comprehensive data set of AR Lac light curves is the one of Pease
et a. (2002), who combine Chandrg EUVE and RXTE data. By modeling
the observed (multiple) eclipses in the light curves as sphericaly symmet-
ric atmospheres with intensity decaying exponentially with height above the
photosphere, they find that the coronae are extended to ~ R.. At the same
time they show that the significant stochastic flare-like variability present in
the light curves will, in general, invalidate 3-D reconstructions of coronal
structure based on sparse or single-orbit coverage.

A successful example of “eclipse experiment” is on the other hand sup-
plied by the eclipsing system a CrB. Thisis an ideal target, asit is composed
(like Algol) of an X-ray active and an X-ray quiet star, removing much of the
ambiguity on the location of the X-ray emitting plasma. The X-ray emission
from the active star, a G5V star with an intermediate (Hyades-like) activity
level, iseclipsed by the X-ray dark B-type companion. Observation of anum-
ber of eclipses were carried out with the PSPC (Schmitt and Kurster, 1993;
Schmitt, 1998), showing that the X-ray eclipse is total, and that the ingress
and egress are quite sharp, with an X-ray eclipse duration very similar to
the optical eclipse. These features require a corona confined to asmall height
above the stellar photosphere, with no evidence for extended structures. More
recently, the X-ray eclipse of a CrB has been studied with XMM-Newton
(Gudd et al., 2002b; Giidel et a., 2003b). Also in the XMM-Newtondata the
eclipse is total, as shown in Fig. 13, and the sharpness of the egress shows
that the corona structures on the G star must be confined to a thin shell with
H <0.05R,. While Gudel et a. (2002b) try to interpret the lack of smoothness
in the egress light curve as due to discrete structures present in the corona,
the usual caveat about the impossibility of distinguishing intrinsic temporal
variations from spatial modulations applies also here.

In some cases well-defined X-ray eclipses are present. Examples include
the EUVE light curve of the RS CVn-type binary CF Tuc (Schmitt et al.,
1996b) and the XMM-NewtonEPIC X-ray light curve of the double dM sys-
tem YY Gem (Gudel et a., 2001b; Stelzer et al., 2002). For CF Tuc Schmitt
et a. (1996b) show that a deep (~ 50%) modulation is present in the EUVE
light curve, with a high stability across four orbital periods (indicating the
presence of stable, long-lived structures); they do not attempt to deconvolve
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the coronal structure from the light curve; however at a qualitative level such
strongly modulated light curve isindicative of the presence of rather spatially
concentrated coronal emission. The same EUVE CF Tuc data set has been an-
alyzed by Gunn et a. (1997) who (on gqualitative grounds) find a suggestion,
inthe data, for the presence of an “intra-binary region of enhanced emission”.
Thisis not however based on afull inversion of the light curve but rather on
the somewhat higher level of EUV emission around phase 0.5, which could
be explained in other ways (e.g. by the presence of “preferred longitudes’ on
the stars).
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Figure 13. Thetop panel shows a segment of the XMM-NewtonEPIC light curve of YY Gem
around primary eclipse, adapted from Gidel et al. (2001b); note the well-defined, albeit
rather shallow, eclipse, and the significant intrinsic variability. The bottom panel shows the
XMM-NewtonEPIC light curve of a CrB, again around primary eclipse, adapted from Gidel
et al. (2003b). Note the deep, total eclipse and the sharp ingress and egress, indicative of a
confined corona.

For YY Gem the eclipses are (Fig. 13) better defined (also thanks to the
high S/N afforded by the large XMM-Newtoneffective area), with ~ 30% of
the flux being eclipsed, leading Gudel et al. (2001b) to apply the Siarkowski
(1992) method to attempt to reconstruct the plasma spatia distribution. Obvi-
ous flares were removed from the light curve, and the corona was constrained
to lie within 1R, from the photospheres. The eclipses are asymmetric, and
the deconvolution process (to which the same caveat as discussed above for
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AR Lac applies) indicates arather compact corona, with much of the emission
coming from afew bright spots located at high latitudes.

In many eclipsing active binaries (with the exceptions discussed above)
however one feature evident in their X-ray light curvesisjust the lack of deep
eclipses, contrary to what is seen in the optical light curve. In several casesno
eclipse a dl isvisible. Thisise.g. generally the case for the narrow, contact
W UMatype binaries, composed of two solar type stars (see Fig. 12). For
systemswith high inclination (i ~ 90°) the optical eclipses are obvioudy very
deep (i.e. typically afactor of ~ 2), yet their X-ray (and EUV) light curves
typically show little—if any —modulation. Examplesinclude VW Cep, which
shows no evidence of modulation in its PSPC light curve (see McGale et .,
1996, who aso show a number of PSPC observations of other W UMa-type
systems) and 44 Boo (Brickhouse et a., 2001).

EUVE light curves are ideal for studying the presence of rotational and
eclipse modulation, as very long integration times were needed to obtain
the high-resolution spectra, and light curves were obtained simultaneously
“for free’. The contact system 44 Boo has been observed with EUVE for
two consecutive orhital cycles by Brickhouse and Dupree (1998). No deep
modulation is present in their light curve, athough they show evidence for
a shallow modulation (at the 10-15% level) in the EUVE count rate, a a
period which is dightly different from the optical one, something which they
interpret as due to the emission from a near-polar region, the difference in
period being due to differential rotation on the star. The more recent Chan-
dra observations (Brickhouse et al., 2001) aso support these conclusions.
Phased EUVE light curves for three short-period binaries (44 Boo, VW Cep
and ER Vul) are also presented by Rucinski (1998); again, no strong orbital
modulation is present in the data.

Osten and Brown (1999) have published a systematic study of the EUV
light curves of severa active binaries (a comprehensive study of the EUV
light curves of active stars in genera has been done by Sanz Forcada, 2001).
For many eclipsing systems, such as HR 1099 and Il Peg, aswell as ER Vul,
they show that no eclipses are present in the (phased) light curves.

The general lack of eclipses in binary systems has often been interpreted
as evidence for the presence of a rather diffuse corona, composed of large
structures, with characteristic sizes larger than the component stars of the
systems. Together with initial evidence (later refuted, see Sect. 7) for the
large size of flaring loops this was taken to imply that the coronal structures
in active binaries were large, and would typicaly span both stars. This led
to the so called “standard model” (supported also by early inferences based
on X-ray spectral data about large, low-pressure loops, see Sect. 4.4), in
which magnetic structures would extend across the inter-binary region and
flaring would be the consegquence of the magnetic stressinduced by the orbital
rotation of the two stars (see e.g. Uchida and Sakurai, 1983, and Fig. 14).
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Figure 14. A representation of what it was considered to be the “standard model” of coronal
structures in binary stars, with magnetic structures spanning the inter-binary regions (from
Uchida and Sakurai, 1983). Later observations have shown that coronal structures are likely
to be more compact and thus located on the individual stars.

However as shown e.g. by Brickhouse et al. (2001) for 44 Boo the lack
of eclipses is compatible with a compact corona with localized (in this case
polarly located) X-ray emission; together with the evidence, coming from
flare analysis, for compact loops, it appears more and more likely that the
corona of even the most active stars is quite compact and does not extend to
large (larger than the stellar radius) distances from the star itself.

Self-eclipsing of coronal structures (i.e. rotational modulation) should in
principle also constrain the structure of the corona. However, clear evidence
for rotation modulation of the coronal emission in single stars has not been
observed to date, even though some long data sets, spanning several rotational
periods have been analyzed for this purpose. One example is the analysis of
the EUVE light curves of AB Dor by White et al. (1996), in which no signifi-
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cant rotational modulation is detected. The lack of modulation is however not
astrong constraint on the structure of the quiescent corona, asit can be dueto
avery uniform, spherically symmetric corona, or to the presence of very large
structures, or to a compact, polarly located set of emitting structures. The
latter possibility isindeed likely the case for the flaring corona of AB Dor,
see Sect. 7.3.1.

6.2.2. Eclipsed flares

Thefirst clear observation of an eclipsed flareis presented by Choi and Dotani
(1998), who report the observation of a moderate flare on the contact active
binary system VW Cep (which otherwise shows little modulation on its qui-
escent X-ray flux, see Sect. 6.2.1). The eclipse of the flaring region appears
to be total (with the X-ray emission reverting to its pre-flare value), and the
occurrence of the eclipse at phase 0.46 alows to unambiguously locate the
flare on one of the two stars (the primary in the system). The occurrence very
near phase 0.5, as well the the totality, allowed Choi and Dotani (1998) to
conclude that the flaring region is located on the pole of the primary star. The
low S/N of the event did not allow a detailed analysis of the eclipse light
curve. Nevertheless the totality of the eclipse impliesthat the flaring structure
must lie close to the stellar photosphere, with aheight H < 0.5 R,.
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Figure 15. Light curve of the SAX Algol flare as seen in the MECS detector (from Favataand
Schmitt, 1999). The total eclipse of the flare at secondary eclipse is well visible. The coronal
structure implied by the observed eclipse is shown in Fig. 16

A much higher S/N eclipse was detected on along-lasting flare observed
by SAX on Algoal. Algal (like a CrB, page 40) isan idea system for thiskind
of investigation, as the activity is concentrated on the K -type secondary, with
the X-ray dark B-type primary acting as an eclipsing body only. Thisremoves
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Figure 16. The location and size of the volume to which the plasma producing the large
flare observed by SAX on Algol (light curve shown in Fig. 15) must be confined is shown
(mushroom shaped structure on the south pole of the secondary).

alarge part of the ambiguity associated with the interpretation of eclipse light
curves. Schmitt and Favata (1999) show that the Algol SAX flareislocated on
the polar region of the K-type star, and that it must be confined within arather
compact region with amaximum height above the stellar surface H < 0.6 R,
(see Fig. 16). The results are very similar, both in terms of location and size
of the flaring region, to the results obtained by Choi and Dotani (1998) for
the moderate VW Cep eclipsed flare — even though the two stellar systems
are quite different.

As discussed in Sect. 7 the determination of the size and location of the
SAX Algol flaring region has for the first time allowed to compare the results
from the analysis of light curves of the flare decay with a geometrical deter-
mination of the size of the same region, showing that methods which do not
take into account the presence of sustained heating during the flare decay will
overestimate the size of the flaring region by large factors.

It is worth noting that the polar location of the flaring regions on both
Algol and VW Cep isin contrast with a direct extrapolation of the solar case
to more active stars. In the Sun the polar regions are devoid of significant
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coronal emission, and in particular no active regions are observed to emerge
at the poles. Thisis thus direct evidence for the corona of active stars being
significantly different, in its spatial structuring and location, from the solar
corong, implying that the solar analogy must, at best, be used with caution
for the understanding of these coronae.

The generd lack of self-eclipses of the flaring emission in single stars,
even when the flares have a duration comparable to the stellar rotational pe-
riod (e.g. the two long-duration flares seen by SAX on AB Dor, Maggio et a.,
2000) isaso indicative of the active component of the corona being generally
placed near the stellar poles (where it cannot be self-eclipsed). Stelzer et al.
(1999) discuss four flaring events in which they claim that the lack of a sharp
impulsive rise phase (rather, aslower riseisvisible in thelight curves) should
be interpreted as evidence for self-eclipse of the flaring structure. However,
the Algol SAX flare discussed above also shows a gradua rise phase, as do
severa of the events discussed by e.g. Palavicini et a. (1990) and Osten
and Brown (1999), see Sect. 7.1.1. For Algoal, the presence of aclear eclipse
during the decay alows the hypothesis of a self-eclipse during the rise phase
to be conclusively ruled out. Thus, slow rise phases are possible in large flares
without a need for self-eclipses, and the conclusions of Stelzer et a. (1999)
are not the only possible interpretation of the data. Also, Doppler spot maps
of active stars consistently show large polar spots (e.g. Rice and Strassmeier,
2001 and previous papers in the same series), again consistent with the corona
of active stars being mainly concentrated near the polar region.

6.2.3. Density diagnostics

Under the assumption of optical thin emission, the observed intensity of the
X-ray emission, together with an estimate of the X-ray temperature, can be
used to derive the “emission measure’, defined as EM = [ nenpydV =~ (n2)V.
Asdiscussed in Sect. 11.1 adirect determination of the density of the emit-
ting plasma is available through high-resolution spectroscopy, e.g. through
the ratio of the forbidden to intercombination line in the He-like triplets of
several species. These can be used to derive an estimate of the characteristic
size of the emitting region, | ~ (EM/n2)1/3. These measurements are however
time- and space-averages over adynamic and highly structured corona, so that
it's unclear to what level of detail can they be used to constrain the coronal
structure (see Judge, 2002). Some examples of the use of spectroscopically
derived densities to constrain the size of the stellar corona are discussed in
Sect. 11.1, e.g. for Capella (page 97) and for Procyon (page 99).

6.2.4. Velocity diagnostics

A new diagnostic which is being made available through high-resolution X-
ray spectraistheradia velocity of the emitting plasma: in active binaries the
differencein radial velocity at quadrature can in principle be used to discrim-
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inate what fraction of emission is associated with each component. Given

sufficiently narrow binaries (and thus high orbital velocities), the Chandra
HETGS has sufficient spectral resolution to discriminate the two components.

Huenemoerder et a. (2002) show that indeed for AR Lac (for which theradial

velocity amplitude is 230 kms™1) the lines observed at the higher resolution

are broader at quadrature than at conjunction, showing that both components
are significantly X-ray bright, while Brickhouse et al. (2001) show (Fig. 17),

for the ChandraHETGS observation of 44 Boo, that the changes in the lines
profile with phase imply that the emission is located at high latitudes.
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Figure 17. The Nex ChandraHETGS line profiles of 44 Boo, from Brickhouse et al. (2001),
for four different phases. The dash-dotted histogram shows the instrumental profile; the lines
at phases 0.00 and 0.50 are significantly broadened with respect to the instrumenta profile,
showing that both components of the binary system are significant X-ray emitters.

The ChandraHETGS spectra of HR 1099 have been analyzed by Ayres
et a. (2001), who find clear orbital modulation of the wavelength of the Nex
line at 12.1A, binned at 1 hr resolution. The observed modulation implies
that the X-ray emitting plasmais largely concentrated on the K1 IV primary
of the HR 1099 system, with negligible contribution from the inter-binary
region.

7. Flares

The corona X-ray emission from both the Sun and starsis highly variable in
time. In the short term (minutes to several hours) this variability is dominated
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by flares, i.e. sudden brightening of individual corona structures (Iloops) or
of groups of structures (arcades of loops) followed by a decay. During sig-
nificant flares the X-ray emission from the flaring structure will dominate the
emission from the rest of the corona. The decay time of solar flares typically
ranges from minutes to hours, and large stellar flares have been observed with
decay times of up to severa days.

Through their providing dynamical information (as opposed to the static
information provided e.g. by time integrated spectra) flares alow for the
physical characteristics, and in particular the size, of the flaring region, to
be determined, as well as the magnetic field strength, the plasma density, etc.
At the same time, they provide constraints on e.g. the heating mechanism,
and in general represent the most extreme manifestation of corona activity.

7.1. TYPICAL STELLAR EVENTS

The sample of studied stellar flares is strongly affected by selection effects,
in that to be recognized as such aflaring event must stand sufficiently above
the photon noise. In addition, to be studied to some detail, sufficient statistics
and appropriate temporal coverage must be available. Therefore, the sample
of stellar flares available in the literature is naturally biased toward strong and
long-lasting events (unlikely the solar case in which aso smaller events can
be recognized and studied with relative ease).

Studies on the characteristics of unbiased samples of flaring eventson stars
other than the Sun are few. One such study was performed on a significant
sample of EXOSAT observations of dMe stars by Pallavicini et al. (1990).
Studying a sample of 36 observations of 22 individua stars (spanning about
1 Ms of observing time) they found that flares come in a wide variety of
durations, ranging from few minutes to several hours. A similar study was
performed by Osten and Brown (1999), who analyzed the EUVE light curves
of 16 RS CVn-type binary systems, spanning atotal of 12 Ms of observations.
The systems were found to flare for about one third of the time (i.e. 4 Ms of
the observing time are affected by flares).

The frequency distribution of stellar flares as a function of the total en-
ergy release was found in both cases to follow a power law of the form
N(> E) O EY. For the EXOSAT dMe sample the power law (with index
y=—0.7) applies for total energies E > 103 erg, flattening at lower energies
due to selection effects (weaker flares being more difficult to detect). For the
RS CVn EUVE sample theindex isvery similar, y= —0.6, for flare energies
E > 10% erg. Again, the flattening at lower energies is likely to be a selec-
tion effect. Flare energy and flare duration are also positively correlated (as
expected), but not linearly, with Eqae CA t14. Finaly, in both the EXOSAT
dMe sample and the EUVE RS CVn sample, a positive correlation is found
between the flare energy and the system’s quiescent X-ray luminosity.
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Figure 18. Several examples of stellar flares from the literature. We have selected a number
of long observations, showing the large variety of behavior observed in flares, including some
very long decay times (e.g. UX Ari with EUVE and EV Lac with ROSAT) as well as some
very slow rise times. From top left to bottom right: the ASCA SIS light curve of EV Lac,
showing avery intense, although relatively short-lasting flare, as well as several minor events,
from Favata et al. (2000c); the ASCA SIS light curve of AD Leo, from Favata et al. (2000a);
the YY Gem light curve from Stelzer et al. (2002), showing simultaneous Chandra and
XMM-Newtonaobservations; the long-duration flare observed on EV Lac in the ROSAT All
Sky Survey, from Schmitt (1994); the EUVE light curves of HR 1099, 62 CrB and UX Atri,
adapted from Osten and Brown (1999); note the very symmetrical shape of one of the HR 1099
events.
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The flares detected in the RASS are discussed by Schmitt (1994), who
analyzes some very remarkable events, such as a very long duration EV Lac
flare (shown in Fig. 18).

7.1.1. Shape of flaring light curves

Stellar flares show, aswell visiblein Fig. 18, avariety of shapes and character-
isticsintheir light curves. In the Pallavicini et a. (1990) samplethereisamix
of events with very rapid rise times and events with very long rise times, com-
parable with the decay time. Some events (e.g. on YY Gem) are largely sym-
metric, with a slow rise followed by an identically slow decay. Whether they
are flaresin the sense of sudden brightening of individual (groups of) coronal
structures is not clear. A similar variety of event typesisvisible in the Osten
and Brown (1999) sample, again with (in addition to several “classic” events)
apparently symmetric events (e.g. on HR 1099, which “hovers’ around the
maximum for some time before decaying), and some evidence for very long-
duration events (e.g. the apparent decay of a flare on UX Ari, lasting for a
week, for which the rise phase was not observed). Osten and Brown (1999)
find a correlation between rise and decay time, i.e. long-duration events tend
to also show long rise times.

One interesting element emerging from a number of stellar flares is the
presence, in many cases, of a double exponential decay in the light curve,
with the initial decay always faster than the later phase. Osten and Brown
(1999) find evidence for such double decay in 8 out of 30 EUVE events
analyzed, and a similar shape is evident in several well studied X-ray flares
(e.g. the large events on Algol, Favata and Schmitt, 1999 and on EV Lac,
Favata et al., 2000c), so that this clearly is arather general feature of (large)
stellar flares. Osten and Brown (1999) also find that the time scales of the
fast and slow decays are correlated. In the case of Algol (as visible in the
light curve of Fig. 33) the change in dope in the decay phase is clearly
associated with a strong re-heating event, with the temperature increasing
just in correspondence with the “knee” in the light curve.

The physical meaning of the knee is not clear, although it is tempting to
interpret is as a physical change in the flaring region (e.g. as a change in
geometry). Such double exponential decay is aso often observed in large
solar events. one good example is the Nov. 2-3 1992 event, a well-known
large flare classified as X9 by GOES 7. Thisflare has been studied in detail by
several authors, but in the present context its study with “stellar techniques’
by Rede et al. (2001) is of particular relevance. A detailed study of the mor-
phological changes of the flaring region at the knee in the light curve has not
yet been performed, but theinitial evidence (F. Reale, private communication)
is that indeed some changes take place, with the initial (steep decay) part of
the flare being due to asingle loop, and the knee marking the extension of the
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event to nearby (but still well confined) loops. Thiswill need to be studied in
more detail to understand the underlying physics.

7.1.2. Microflare heating

A recurring idea which has surfaced in the literature is that the quiescent
emission from stellar coronae (and perhaps al so the solar corona) isin fact the
result of a super-position of a stochastic sequence of very small (micro- and
nano-) flaring events. This was originaly proposed by Parker (1988) in the
solar context (wherethe individual eventswere called “nanoflares’), who also
suggested that the individual events would be heated by the dissipation at the
many tangential discontinuities arising spontaneously in the bipolar fields of
the active regions of the Sun as a consequence of random continuous motion
of the footpoints of the field in the photospheric convection. Inits applications
to the stellar case, however microflare heating is not necessarily (unlikely the
solar case) an ab initio explanation of corona heating (as it is not obvious
that the mechanism which triggers and hests the solar nanoflares would be
capable of driving the small, but likely much larger than the solar ones, flaring
eventsinferred for the coronae of active stars). The high coronal temperatures
observed in very active stars would in this framework be explained as due to
continuous, unresolved flaring. Such ideas have prompted investigations of
the statistical distribution of flaring eventsin stars.

In the Sun the distribution of small flaring events has been shown to follow
apower-law distribution of theform dN/dE = kE%. To fully account for the
total coronal luminosity, the power-law index must be a > 2. Initial determi-
nation of the power-law index appeared to show that a < 2 (Hudson, 1991,
Crosby et al., 1993), so that the microflare heating hypothesis would not hold.
However, the value of the power-law index a is strongly dependent on the
assumptions about e.g. the form of the line-of-sight depth, and more recent
work (Parnell and Jupp, 2000; Winebarger et al., 2002) shows that o > 2
down to energies as small as 10?2 erg, which implies that the events with the
lowest energy dominate the energy output of the corona, i.e. the quiescent
corona emission isindeed dominated by (unresolved) micro-flaring events.

In stars, the limited statistics of the light curves make it difficult to study
the distribution of small flares; however, severa studies have been performed
on agtatistical basis to assess whether the observed light curves are compati-
ble with being due to the superposition of continuous, low-level flaring. Early
results where somewhat contradictory. The systematic analysis of Pallavicini
et a. (1990) discussed in Sect. 7.1 showed no evidence, in M stars, for a
corona heated by microflares, in agreement with the earlier work of Am-
bruster et a. (1987) based on Einsteindata (in which the data gaps however
made such analysis more difficult).

Kashyap et al. (2002) have analyzed the EUVE light curves of the active
dMe stars AD Leo, Wolf 630 and FK Agr, as well as a Chandraobserva-
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DISTRIBUTION OF THE AMPLITUDE
VARIABILITY
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Figure 19. Normalized cumulative distribution of the amplitude variability of a sample of
nearby dM stars (solid line), together with the distribution for pre-main sequence stars in
p Oph (dotted line) and the distribution for solar flares (dashed line). The vertical axisgivesthe
fraction of stars which show avariability level greater than a given amplitude, the horizontal
axisgivesthe variability amplitude, expressed asthe ratio between the X-ray flux measured in
agiven observation and the minimum X-ray flux measured for the same star in all the available
observations. The similarity of the three distributionsis evident. From Marino et al. (2000).

tion of Algol, investigating whether the observed emission can be modeled
as a superposition of numerous weak flares with a power-law distribution,
concluding that in all four cases flares can account for the majority of the
observed emission (from 70 to 95%) and that the power law index isa > 2,
so that in these stars the emission appears dominated by impulsive energy
release (with individual events having energy = 3 x 10%° erg). For AD Leo
GUlde et a. (2003a) aso find, using long EUVE and SAX observations, that
o ~ 2-2.5, again compatible with most of the observed emission being due to
a superposition of flares. Gudel et a. (2003a) also provide arather extensive
bibliography of previous determination of a in different contexts. Similar
results on the value of a had been obtained earlier by Audard et a. (1999)
analyzing the EUVE light curves of the young solar analogs 47 Cas and
EK Dra, adthough there the observed power law index (a ~ 2.2) isdetermined
for flare energies between 3 x 10 and 6 x 10%* erg, so that to explain the
total observed coronal luminosity the observed power-law index hasto extend
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to much lower energies, something which the EUVE data do not allow to
establish.

Recent work by Marino et a. (2000) suggests that the X-ray variability
observed in low-activity dM stars is due to flaring activity similar to that
observed in the Sun (see Fig. 19).

7.1.3. Giant flares

Flares can reach, in active stars, intensities which are orders of magnitude
larger than observed in the Sun. The peak observed plasma temperature in
large flares commonly reaches values well in excess of 100 MK (e.g. in
V773 Tau, Tsuboi et a., 1998, or in Algol, Favata and Schmitt, 1999, as well
asinthe dMe star EQ 1839.6+8002, Pan et al., 1997). With such high plasma
temperatures thermal hard X-ray emission should be present and observable.
The wide band coverage of the SAX instrumental complement (in particular
the PDS detector) has indeed shown this to be the case, and high-energy X-
rays during large flares have been observed from both Algol (Schmitt and
Favata, 1999) and UX Ari (Franciosini et a., 2001). The spectrum of the hard
X-ray emission can in both cases betraced up to E ~ 100 keV. No statistically
significant evidence of non-thermal emission is present in the SAX PDS data
of these events.

Non-thermal emission iswidely observed in solar flares, where its obser-
vation is made easier by the lower temperature reached by the plasma during
the flare, and isinterpreted as the signature of the non-thermal particle beams
which lead to the chromospheric evaporation and subsequent heating of the
plasma. Its observation in the stellar context would be a strong diagnostic of
the flare heating process; however direct scaling from the solar case shows
that the intensity of non-thermal hard X-ray (and y ray) emission from stellar
flaresislikely to be at alevel below the detection threshold of the current gen-
eration of instruments. The INTEGRAL instrumental complement (launched
in October 2002) should in principle offer sufficient performance to poten-
tially detect non-thermal emission from large flares in nearby stars although
itisunlikely that a significant fraction of its observing program will be dedi-
cated to active stars. Therefore, with the demise of the SAX observatory it is
likely that the observation of high-energy emission from stellar flares will not
take place for some time to come.

While the total energy involved in corona processes in stars like the Sun
is a negligible fraction of the total energy budget, for very active (and very
young) stars the energetics of large flares can be very significant in com-
parison with their bolometric luminosity. In the case of very young, PMS
stars, thisis of particular interest as the large flares are likely to significantly
influence the circumstellar (and thus proto-planetary) environment. In par-
ticular, during large flares, large quantities of higher-energy photons will be
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produced, which will penetrate deep in the circumstellar material and affect
the conditions of the accretion disk (see Glassgold et a., 2000).

Recently, 6.4 keV fluorescent emission from “cold”, neutral Fe has been
observed during alarge flare from a pre-main sequence, Class| star in p Oph,
YLW 16A (Imanishi et a., 2001). The 6.4 keV lineis present jointly with the
more usua 6.7 keV FeK line (Fig. 20). Imanishi et al. (2001) attribute the 6.4
keV line to fluorescent emission from neutral circumstellar gas, or from the
circumstellar accretion disk, in both cases illuminated by the flaring region.
From the near-simultaneity of the line emission they infer that the neutra
material must be located at a distance less than 20 AU from the flaring region,
consistent with the expected size of the circumstellar disk. They however do
not discuss whether the emission could be due to fluorescence from the stellar
chromosphere and photosphere.
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Figure 20. Theflaring Chandraspectrum of the Class| PMS star YLW 16A, showing neutral
Feline emission at 6.4 keV jointly with Fe K 6.7 keV emission. From Imanishi et a. (2001).
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Evidence for the large absolute energies involved in X-ray flaring from
active binaries, and their long decay times, was already present in the early
Arid V data (Pye and McHardy, 1983), and the evidence was amply con-
firmed by all later observatories. Even if impressive in absolute terms, large
flares on active binaries (both Algol-type and RS CVn-type) till involve
small energies in comparison to the total stellar luminosity. For intrinsically
fainter stars however the peak flare luminosity can rise up to values compara-
ble to the photospheric luminosity: for the GINGA EQ 1839.6+8002 event the
peak flare X-ray luminosity was Lxpk /Lbol ~ 30% (Pan et al., 1997), asit was
for the ASCA EV Lac event (Favataet al ., 2000c). Radiative losses (which are
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measured by the X-ray luminosity) are only afraction (estimated at ~ 20%)
of the total energetics involved in the event (the rest being e.g. thermal con-
duction to the chromosphere and kinetic energy), so that the total energy
dissipation at the peak of these flares is comparable to (if not larger than)
the photospheric luminosity. Also for somewhat more massive stars such as
AB Dor the peak X-ray flare luminosity can reach a non-negligible value
of the bolometric luminosity, with the SAX flare showing Lxpk/Lbol ~ 10%
(Maggio et a., 2000). Given the small size of the flaring regions (< 0.5R,
for the EV Lac ASCA flare) these are likely to be quite near the stellar pho-
tosphere. The effect of such events taking place close to the photosphere has
not to date been modeled, but given the large peak energies involved their
influence on the structure (and thus evolution) of the star could be significant.
Stellar flares can last for severa days, with the longest event on record be-
ing the one observed on CF Tuc (Klrster and Schmitt, 1996), for which the
decay phase is clearly visible in the data for 9 days. Remarkably, even for
such along-lasting event, the hydrodynamic modeling described in Sect. 7.2
also indicates that the flaring emission is confined into relatively compact
structures, with R < R, (Favata, 2001).

Peak absolute X-ray luminosities during large flares can be as high as 103!
erg s—! in dMe stars (EV Lac ASCA, EQ 1839.6+8002), reaching few 10%?
ergs~tin Algol, and up to 10% erg s~1 in some pre-main sequence systems
(e.g. V773 Tau). The total energy radiated in X-rays during large flares is
of order 10%* erg for dMe stars (again EV Lac ASCA, EQ 1839.6+8002),
reaching few 10% erg for pre-main sequence stars (V773 Tau, YLW 15). In
active binaries total energy releases of up to 103’ erg have been determined
for e.g. the Algol SAX and the CF Tuc PSPC events (see Table Il and I11 for
the references to the original works).

7.2. MODELING APPROACHES

Given that flares are highly transient events, their evolution and characteristic
time scales supply dynamic information that can be used to infer the size
of the structures where the events occur. In fact, models of flare decay have
been extensively applied to stellar observations to infer the size of stellar
flaring regions. As basic starting point for modeling stellar flares, it is often
assumed that they share many features with solar flares, which can then be
taken as templates. Solar flares are well known to occur in localized regions
in the corona, often in single magnetic loop structures, and the flaring struc-
tures often do not change significantly during the evolution of the flare (e.g.
Palavicini et a., 1977).

Most flaring events—asvisible e.g. inthe flarelight curve of Fig. 15— have
three clearly defined phases, i.e. ardatively fast rising phase, a peak phase
and a (sower) decay phase. Severa different approaches have been devel-
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oped and used in the literature to model flares, most of them concentrating on
the analysis of the decay phase. A comprehensive review and comparison of
the different flare analysis approaches has recently been presented by Reale
(2002), and here we will only recall the essential concepts. If one assumes
that the flaring loop is heated — by some process — during the rise phase, and
that heating ceases to be important during the decay phase, the cooling of the
loop will be characterized by two decay times, the radiative decay time and
the conductive decay time:

3nkT 3nkT

Teond = m Trad = W(T) )
where n is the plasma density, K is the plasma therma conductivity, k is
the Boltzmann constant and P(T) is the plasma emissivity per unit emission
measure. While t¢ong depends explicitly on the loop length, the dependence
is aso implicitly present in T4, through the density, which is constrained,
assuming quasi-static conditions, by the scaling law — Eq. (1) — and by the
equation of state.

In practice the effective cooling time will be a combination of the two
(shorter than either) with relative weights depending e.g. on loop geometry,
plasmatemperature, etc. Asshown by Serio et al. (1991) the effective cooling
time of afreely decaying loop (with a size below the pressure scale height)
depends linearly on the loop length, through

120L
Tth= 779 ©)

where Lg and T~ are in units of 10° cm and 107 K and T is in seconds. The
obvious inference is thus that a fast decay implies a short loop, a slow decay,
alarge loop. Many of the methods used by several authorsin the literature are
—asdiscussed by Reale (2002) — largely equivalent to this simple assumption.
Thisincludes the “ quasi-static method” (QS, van den Oord and Mewe, 1989)
and the method used by Pallavicini et a. (1990) (“pure radiative cooling”).
The guasi-static method assumes a fixed ratio between the radiative and con-
ductive cooling time, while the Pallavicini et a. (1990) approach assumes
that radiative cooling dominates. The method of Hawley et a. (1995) extends
the approach to include the rise time in the assessment of the loop size, but it
is otherwise similar in the underlying physical assumptions.

All these approaches assume that after initial heating the loop decays
freely, and thus that long-lasting events unavoidably take placein large flaring
structures. According to the original formulation the quasi-static approach
includes the possibility of heating during the decay phase, but as shown by
Reale (2002), the treatment of heating in the method is inconsistent, so that
in practice the application of the method always results in the modeling of
freely decaying loops.
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Many large X-ray flaring events observed by e.g. Einstein EXOSAT, RO-
SAT and ASCA have been modeled with the quasi-static approach. Given
that some of these events decay on very long time scales — up to days, see
Sect. 7.1.3 — the inferred loop lengths are very large, up to severa times
the size of the parent stars. These (in genera incorrect, as discussed below)
results — together with the observed lack of (self-)eclipses, see Sect. 6.2.1 —
have contributed to create a scenario in which the corona of very active stars
is very extended.

Evidently, if heating is present during the decay phase, thiswill resultin a
slower decay, and thus —if the event is modeled under the assumption of free
decay —in an over-estimate of the size of the flaring loop. Lately, models have
been developed which are able to detect whether sustained heating is present
during the decay phase (and its time scale) and to determine the intrinsic
decay time and thus the correct size of the flaring loop. Redle et al. (1997)
have devel oped such an approach (based on detailed hydrodynamic modeling
of the flaring loops), which uses the path of the flare decay in the logne—
logT plane, the slope of which is a diagnostic for the presence of sustained
heating (as determined on solar flares by Sylwester et al., 1993). This method,
whose predictive power has been tested on solar flares (Reale et d., 1997),
has recently been applied to a wide variety of stellar flares observed with a
variety of detectors. Perhaps the most notable result from the application of
this approach is that sustained heating during the decay phase is an almost
universal feature of (large) stellar flares, with none of the events studied to
date showing evidence for truly “undisturbed” decay. Therefore, the size of
the flaring structure isin general significantly smaller that apparent from e.g.
the application of the quasi-static approach.

The good predictive power of the hydrodynamic modeling approach has
been clearly shown in the case of the Algol SAX flare, where the presence
of atotal eclipse of the flaring region has alowed to determine the size of
the region itself from purely geometrical consideration (Schmitt and Favata,
1999). Comparison of the loop sizes inferred through different approaches
shows that the hydrodynamic modeling results in a size for the flaring re-
gion significantly smaller than the size resulting from quasi-static modeling.
The latter would predict a loop severa stellar radii in size (while in prac-
tice the eclipse constrains the flaring region to a height H < 0.6 R,); the
hydrodynamic approach results in a significantly smaller flaring loop, which
is however still larger than the eclipse-determined size. Therefore, even the
“best” modeling approaches appear to give an upper limit to the size of the
flaring region, rather than an accurate estimate. Thisisin particular true when
sustained heating is dominant, so that the shape of the light curve reflects the
shape of the (decaying) heating term, and not the physics of the loop itself.
This condition appears to be present in many stellar flares.
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A large body of work exists on the modeling of solar flares, which will not
be discussed here, except for the one developed for solar two-ribbon flares by
Kopp and Poletto (1984), which we mention because it has been applied to
the analysis of some stellar flares. The approach assumes that the light curve
is dominated by the heating process and that the decay is entirely driven by
energy released from reconnection of higher and higher loops. In practice,
its application in the solar case assumes that the geometry is known, and the
lack of this constraint in the stellar case results in significantly degenerate
solutions, so that a priori assumptions are necessary to derive a size for the
flaring loop.

7.3. NOTABLE RESULTS FROM FLARE ANALY SES

Several flaring events, observed with a number of X-ray detectors, have been
studied in detail. A synoptic view of the most relevant studiesis presented in
Tables Il and I11. The events which have been studied are perhaps not rep-
resentative of the “general population” of stellar flares, as of course detailed
studies have concentrated on the largest events, for which such analysis was
possible (i.e. sufficient statistics were available). Most of the early studies
made use of the quasi-static method (or, more ssimply, used the pure radiative
decay approach); this invariably resulted in quite large derived sizes for the
flaring regions. Later, many of these events have been re-analyzed with the
hydrodynamic modeling approach, showing that sustained hesting is gener-
ally present during the flare decay, so that the flaring regions are significantly
smaller than implied by the quasi-static analyses.

Flaring loops are thusin general rather compact, and do not extend to great
distances from the star’s photosphere. In dMe stars the typical loopsin which
significant flaring events take place (e.g. on AD Leo, Favata et al., 2000a)
have characteristic sizesL < 0.5 R,, and even the largest flaring events (e.g.
the giant eventson EV Lac, Favataet al., 2000c and on EQ 1839.6+8002, Pan
et a., 1997) are confined to loops of the same size. As discussed above, these
estimates are to be taken as upper limits. Such loops are perhaps not very
small, but they are not exceptionally large even by the modest standards of
the Sun. Thus, in dMe stars the flaring corona is relatively compact.

In the other stellar types studied in detail until now (active binaries, young
and PMS stars), while again the flaring loops implied by the quasi-static
analyses extended to great distances from the parent stars, the hydrodynamic
modeling of the same events once more shows them to be much smaller, with
sizesL <R..
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7.3.1. Location of the flaring structures

The first direct evidence for the location of the flaring plasma on stars other
than the Sun has been obtained by detection of eclipsed flares in binary sys-
tems (VW Cep and Algoal, Sect. 6.2.2). In both cases, differently from what it
could have been expected on the basis of analogy with the solar corona, the
flaring regions are located on a pole of the stars. Thisis also in agreement
with the polar location of the flaring radio corona on Algol determined by
Mutel et al. (1998).

Unfortunately, for al other flaring events to date this type of direct, ge-
ometrical location information is not available. At the same time a polar
location is the only one plausible for many long-lasting events: their small
relative sizes (as obtained by hydrodynamic analysis), associated with decay
times comparable to — or longer than — the stellar rotational period leave the
stellar polar region as the only possible location in which the plasma would
not be self-eclipsed by stellar rotation. Examples include the AB Dor SAX
flare (Maggio et a., 2000) and the EV Lac RASS event (Schmitt, 1994).

Thus, at least for what concerns the flaring component, many active stars
appear to have a corona which is very different from the solar one, in which
active regions are always located at mid-latitudes (although they migrate
through the solar cycle). This also indicates adifferent structure for the mag-
netic field and thus a dynamo which, even if driven by an a—w mechanism,
is spatiadly distributed in a rather different way than the solar one. At the
same time, a polarly located (flaring) corona is in agreement with the large
polar spots which are consistently resulting from Doppler imaging of active
stars (see e.g. Weber and Strassmeier, 2001 and preceding papers). Whilein
principle the quiescent corona could have a quite different spatial distribution
than the flaring component, in the Sun the two are co-located, so that in very
active stars also the quiescent corona is likely to be concentrated near the
stellar poles.

7.3.2. Evidence for coronal mass ejections

Corona mass gjections (CMEs) are common events in the Sun, and are typ-
ically associated with flares (although the association is not one-to-one, with
many intense flares not showing an associated CME, see discussion in Harra,
2002 and references therein). One would therefore naturally expect that CME
events would be associated with large stellar flares. The rapidly cooling € ect-
ed material which is easily seen in solar imaging observations cannot be
directly detected in the stellar case. This cool material — if present — should
however cause absorption of the soft X-ray emission, i.e. it should “shadow”
the flaring material. The SAX Algol flare provides the best evidence to date
that such events do exist (that Algol would be agood target to observe aflare-
related CME event was first suggested by Stern et al., 1992b in the context
of the Algol GINGA flare): as shown in the top right panel of Fig. 33 the
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Tablell. Analysesof stellar flaresin active binaries and in young (ZAMS) stars, using the
various methods available in the literature. The number in parenthesis after the star’s name
indicates the number of flaring events analyzed in the paper. KP = two-ribbon flare model,
PR = Pure Radiative Cooling, RD = Rise+Decay, QS = Quasi-Static, Hy = Hydrodynamic
model (see Sect. 7.2).

Reference Star Instr.  KP PR QS RD Hy
RS CVn/Algol

vandenOord et al. (1988)  ¢2CrB EXOSAT 2 X - - -
Osten et al. (2000) 0% CrB ASCA - - X - -
Graffagnino et al. (1995) HR 5110 ROSAT - - X - -
Kurster and Schmitt (1996) CF Tuc ROSAT - - X - -
Endl et al. (1997) HU Vir ROSAT X - X - -
Mewe et al. (1997) Il Peg ASCAP . . x . .
Gudel et al. (1999) UX Ari AsCAP x - - - -
Franciosini et al. (2001) UX Ari SAX X - - - -
Stern et al. (1992b) Algol GINGA - - X - -
Favata et al. (2000b) Algol GINGA - - - - X
van den Oord et al. (1989) Algol EXOSAT - - X - -
Favata et a. (2000b) Algol EXOSAT - - - - X
Ottmann and Schmitt (1996) Algol ROSAT - - X - -
Favata et al. (2000b) Algol ROSAT - - - - X
Favata and Schmitt (1999) Algol SAX - - X - X
Active ZAMS

Maggio et a. (2000) ABDor (2) SAX - - - - X
Gudel et a. (2001a) AB Dor XMM - - - - X
Covino et al. (2001) LQHya ROSAT - X - - X

@ — The method was applied but failed to reproduce the light curve.

b _ (near-)simultaneous EUVE observation.

absorbing column density at the peak of the flare is Ny ~ 3 x 10?1 cm™2,
an order of magnitude higher than during quiescence, and it decays in an
irregular way during the flare decay. The observed behavior is compatible
with the picture of acloud of material being gected from the flaring region at
the beginning of the event, and subsequently thinning out as it expands — and
cools —into space.

Some evidence along similar lines had also been provided earlier by the
V773 Tau ASCA flare, where the absorbing column density rose by a factor
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Table I1l. Analyses of stellar flares in pre-main sequence stars and in flare (dMe) stars,
using the various methods available in the literature. The number in parenthesis after the
star’s name indicates the number of flaring events analyzed in the paper. KP = two-ribbon
flare model, PR = Pure Radiative Cooling, RD = Rise+Decay, QS = Quasi-Static, Hy =
Hydrodynamic model (see Sect. 7.2).

Reference Star Instr. KP PR QS RD Hy
PMS/YSO

Preibisch et al. (1995) P1724 ROSAT - X - - -
Hamaguchi et a. (2000) MWC297 ASCA - X - - -
Favataet a. (2001) HD 283572 ROSAT - - - - X
Tsuboi et a. (2000) YLW 15 ASCA - - X - -
Favataet al. (2001) YLW 15 ASCA - - - - X
Preibisch et al. (1993) LkHa 92 ROSAT - - X - -
Favataet a. (2001) LkHa 92 ROSAT - - - - X
Tsuboi et al. (1998) V773 Tau ASCA - - X - -
Favataet al. (2001) V773Tau ASCA - - - - X
dM

Schmitt (1994) EV Lac ROSAT X - X - -
Favata et al. (2000c) EV Lac ASCA - - X - X
Hawley et a. (1995) ADLeo(2) EUVE - - - X -
Cully et a. (1997) ADLeo(2) EUVE - - - X -
Favata et a. (2000a) ADLeo(3) AsCA - - - - X
Favata et al. (2000a) ADLeo(2) ROSAT - - - - X
Favata et al. (2000a) AD Leo Einstein - - - - X
Reale and Micela (1998) AD Leo ROSAT - - X - X
Reale and Micela (1998) CN Leo ROSAT - - X - X
Cully et a. (1993) AU Mic EUVE - X - - -
Cully et a. (1993) AU Mic EUVE - X - - -
Stelzer et al. (2002) YY Gem XMM - - - - X
Pan et al. (1997) EQ18396 GINGA - - X - X
Pallavicini et al. (1990) 14dM (32) EXOSAT - X - - -
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of 4 at the peak of the flare, to a much higher value than in the Algol case
(N ~ 4 x 10% cm~2). The lower statistics of this event do not allow to study
its time evolution in detail; nevertheless, the approximate time in which the
absorbing column density returnsto its quiescent value is comparable in both
cases (t ~ 40 ks).

7.4. THE NEUPERT EFFECT

Solar flares show evidence for the so-called “Neupert effect” (Neupert, 1968),
i.e. a strong correlation between the soft X-ray (thermal) emission and the
time-integral of the (non-thermal) hard X-ray and radio emission. This is
expected in a framework in which a flare begins with the rapid acceleration
of aburst of non-thermal electrons down the magnetic field lines defining the
flaring loop. The electrons spiral along the field lines and radiate gyrosyn-
chrotron emission in the radio, and collide with ambient ions emitting hard
X-raysvianon-thermal bremsstrahlung. When they hit the chromosphere and
photosphere they heat and “evaporate’ it, filling the flaring coronal loop with
hot, radiating plasma.

In the stellar context, the (non-thermal) hard X-ray emission has not yet
been observed (see Sect. 7.1.3), but other proxies have been used to trace the
non-thermal particles, in particular radio emission and white light emission
during the flare. White light emission during solar flares has been shown
(Hudson et al., 1992) to track well the hard X-rays, and it has also been used
in the stellar context as a proxy to the non-thermal emission.

Hawley et al. (1995) discuss a strong EUVE flare on AD Leo, which was
also observed simultaneously in optical light with ground-based telescopes,
both photometrically and spectroscopically. They find that the EUVE flaring
emission isroughly proportional to theintegral of the U -band light-curve, and
that thisisalso the casein anumber of flaresfrom archival datafor which both
X-ray and white light data are available. This suggests that the white light
continuum enhancement observed in stellar flares is indeed an observational
signature of impulsive phase non-thermal electron heating, and that even the
large stellar flares are based on a scaled-up version of the mechanism driving
solar flares.

More recently, Gudel et a. (2002a) have studied along-duration flare on
the active binary o Gem, observed simultaneously with both XMM-Newton
(in X-rays) and the Very Large Array (in radio), finding that the deriva-
tive of the X-ray light curve is rather similar to the radio light-curve, as
expected if the Neupert effect is present (although the radio data do not
cover the rise phase of the X-ray flare). Similar evidence had been found by
Glde et a. (1996) using ROSAT and ASCA observations (again supported
by simultaneous Very Large Array radio data) of the dMe binary system
UV Cet.
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8. Activity in the pre-main sequence phase

This review is devoted mainly to corona emission of main sequence stars
and in this section we briefly review some characteristics of X-ray emission
of pre-main sequence stars, mainly in connection with physical properties
of main sequence stars. For a more comprehensive discussion on activity of
pre-main sequence stars see e.g. Feigelson and Montmerle (1999).

Star-forming regions appeared very rich in X-ray sources associated with
stellar objects already inthe early Einsteinobservations. T Tauri stars have X-
ray luminosity level typically from 10 to 10* times the solar one, with spectra
harder than normal main sequence stars, and with a fairly high frequency of
large flares. Furthermore X-ray emission allowed the detection of anew class
of T Tauri stars, originally called Naked T Tauri stars (NTTS, Walter et d.,
1988) and now called Weak T Tauri stars, (WTTS) with age of the same range
of that of the Classical T Tauri (CTTS, which have prominent disks), but less
extreme behavior and with their optical characteristics not dominated by the
effects of the disk.

A large fraction of PMS stars are observed to emit X-rays at the satu-
rated level (Lx/Lpo ~ —3); it is unclear whether PMS stars follow a re-
lationship between X-ray luminosity and rotation, relationship that would
indicate that mechanisms at work in these stars are similar to those work-
ing on (unsaturated) main sequence stars. In particular in the Taurus-Auriga
region various authors (e.g. Bouvier, 1990; Deliyannis and Malaney, 1995;
Stelzer and Neuhauser, 2001) find the classic quadratic relationship between
Lx and rotational period, while in other regions a similar behavior has not
been observed. This apparent discrepancy has been tentatively explained as
dueto asaturation (Walter and Boyd, 1991; Gagnéet a., 1995a; Alcaladet d.,
1997), or asindicative of an underlying mechanism in which stellar massis
the basic parameter determining the X-ray luminosity level (Feigelson et d.,
1993; Lawson et al., 1996).

Whether accretion has a role in determining the X-ray luminosity (either
enhancing or inhibiting it) in PMS stars is still a debated question. Some
studies (e.g. Feigelson et al., 2002a) find no difference in X-ray properties
of CTTSs (in which strong accretion can be ongoing) and WTTSs (in which
accretion is negligible), while other authors report significant differences be-
tween the two, with CTTSs being under-luminous in X-rays with respect
to WTTSs (Flaccomio et a., 2003b). Also, claims have been made that a
significant fraction of the X-ray luminosity of some CTTSs is indeed due
to accretion (Kastner et a., 2002), and that the X-ray emission of CTTSs
appears to be more time-variable with respect to WTTSs (Flaccomio et d.,
2000).

Another characteristic of pre-main sequence X-ray emission is the high
frequency of flares compared with that observed on the Sun. Already the first

ssr-preprint.tex; 27/02/2003; 11:59; p.63



64

Einsteinobservation of p Oph showed (Montmerle et a., 1983) that short
term X-ray variability is a common property of PMS stars, so that this star-
forming region was dubbed an “ X-ray Christmas tree”.

9. Evolution of activity in the main-sequence phase

Already with the early Einsteinobservations it had become evident that stellar
X-ray emission evolves during the stellar lifetime. It became soon apparent
that corona emission isinfluenced by stellar properties other than the “clas-
sic” ones (i.e. mass or effective temperature), and that rotation in particular
plays a crucia role. Given that rotation evolves with age, this implies that
corona evolution has to be present during the stellar lifetime. When the
Einsteinobservations became available it was already well known that chro-
mospheric emission decays aong a star’'s main sequence life following the
famous Skumanich law (Skumanich, 1972) with a time dependence Ot~ 1/2,
The evolution of X-ray emission is now known to follow a more complicated
law, with aplateau at young age, and adecrease similar to the Skumanich law
for older ages, but with alarge spread (up to an order of magnitude) around
this relation.

Most of our knowledge on evolution of corona emission derives from
observations of open clusters, which supply large, chemically homogeneous
and well dated stellar samples. Einsteinwas able to observe only the Hyades,
the Pleiades, and the Ursa Mgjor clusters. These few observations, although
severely limited by the poor sensitivity of the instrumentation, set the foun-
dations of the knowledge on the evolution of coronae for solar type stars. The
first observations of the Hyades (Stern et al., 1981; Micela et a., 1988) de-
tected alarge fraction of solar type stars with Ly > 10%° ergs™1, alowing to
determine that coronal evolution isdominated by rotational evolution and that
the characteristic evolutionary time scales of Ly areafunction of stellar mass.
The observations of the Pleiades (Caillault and Helfand, 1985; Micelaet d.,
1985; Micda et d., 1990) confirmed the initial picture of evolution of the
X-ray emission, and showed that the evolution is very slow at the beginning
(during the first billion years) and much faster afterward. Furthermore the
observations of the dK fast rotators of the Pleiades showed that the relation
between Ly and rotation flattens at high rotational velocity, with a plateau
that is interpreted through a saturation phenomenon of the X-ray emission
(Sect. 4.5). The observations of the UMa cluster stars (Schmitt et al., 1990b)
gave results apparently contradicting the picture that the other two clusters
were delineating: while the UMa cluster has an age intermediate between
Pleiades and Hyades, its X-ray luminosity level is lower that of the Hyades.
Thisfact was explained with the difficulty in selecting a significant sample of
bona-fide cluster stars (because of the closeness of the UMa cluster).
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Table IV. X-ray studies of open clusters within 500 pc from the Sun. Ages and distances are
from the WEBDA database (http://obswww.unige.ch/webda). Clusters are listed in order of

distance. Logarithmic ages arein yr.

Reference Cluster Instr. d[pc] log(age)
Stern et al. (1981) Hyades IPC/Einstein 48 8.80
Micelaet al. (1988) IPC/Einstein

Stern et al. (1992a) RASS/ROSAT

Pyeet al. (1994) PSPC/ROSAT

Stern et al. (1994) PSPC/ROSAT

Reid et al. (1995) PSPC/ROSAT

Stern et al. (1995b) RASS/ROSAT

Randich et al. (19964) Coma PSPC/ROSAT 83 8.69
Caillault and Helfand (1985) Pleiades IPC/Einstein 120 7.92
Micelaet a. (1985) IPC/Einstein

Micelaet a. (1990) IPC/Einstein

Schmitt et al. (1993) PSPC/ROSAT

Stauffer et al. (1994) PSPC/ROSAT

Hodgkin et al. (1995) PSPC/ROSAT

Gagné et al. (1995b) PSPC/ROSAT

Micelaet al. (1996) PSPC/ROSAT

Micelaet al. (1999b) HRI/ROSAT

Krishnamurthi et al. (2001) ACIS/Chandra

Patten and Simon (1993) IC 2391 PSPC/ROSAT 164 7.64
Patten and Simon (1996) PSPC/ROSAT

Simon and Patten (1998) PSPC/ROSAT

Randich et al. (1995) IC 2602 PSPC/ROSAT 164 7.36
Randich et al. (1996b) o Per PSPC/ROSAT 170 7.90
Prosser et al. (1996) PSPC/ROSAT

Randich and Schmitt (1995) Praesepe PSPC/ROSAT 179 8.84
James and Jeffries (1997) NGC 6475 PSPC/ROSAT 239 8.11
Micelaet . (1999a) Blanco 1 HRI/ROSAT 240 7.85
Sciortino et al. (2000) Stock 2 HRI/ROSAT 303 8.23
Giampapaet al. (1998) I1C 4665 HRI/ROSAT 344 7.58
Belloni and Verbunt (1996) NGC 752  PSPC/ROSAT 364 9.43

ssr-preprint.tex; 27/02/2003; 11:59; p.65



66

Table IV. (Cont.) X-ray studies of open clusters within 500 pc from the Sun. Ages and dis-
tances are from the WEBDA database (http://obswww.unige.ch/webda). Clusters are listed
in order of distance. Logarithmic agesareinyr.

Reference Cluster Instr. d[pc] log(age)
Dachs and Hummel (1996) NGC 2516 PSPC/ROSAT 373 7.79
Jeffrieset al. (1997) PSPC/ROSAT

Micelaet al. (2000) HRI/ROSAT

Harnden et a. (2001) ACIS/Chandra

Sciortino et al. (2001) EPIC/XMM

Briggs et al. (2000) NGC 6633 HRI/ROSAT 383 8.66
Harmer et al. (2001) HRI/ROSAT

Jeffries and Tolley (1998) NGC 2547 HRI/ROSAT 428 7.47
Franciosini et al. (2000) NGC 3532 HRI/ROSAT 443 8.40
Randich et al. (1998) IC 4756 HRI/ROSAT 480 8.78
Briggs et al. (2000) HRI/ROSAT

Barberaet a. (2002) NGC 2422 ROSAT 497 8.85

With the advent of ROSAT many more clusters have been observed and
the range of explored ages is now very large, yielding a picture more com-
plete but at the same time more complex. Table 1V reports alist of clusters
observed in X-rays, with the relative references. One of the problemsin inter-
preting the dataisthe limited amount of information available on fundamental
cluster properties. Accurate (and X-ray independent) membership, chemical
abundance, rotation distribution, and binary frequency are known only for
few clusters. The lack of information on these properties can introduce se-
vere biases on the conclusions about coronal evolution. For these reasons
in Sects. 9.1-9.3 we will consider only well studied clusters, and separately
discuss results relative to other clusters in Sect. 9.4, stressing possible as-
pects of their properties that apparently do not match with the general picture
delineated by the “reference” clusters, and discussing the possible observa
tional limitations. The X-ray emission from open clusters has recently been
reviewed e.g. by Micela (2001).
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9.1. RESULTS FROM OPEN CLUSTER STUDIES. SOLAR MASS STARS

We will concentrate on the X-ray properties of nearby open clusters, which
have well known properties, in particular in terms of reliable membership
based on criteria independent from activity. X-ray emission has been often
used to identify bona-fide members of young clusters, giving a significant
contribution to the study of the low-masstail of their initial mass function, but
in these cases the derived X-ray luminosity distributions are biased towards
X-ray-luminous stars.

The best known clusters with good X-ray observations are a Per, the Ple-
iades, Hyades, Coma, and Praesepe. All these clusters have been targets of
relatively deep X-ray observations as discussed in the following. The Coma
cluster isarelatively poor one, and its emission has been found to be similar
to that of the Hyades (Randich et al., 1996a), so that it will not be discussed
further in the following. Observations of Praesepe give anomalous results
with respect to the other clusters and will be discussed separately.

The median X-ray luminosity of dG stars in star-forming regions, open
clusters and field stars is plotted in Fig. 21 as a function of stellar age. Ver-
tical segments indicate the 1o spread of the X-ray luminosity distributions.
Unfortunately there are no old clusters sufficiently nearby as to alow the
determination of the X-ray luminosity distribution of normal dG stars (and
the situation is even worst for lower mass stars, which are intrinsically less
luminous X-ray sources). The dashed lines in Fig. 21 show the level of Lyx
corresponding to the saturation level of logLx /Lyo = —3, computed using
the evolutionary tracks of D’Antona and Mazzitelli (1997). The two lines
correspond to 1M, and 0.8M,, covering approximately the mass range of
Pop. | dG stars. A significant fraction of dG stars in clusters younger than
Pleiades emit at the saturation level, while in older clusters al the stars be-
come non-saturated and the mean X-ray luminosity starts to decrease. The
coronal emission level, expressed in terms of X-ray luminosity, remains al-
most constant until an age of 108 yr, and then decreases steeply until the solar
age, with a drop of one order of magnitude in X-ray emission level in less
than a decade in age.

The data show that X-ray emission decreases with age, but that there is
no deterministic relationship between Lx and age, so that Ly can be used as
a statistical age indicator, but not as a deterministic one, similarly to kine-
matic age indicators. One can say that a sample of bright X-ray emitters is
on averageyounger than a sample of X-ray quiet stars, but one cannot date
single stars on the basis of their X-ray activity level. Indeed chromospheric
activity, as measured by the flux emitted in the Call H&K lines (param-
eterized e.g. through the R« index), has been widely used to date stars,
but also this indicator should be considered as a statistical one. If one were
for example to date individual Hyades stars through the relationship derived
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Figure 21. Medians of distributions of the X-ray luminosity for dG stars for a number of
star-forming regions, open clusters and nearby stars, plotted as a function of age. Vertical
segments represent the 10 equivalent spread of the data (data from Casanova et al., 1995;
Feigelson et al., 1993; Flaccomio et al., 2003a; Micela et al., 1999b; Randich et al., 1996b;
Schmitt, 1997; Stern et al., 1995b). For comparison the data corresponding to the Sun (circles)
during the solar minimum and maximum and during a bright flare are reported (Peres et al.,
2000). Dashed lines represent the saturation level for dG stars (see text).

from Lachaume et al. (1999) between the R, index and age (using the R«
Hyades data of Duncan et al., 1984), Hyades stars would appear to have an
age spanning almost an order of magnitude, 8.26 < logt < 9.16 yr, decreasing
t08.26 < logt < 8.71 yr for starswith B—V > 0.6. In the X-ray regime there
is a non-negligible overlap between the luminosity distributions of stars of
very different age. In the case of the Pleiades and Hyades, which have an
age differing by approximately one order of magnitude, this is particularly
evident: the median X-ray luminosity of Pleiades stars corresponds to the 11
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percentile of the Hyades distribution, and the 80 percentile of the Pleiades
coincides with the median of the Hyades. Thisimplies that a star with Ly in
the range 28.8 < logLy < 29.5ergs* can be attributed an age between 108
and 10° yr.

Given the tight relationship between Lx and rotation (Fig. 9), the spread
in the X-ray luminosity distribution should reflect the spread in the rotational
velocity distribution, at least when the rotational velocity is smaller than the
saturation limit. Bouvier et a. (1997) have shown that stars arrive on the
ZAMS with avery large spread in rotational velocity; later, during the main
sequence lifetime, fast and slow rotators spin down on different time scales.
The rotation velocity of dG stars apparently converge at the Hyades age,
implying anull expected spread in Lx at this age.

In practice the dG stars of Hyades show a significant spread in X-ray |u-
minosity, which reflects the dependence of rotation on spectra type. Fig. 22
shows how the rotational period in Hyades stars changes with color. It is
evident that there is a well defined trend, with the early-dG stars rotating
twice as fast than the late-dG ones. Stars of a given color have a relative
spread in rotational period of only 25%. Fig. 22 shows the change of Ly
with stellar color for the same stars. In this case there is a clear decrease of
the X-ray luminosity with increasing color, as expected from the relationship
between X-ray luminosity and rotation for non-saturated stars. The spread of
Lx at agiven color is no more than afactor of two, fully consistent with the
long term X-ray variability observed in the Hyades (Stern et al., 1995b). The
only discrepant point refers to the star VB 50 which is an X-ray-bright binary
system. In the case of Hyades the spread observed in the X-ray luminosity
distribution can be thus fully explained as due to the dependence of rotation
on color within the considered color range and to the presence of some bright
binaries.

9.2. RESULTS FROM OPEN CLUSTER STUDIES. LOW MASS STARS

Cluster observations suggest that age evolution of coronal activity is present
for al spectral types, but with different time scales (Micela et a., 1988;
Micdaet a., 1990). Fig. 23 shows the age evolution of the X-ray luminosity
of dM stars (analogous to Fig. 21 for dG stars). Most of the dM stars in
Pleiades and a Per, and part of onesin Hyades are saturated, and the decrease
of Lx with age starts at a later age with respect to the dG stars. The different
evolution of dM stars with respect to the dG stars can be explained as being
due to the different bolometric luminosity and it is probably related to the
dependence of rotational evolution on stellar mass (Bouvier et a., 1997): as
dM stars spin down more slowly they will emit at the saturation level for a
longer time, even though this saturation X-ray luminosity will be lower than
for higher mass stars.
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Figure 22. Left: Rotational periods vs. stellar color for the dG starsin the Hyades. The starsin
the sample are al the stars from Stern et a. (1995b) for which photometric rotational periods
from Radick et al. (1995) are available. Typical errors for rotationa periods are smaller than
the size of the dot used in the plot. Right: X-ray luminosity vs. stellar color of the dG stars
in the Hyades. According to the Pallavicini et a. (1981) law X-ray luminosity decreases with
increasing rotational period, and as a consequence (in the case of Hyades) with the increasing
color. The observed spread at a given color (and hence for a given rotational period) iswithin
afactor of two, fully consistent with the variability observed in the Hyades. The only outlier
isthe peculiar binary system VB 50.

Another issue is the evolution of X-ray emission of brown dwarfs. Indeed
most of the brown dwarfs detected in X-rays belong to star-forming regions
(see Sect. 4.3.1), i.e. they are very young. Only recently with a moderately
deep XMM-Newtonexposure it has been possible to detect a brown dwarf in
the Pleiades, with an emission level close to the saturation limit (Briggs, pri-
vate communication). The weakness of the X-ray source makes it impossible
to determine if the detected X-rays are due to flaring or quiescent emission.

9.3. CORONAL SPECTRAL EVOLUTION

The coronal spectral characteristics also change, together with the luminosity
level, during the stellar life. Assuming a solar analogy, in which the more
active regions host hotter plasma and the cooler plasmais associated with less
X-ray bright regions, the evolution of the coronal spectrum implies that the
relative contribution of different coronal structures changes in time. Already
the first Einsteinobservations (Schmitt et al., 1990a) showed that Lx and
average corona temperature are well related, and since Ly decreases with
increasing age, one expects that at the same time a decrease of the average
coronal temperature with age.

Even today, with the Chandraand XMM-Newtongrating spectrographs, it
is possible to obtain high resolution X-ray spectraonly for the X-ray brightest
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Figure 23. The median and the spread of the Lx distribution of dM stars in open clusters
plotted versus the cluster's age. Vertica segments represent the 1o equivalent spread of
the data (data from Flaccomio et al., 2003a; Micela et al., 1999b; Randich et a., 1996b;
Schmitt, 1997; Stern et al., 1995b). The dotted lines represent the saturation level (assumed at
Ly /Lpol = 10~3) for dM stars of mass 0.3 and 0.5M.

stars, so that (apart from afew exceptions), cluster stars can be observed only
with the low resolution (CCD) spectrometers. Fig. 24 shows the result of the
analysis of the ROSAT PSPC observations of the Hyades (Stern et a., 1994)
and Pleiades (Gagné et al., 1995b). All the low-resolution X-ray spectra have
been fit with a simple two-temperature thermal model; the resulting best-fit
temperatures are plotted against each other in Fig. 24. On average, Hyades
stars have coronal temperatures lower than Pleiades stars (as expected given
their lower X-ray luminosities). Results of the fits to the composite spectra
of Pleiades stars grouped by spectral type and rotational velocity are also
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shown in the figure (data from Gagné et al., 1995b). The properties of X-ray
spectra depend on spectral type and rotation level, with the fast dG rotators
having hotter coronae than the other groups and the dF stars having cooler
coronae than all the other types. Both the high and low best-fit temperature
components of young stars' corona emission are hotter than those of older
stars.
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Figure 24. Temperatures derived from 2-T fitsto the low-resolution X-ray spectra of Hyades
(datafrom Sternet a ., 1994) and Pleiades (datafrom Gagné et al., 1995b) stars. Large symbols
represent the fits to the composite spectra obtained by summing the spectra of stars in the
Pleiades grouped by spectral type and rotational velocity.

In order to explore how the “effective” coronal temperatures of dG stars
evolve with age we collected the results of two-temperature fits to the low-
resolution X-ray spectra of Pleiades stars, Hyades stars, the field stars studied
by Gudel et a. (1997), and the Sun (Peres et al., 2000). The resulting plot
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is shown in Fig. 25. Both best-fit corona temperature components decrease
with age, with a spread of about half an order of magnitude for coeval stars.
In Fig. 25 aso the best-fit coronal temperatures derived for the Sun during
the minimum and the maximum of the solar cycle, aswell as during a bright
flare, are reported. The temperatures derived for the Sun during the flare are
very similar to those derived for very active and young Pleiades stars.
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Figure 25. Temperatures derived from two-temperature spectral fitting of ROSAT PSPC data
versus age for dG stars, in clusters as well as in the field. Filled symbols represent the
high-temperature component, and empty symbols the low-temperature one. Large symbols
represent the temperatures derived from the composite spectra of fast (“PF”) and slow (“PS")
rotating dG Pleiades stars. Points at logt = 9.7 yr mark the temperatures derived for the Sun
during different phases of solar activity aswell as during alarge solar flare (“SF”).

The emission measure evolves together with the temperature, with the EM
of the hot temperature component decreasing more quickly than the one of the
cool temperature component, implying that probably the structures typically
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associated with the hot temperature plasma (flares, active regions), evolve
more rapidly than the quiet regions.

9.4. |STHE AGE EVOLUTION OF ACTIVITY UNIQUE?

The study of arelatively large number of clusters has stimulated the question
whether all the clusters with a given age are also equivalent in every aspect
of their coronal emission. The question is important for the understanding
of many fundamental aspects of stars, as evidenced by the Hipparcos mea-
surements which indicate that samples of coeval stars of the same chemical
composition can differ significantly in stellar properties as fundamental as
their position in the H-R diagram (Mermilliod et a., 1997). This problem
came up also in the coronal studies, as soon as clusters other the the classical
Hyades and Pleiades were observed. In particular the Praesepe ROSAT ob-
servations (Randich and Schmitt, 1995) have shown that the dG stars of this
cluster are significantly X-ray fainter than their Hyades analogs. The distribu-
tion of X-ray luminosity of dG stars in Praesepe appears to be bimodal, with
the brightest stars similar to the Hyades ones, but also with a population of
X-ray quiet dG stars, undetected by the ROSAT observations, and which do
not have a match in the Hyades.

In order to explain the difference observed in the coronal characteristics
of the otherwise twin Hyades and Praesepe clusters a number of investiga-
tions have been conducted. Among the more likely hypotheses which have
been advanced, the possibility of a significant contamination of the Praesepe
sample with (older and less active) field stars has been excluded (Barrado
y Navascués et al., 1998), and Mermilliod (1997) has shown the rotation
velocity distribution of Praesepe stars to be similar to that of the Hyades. The
reason for the observed difference is till a puzzle, and further observations,
such as the determination of the fraction of binary systems in Praesepe, are
needed.

A number of other open clusters appear anomalous with respect to the
canonical Pleiades and Hyades. For example solar-type stars in NGC 2547
(Jeffries and Tolley, 1998; Jeffries et al., 2000) show a saturation level lower
by afactor two with respect to the saturation level commonly observed in fast
rotating stars. Jeffries et a. (2000) confirm that the rotational distribution in
NGC 2547 is similar to that of coeval clusters such as IC 2391 and IC 2602,
and exclude alack of fast rotators in NGC 2547. Other clusters could show
peculiar behavior (NGC 3532, Franciosini et a., 2000 and Stock 2, Sciortino
et a., 2000) but in these case biases due to wrong age determination or to
sample selection effects can be important given the lack of e.g. reliable and
extensive membership determinations.
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9.5. CHEMICAL ABUNDANCE EFFECTS ON CORONAL EMISSION

Chemical abundances play an important role in determining stellar character-
istics and structure. It is hence plausible to expect some effects on coronal
properties. One way to explore this issue is through the comparison of the
coronal properties of clusters with similar age and different metallicity with
the expectations based on e.g. stellar structure models. With this approach
problems related to the peculiarity of individual stars are minimized, but of
course one assumes that the only difference between the clusters under study
is the chemical abundance.

In principle the influence of metal abundance on coronae can be com-
plex. First of al there is an obvious direct effect on the coronal emission
level, mainly due to the fact that most of the coronal emission is due to
radiative losses from heavy ions. A change in the balance between radia-
tive losses (which are abundance-dependent), thermal conduction (which is
largely independent on metal abundance) and heating will result in adifferent
emission measure distribution. Furthermore there is a subtler effect on the
entire process since the metals are the main contributors to the opacity inside
the star and, hence, determine the properties (in particular the depth) of the
convection zone. As a consegquence metal abundance is expected to affect the
dynamo efficiency, responsible for the coronal magnetic field production. As
discussed by Jeffries et a. (1997) achange in coronal emission is expected to
have an effect on angular momentum loss and therefore on the rotational evo-
lution, which in turn affects corona evolution. One can thus expect stars with
different metal abundance to have different rotational and coronal evolution.

Pizzolato et a. (2001) have computed the depth of the convection zone
of dG and dK stars as a function of metallicity, using both the mixing length
theory treatment of convection and the full spectrum of turbulence theory
(Venturaet al., 19984). The results indicate that the general behavior does not
depend on the assumed model for convection, and that the effects are more
relevant for late dF and early dG stars than for later types. In particular, if
the dependence of the color-mass transformations on metallicity istaken into
account, in the color range 0.5 < B—-V < 0.6 metal poor stars have con-
vection zones deeper than metal rich ones. This apparent contradiction with
respect to the naive expectations is entirely due to the color-mass relation,
which makes metal-rich stars of a given mass bluer than metal-poor stars.
The effect is negligible for stars redder than B —V ~ 0.6. Pizzolato et al.
(2001) have also estimated the combined effect expected considering also the
changes in radiative losses. At the X-ray energies relevant for typical corona
temperatures, the radiative loss level changes amost linearly with the metal
abundance. Assuming stars with the same rotational velocity, and an inverse
quadratic relationship between Ly and the Rossby number (Ry), defined as
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Figure 26. X-ray luminosity distributions for dF stars (top left panel), dG stars (top right
panel), dK stars (bottom left panel) and dM stars (bottom right panel) for NGC 2516
(long-dashed line), Blanco 1 (dotted line) and Pleiades (solid line). See text for details.
Adapted from Pillitteri et a. (2002).

the ratio between the rotational period and the convective turnover time (see
Sect. 4.5), the dependence of Ly on metal abundance can be predicted.

Observationa constraints on the actual metallicity dependence of coronal
emission can be derived from the observation of coeval clusters with different
metal abundance. NGC 2516, the Pleiades and Blanco 1 have the same age
(t ~ 100 Myr) and metallicity values of Z ~ 0.5,1,2 Z, respectively®, and
hence are well suited to explore the metallicity effects on coronal emission of
young stars.

NGC 2516 has been observed in X-rays with severa detectors and in
this context we will use the recent Chandraobservations (Harnden et d.,
2001), for the Pleiades we will use the ROSAT observations (Stauffer et al.,

5 Themetallicity determination for NGC 2516 is based on photometric measurements only,
and thus to be taken with some caution.
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1994; Micela et al., 1999b), and for Blanco 1 we will use the ROSAT HRI
observations of Micela et al. (1999a) with the X-ray luminosity distribu-
tions recomputed using anew astrometric membership (Pillitteri et a., 2002).
Fig. 26 shows the X-ray luminosity distributions for the dF, dG, dK, and
dM stars for the three clusters. The data suggest that the X-ray luminos-
ity distributions of dF stars in the three clusters are indistinguishable, while
metal-poor dG and dK stars appear to be less active than their more metal-
rich counterparts. For dM stars no significant difference isvisible between the
samples, indicating that the role played by metal abundance in determining
their coronal emission is minor.

9.6. EVIDENCE FOR THE EXISTENCE OF OLD ACTIVE FIELD STARS

The observations available today allow to explore with a reasonable detail
clusters with ages younger than 10° yr, while observations of older clusters
are still prohibitive with present instrumentation, due to the relatively low X-
ray emission level of old stars and the large distance from the Sun of available
old clusters. In order to explore the range and the properties of “old” starswith
ages comprised between Hyades and the Sun we have to rely on observations
of field stars.

Nearby stars (within 13 pc from the Sun) have been studied in detail by
Schmitt (1997) — see Sect. 4.1. Their Lx spans more than one and half orders
of magnitude, with a distribution well described by alog-normal curve. The
Schmitt (1997) sample contains stars with different ages, reflecting the pop-
ulation mixture of the solar neighborhood, and an accurate determination of
their age is presently unavailable.

In order to explore the age-Lx relation in the field stars we have analyzed
a sample derived from the work of Ng and Bertelli (1998) who, comparing
the accurate position of stars in the H-R diagram with their own stellar evo-
lutionary tracks, have dated the individual stars with a reasonable accuracy.
The origina sample was derived from the work of Edvardsson et al. (1993)
on the study of chemica evolution of the galactic disk, in which detailed
chemical abundances for each star were determined. Using the abundances of
Edvardsson et al. (1993) and the Hipparcos distances Ng and Bertelli (1998)
have been able to derive reliable ages. For the 0.8-1.0M, stars the X-ray
count rates measured during the RASS (and reported in the RASS bright
and faint source catalogs) have been collected (Micela, 2002). For the stars
undetected in the RASS, upper limits to the X-ray flux have been computed
from the original RASS images.

The derived Ly values are plotted as afunction of age in Fig. 27, together
with data for Pleiades, Hyades, and the Sun. The sample of Ng and Bertdlli
(1998) is not complete, (and may therefore be affected by unknown biases),
and cannot be used to compute X-ray luminosity distributions, but it can still
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Figure 27. X-ray luminosity of starsin the sample of Ng and Bertelli (1998), compared with
the Pleiades and Hyades distributions for dG stars (boxes). Theline at age 5 x 10° yr connect
the minimum and maximum X-ray emission levels of the Sun. Arrows mark the upper limits
to the X-ray luminosity for stars that have not been detected in X-rays.

be used to show that old main sequence stars, with age greater than 10° yr
can have a high X-ray luminosity level, comparable with that of the Hyades.
Present data do not allow to determine which fraction of the stars maintain
this high Lx for along time, nor whether this apparent slow evolution of X-
ray activity isrelated to a Slow evolution of rotation (rotation measurements
for these stars are lacking), or to other stellar properties, but the existence of
these long-lived active stars cannot be neglected for a full understanding of
stellar coronal evolution.
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10. Coronal abundances

10.1. THE SOLAR CASE

Differences in the chemical composition of the solar wind with respect to the
composition of the photosphere were noticed aready in the early observations
(e.g. Pottasch, 1963b). Meyer (1985) reviewed extensively the literature ex-
isting at the time, conclusively showing that the heavy element composition
of the solar corona, of the solar wind, and of the solar energetic particles
show the same abundance pattern, with a relative under-abundance of heavy
elementswith first ionization potential (FIP) 2 10 eV relative to elementswith
lower FIP, by typical factors of ~ 4 to 6 (this latter ratio being referred to as
the “FIP bias’). While it initially appeared that the high-FIP elements were
depleted with respect to their photospheric values, it soon became apparent
(and it remains the general agreement to date) that on the contrary the FIP bias
observed in solar active regions results in an enhancement of the abundance
of the low-FIP elements (including Fe) with respect to their photospheric
vaue (Feldman, 1992), so that the solar corona is more meta rich than the
photosphere.

The level of FIP bias in the solar corona is variable with location and
with time. A given active region will show a FIP bias increasing roughly
linearly with time: newly formed active regions show essentially photospheric
composition, but start to develop a FIP bias as soon as they appear (Shedley,
1996; Widing and Feldman, 2001). Typical average corona values for the
FIP bias are reached in two to three days, with values as high as 8 typically
reached in four to five days. Individual active regions with FIP biases as high
as 15 have been observed. The typical large-scale average value of 4-5 for
the solar coronal FIP biasisthen likely to represent an average over time and
over anumber of active regions.

No agreed theoretical explanation for the FIP effect observed in the solar
corona exists yet; arecent review of the theoretical explanations proposed is
provided by Hénoux (1998).

10.2. INITIAL STELLAR EVIDENCE

10.2.1. Data analysis approaches

Two basic classes of approaches are currently in use in the X-ray astronomi-
cal community for the determination, from an X-ray stellar spectrum, of the
chemical abundance of the emitting plasma. The first approach is based on a
global fit to the spectrum, i.e. a search for the model spectrum which mini-
mizesthe differences (in ax? optimal sense) between the observations and the
model. This normally implies an a priori choice regarding the thermal struc-
ture of the corona, i.e. on the number of isothermal “components’ present in
the spectrum; experience shows that in most cases, when CCD spectra are

ssr-preprint.tex; 27/02/2003; 11:59; p.79



80

fit, a limited number of components is needed (2 or 3), giving rise to the
so-caled 2-T or 3-T modéls (although larger numbers of isothermal com-
ponents have occasionally been used, approaching a“ continuous differential
emission measure”). This approach has aso been applied to high resolution
spectra, both from EUVE and, more recently, from the XMM-Newtonand
Chandraspectrographs. Some recent applications of this approach include
e.g. Audard et al. (2001), using the XMM-NewtonRGS spectrum shown in
Fig. 35.
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Figure 28. The EUVE spectrum of Capellafrom Brickhouse et al. (2000).

The other commonly used approach for the analysis of high resolution
spectra is the determination of individual line fluxes, and the construction
of adifferential emission measure which can successfully predict these line
fluxes. An example of this is the analysis of the Capella EUVE spectrum —
similar to the one shown in Fig. 28 — by Brickhouse et a. (1995). The key
difference between the two approaches is whether one uses the information
of the whole spectrum or whether only the information relative to the lines
of interest is used. The global fitting approach in principle makes use of the
information present in the whole spectrum, but it has the disadvantage of
including, in this way, spectral regions which suffer from e.g. calibration
problems or for which the emission models are not reliable. For example,
weak lines which are present in the actual data but missing from the models
may result in a wrong estimate of the continuum and thus of the abundance
derived from the relevant lines. In addition, the a priori choice of the tem-
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perature structure may have an influence on the results. Unfortunately, up to
now no comparative systematic analysis of the same data set with the two
approaches is available, and it is thus difficult to assess whether the two are
bound to produce compatible results.

10.2.2. Early results

In the Einsteinand ROSAT eras corona abundances were not a strong issue,
even though the initial analysis of intermediate resolution spectra of active
binaries obtained with the Einstein SSS detector (Swank and White, 1980)
— Fig. 29 — included a discussion of the coronal metal abundances for a
number of elements. The limited spectral resolution of the IPC and PSPC de-
tectors was such that Collisional lonization Equilibrium (CIE) plasmamodels
computed assuming solar photospheric metal abundances were in most cases
sufficient to describe the source spectra (but see e.g. the abundance variations
seen in the Algol PSPC flare, Sect. 10.4.1). However, when the ASCA/SIS
spectra of stellar sources became available, it was immediately evident that
in many cases spectral models with solar photospheric abundances did not
produce satisfactory fitsto the spectra. Thisissue was aready raised with the
first ASCA/SIS stellar spectrum, the early observation of the active binary
AR Lac (White et ., 1994) which was shown to be incompatible with solar
photosphericabundances.
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Figure 29. The left panel shows the early EinsteinSSS spectra of Capellaand UX Ari, from

Swank et al. (1981), on which thefirst discussion of stellar coronal abundance was based. The

right panel showsthe ASCA SIS spectraof UX Ari in quiescence and during the rise of aflare,
from Glde et al. (1999).

The assumption of solar photospheric abundance for the coronal plasma
of stars other than the Sun was essentially one based on the lack of better
knowledge, both because the solar coronal abundances were aready known
to differ from the photospheric ones (see Sect. 10.1) and because the solar
photospheric abundance mix isfar from being universal. Indeed, nearby stars
display awide range of photospheric metal abundances (see e.g. Edvardsson
et al., 1993), with avery weak correlation with age, and the Sun itself appears
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to lie in the “high-abundance’ tail of a broad distribution (so that assuming
the solar photospheric abundance as universal would likely result in a bias).
It would thus have indeed been surprising to find that al coronae had solar
photospheric metal abundances.

Also, while the assumption of the same composition for the photosphere
and the corona (which has amuch smaller mass and is continuously “fed” by
the photosphere) may appear “natural”, in practice thisis equivalent to claim-
ing (see Jordan et a., 1998) that the amount of mixing between the two is
sufficient to counteract natural processes (e.g. thermal diffusion, gravitational
settling, Coulomb drag in the mass flow into the solar wind, etc.) which will
tend to chemically fractionate the corona.

The early results (see e.g. Drake, 1996b) indicated that the “ best-fit” abun-
dances for many coronal sources were quite low. The Fe abundance, which —
thanks to the large number of Fe lines in the spectra—is in genera the best
determined one, and the one which dominates global fits, was found to often
be as low as 0.3 times the solar photospheric value.
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Figure 30. Different determinations of the abundance of Fe, N and Ne for Capella plotted as
afunction of time. The points for 1993 are the analyses of the ASCA/SIS PV data by Drake
(1996b) and by Brickhouse et al. (2000), the 1996 points are the analysis of the ASCA/SIS
1996 data also by Brickhouse et al. (2000), while the 2000 points are the analyses of the
XMM-NewtonRGS high-resolution spectra by Audard et a. (2001). See the main text for
details.

The difficulty in assessing the quality of the “best-fit” values obtained
from X-ray spectra is perhaps best shown by looking at the “history” of
the coronal abundance of Capella (see Fig. 30). Capella, being one of the
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strongest X-ray sources in the sky, has been regularly observed at high S/N,
and thus provides a good set of measurements which can be compared with
each other. Few stars (if any) have a comparable database of observations
with different detectors.

The first determination of Capella's corona abundance was published by
Drake (1996b), who analyzed a 1993 ASCA/SIS observation using a 2-T
model, and reported Fe = 0.46, N = 0.0 and Ne = 0.0 (al values relative
to the solar photospheric values, and in the present paper we will consis-
tently use fractional, rather than logarithm abundances), with quite small
formal uncertainties (< 0.05). It is worth noting that the fit was far from
satisfactory, with a reduced X2 > 1. The same data were later re-analyzed
by Brickhouse et al. (2000), who did add a number of “missing lines’ to the
models, improving the fits significantly. In addition to a more sophisticated
joint ASCA/EUVE analysis they repeated the 2-T analysis. The ASCA/SIS
1993 Capelladata, with asimilar 2-T model gave (with amuch improved x?)
abundances Fe = 0.32 + 0.04, Ne < 0.15. The same analysis conducted on
the ASCA 1996 observation of Capella (still using the SISO detector) yielded
Fe=0.90+ 0.09, Ne < 0.15. Barring large changes in the intrinsic coronal
abundance, these significant difference in the abundance obtained from two
spectra of the same object obtained using the same detector and analyzed
with the same model and approach point to the large sensitivity of the best-fit
metal abundances obtained from CCD spectra to e.g. calibration issues. In
the case of Capella, however, intrinsic abundance changes could in principle
be present in the spectrum if indeed, as discussed by Johnson et a. (2002),
either of the two components of the binary system can dominate the emission
at different times.

More recently, the Capella coronal abundance has been determined by
Audard et a. (2001) using the high-resolution XMM-NewtonRGS spec-
trum shown in Fig. 35. The approach used has also been a “global best-fit”
one (see Sect. 10.2.1), with a 3-T model. The abundances derived from the
2 (independent) RGS spectrographs are, for the RGS1, Fe = 0.62 + 0.01,
Ne= 0.51+0.03, N = 0.82 + 0.07, while for the RGS2, Fe = 0.51+ 0.01,
Ne=0.344+0.02 and N = 1.01 + 0.08. Also here the difference e.g. for Ne
between the values determined for the two detectors is much larger than the
formal uncertainty reported (although, as stated in Audard et al., 2001, “the
uncertainties do not include systematic uncertainties that may be introduced
by calibration uncertainties’), again perhaps pointing to the sensitivity of the
best-fit values to e.g. calibration issues. The very low Ne and N abundances
(compeatible with 0) produced from the early CCD data are incompatible with
the high values (specialy for N) resulting from the high-resolution analysis.

Morein general, globd fitting methods do not include, to date, an analysis
of the uncertainties introduced e.g. by errors in the calibration and atomic
physics. Therefore the resulting (often very small) quoted confidence inter-
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vals are in genera incorrect, and likely to be a significant underestimate of
the true uncertainties in the abundance values, making it difficult to compare
results by different studies.

Similarly, for the active binary UX Ari, Gldel et a. (1999) determined a
set of coronal abundances from the ASCA SIS spectra shown in Fig. 29. The
values determined during the quiescent phase (the initial phase of aflareis
also present in the ASCA observation) can be compared with the abundances
derived from the XMM-NewtonRGS spectrum by Audard et al. (2002). As
thelatter work only gives abundances relative to O (rather than absol ute abun-
dances) we have a so reduced the ASCA abundances to the same scale. Some
ASCA-derived values are: N/O = 0 (with alarge uncertainty), Ne/O = 3.6,
Fe/O = 0.71, Ni/O = 6.6. The same abundance ratios as derived from the
XMM-NewtonRGS spectrum are N/O ~ 3.5, Ne/O ~ 2.5, Fe/O ~ 0.4,
Ni/O ~ 0.5. Once more, the values are different by factors which can be
rather large (e.g. for Ni). Comparable discrepancies are present for the other
elements (e.g. Mg, Si, S).

Anadditional problem in comparing abundance values determined by dif-
ferent authors is that often a value relative to the “solar photospheric value”
is reported, without specifying what the latter is (although most often this
implies the values reported by Anders and Grevesse, 1989, which is taken
as standard by many spectral analysis codes). Given that agreed “best” Fe
solar photospheric abundance has changed by as much as 0.17 dex in recent
years (and changes have been even larger for some other elements. Allende
Prieto et al., 2001 have recently revised the O abundance for the Sun by 0.24
dex downward with respect to the “canonic” value of Anders and Grevesse,
1989), this may introduce an additional systematic difference in some of the
literature values with respect to newer determinations.

As shown e.g. by the above review of the data for Capella and UX Avri,
the formal confidence ranges quoted for abundances (specialy for elements
other than Fe) in works relying on global fits to the spectra are likely to be
significantly under-estimated. In practice, hindsight based on the use of more
recent, high resolution spectra, shows that some results claimed on the basis
of the analysis of ASCA CCD spectra were correct (e.g. the often low, in
comparison with the solar photosphere, abundance of Fe, and the high Ne
abundances often found, specially in active binaries, e.g. AR Lac Whiteet dl.,
1994). At the same time (as discussed in more detail e.g. by Drake, 2002),
other results (like the very low abundances derived for e.g. N and O) were
clearly incorrect. A discussion of effects which depend on abundance ratios
(e.g. the presence of FIP-like, or inverse FIP effects), based, or making use
of, these early (mostly ASCA) data is thus not possible on a solid basis. For
these reasons in the following we will only discuss recent results obtained
from high resolution spectra, even though even these are not always consis-
tent, see e.g. Table V. A thorough reanalysis of the large legacy of ASCA
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spectra of stellar coronae, performed using a consistent approach, and sup-
ported and verified through the new (where available) high-resolution spectra,
would likely supply significant additional insight in the chemical composi-
tion of stellar coronae. A recent review of the current status of abundance
determination in stellar coronae is given by Drake (2002).

Theincreasein collecting areaand spatial resolution provided by Chandra
and XMM-Newtonis producing CCD-resolution spectra (two examples are
shown in Fig. 31) for an unprecendented number of coronal sources. This
will alow to explore coronal abundances in an unprecedented large number
and variety of coronal sources, most of which are still too faint for the grating
spectrographs onboard both satellites.
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Figure 31. The ChandraACIS spectra of two pre-main sequence stars in the p Oph asso-
ciation, from Imanishi et a. (2001). DoAr 21 has a hotter, more absorbed spectrum, while
ROXs 21 has a softer and less absorbed spectrum. The location of the main line complexes
due to the various elements are shown. The XMM-NewtonEPIC detectors have comparable
spectral resolution and energy coverage.

10.3. PHOTOSPHERIC ABUNDANCES

One additional element of uncertainty in the discussion about coronal abun-
dances, and the presence (or lack thereof) of selective enhancement and de-
pletion of elements (FIP-like, etc.) isintroduced by the scarce knowledge of
the photospheric abundances of active stars. To evaluate whether a FIP-like
effect ispresent in astellar corona, the comparison once more should be made
with the actual photospheric abundance of the star under study, rather than
with the solar photospheric mix. The photospheric composition of individual
different stars can indeed differ significantly from the solar mix, as reviewed
e.g. by McWilliam (1997).

Unfortunately, accurate studies of the photospheric abundance of active
stars are still few. Many typical targets of coronal abundance studies have at
most a single determination of the photospheric Fe abundance available, and
for most no determinations of the abundance of some of the key elementsin
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the X-ray spectra (such as O, Si, S and Mq) are available. This applies even
to well known sources such as Capella, HR 1099, AR Lac, etc. In part the
difficulty is intrinsic, i.e. determining the photospheric parameters of cool,
fast rotating stars is fraught with difficulties, even more when they are in
binary systems in which both spectra are visible (SB2 systems). At the same
time, however, part of the lack of this type of data, even on stars which are
technically less challenging, is likely to reflect alack of interaction between
the X-ray coronal community and the high-resolution optical spectroscopy
community.

Some photospheric abundance analyses of active stars have appeared in
the last few yearsin the literature. Determination of the abundance of a small
number of active binaries was performed by Fekel and Balachandran (1993);
later Randich et a. (1993) and Randich et a. (1994) determined the Fe abun-
dance on a sample of some tens of active binaries (and other active stars),
using a small number of Fe lines and photometrically determined effective
temperatures. In many cases they find puzzling results, with some systems
displaying severe under-abundances, and some SB2 systems displaying dif-
ferent abundances for the two components. Ottmann et a. (1998) and Gehren
et a. (1999) have concentrated on amore detailed analysis of asmaller num-
ber of systems, using a self-consistent approach (which does not make use of
the photometric temperatures), and determining abundances also for elements
other than Fe. In some cases Ottmann et al. (1998) find results which are
in significant disagreement (again based on the quoted forma uncertainties)
with Randich et a. (1993) and Randich et al. (1994), as well as with Fekel
and Balachandran (1993). For example, for thewell observed RS CVn system
A And, Fekel and Balachandran (1993) find a Fe abundance of 0.63 solar,
while Randich et a. (1993) find a value of 0.25 solar, with Ottmann et a.
(1998) finding an intermediate value of 0.4 solar. For another well known
system, |1 Peg, Randich et al. (1993) find a photospheric Fe abundance of 0.31
solar, while Ottmann et al. (1998) find a value of 0.63. These discrepancies
show that the photospheric abundances are often not known — when they are
known at al — to better than a factor of two or more, pointing to the need
for more work in this area, a critical one for the proper understanding of the
chemistry pattern observed in stellar coronae.

10.4. PRESENT-DAY EVIDENCE

Given the problems in comparing corona abundances derived from differ-
ent detectors (specially CCD spectrometers — see Sect. 10.2.2) we will con-
centrate in the present section on recent results obtained mainly with the
XMM-Newtonand Chandragrating spectrographs. Audard et al. (2002) have
produced an initial study of the coronal abundances in active binaries ob-
served with the XMM-NewtonRGS spectrographs. The abundance values
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in their study are determined through global simultaneous fits to the RGS
and EPIC spectra with 10 discrete temperature components. They compare
the abundance patterns for severa elements in four active binaries, i.e. (in
order of activity) HR 1099, UX Ari, A And and Capella, finding evidence for
an “inverse FIP" effect (i.e. low-FIP elements appear depleted with respect
to high-FIP elements) in the more active systems (HR 1099 and UX Ari),
while no selective depletion or enhancement is present in the two less active
systems (A And and Capella). The caveat about the Audard et a. (2002) study
isthat the assessment of the chemical pattern is made by comparison with the
solar photospheric abundances, rather than with the (unknown) photospheric
abundances of the target stars.

Huenemoerder et a. (2001) have studied the ChandraHETGS spectrum
of the active binary |1 Peg (asegment of which isshownin Fig. 32), for which
the photospheric abundance has been determined both by Ottmann et a.
(1998) who found Fe/H = 0.6, Mg/H = Si/H = 0.7 (with a quoted uncer-
tainty of ~ 20%) and by Berdyugina et al. (1998) who found Fe/H = 0.3-0.5,
more in line with the Randich et a. (1993) value. The Chandra spectrum
yieldsfor the coronal abundances (through afull DEM analysis) Fe/H = 0.1,
Mg/H ~ Si/H ~ 0.4, thus significantly depleted with respect to the photo-
spheric values®. Some evidence of “inverse FIP” effect is also present here,
with much higher abundances for O (O/H = 1.1) and for the noble gases (see
below) than for Fe.

Another often studied high-activity object is AB Dor, for which a photo-
spheric Fe abundance similar to the solar value has been reported (Vilhu et d.,
1987). Its coronal abundances have been recently determined (with a global
fit approach), using high-resolution XMM-NewtonRGS spectra, by Gudel
et al. (2001a), who find low Fe (aswell as Mg, Si and other elements) abun-
dance (with Fe/H = 0.22, Mg/H = 0.27, Si/H = 0.14), and higher O and Ne
abundances (O/H = 0.40, Ne/H = 0.99). The same authors a so fit the XMM-
NewtonEPIC pn data of the same star, finding abundances values which are
in many cases compatible with the high-resolution ones, although there are
some discrepancies (e.g. S/H = 0.04 in the RGS data but S/H = 0.38 in the
EPIC pn data). Comparison of the AB Dor XMM-Newtonresults with the
earlier joint ASCA/EUV E abundance determinations by Mewe et al. (1996)
shows that, once more, while for some elements the derived values are fully
compatible, for other elements (notably Mg and S) differences of factors of
two and larger are present.

For lower activity, “near-normal” solar-type stars (with reasonably well
determined photospheric abundances) recent results have been presented by

6 The coronal Fe abundance obtained for || Peg by Mewe et al. (1997) from an analysis
of the ASCA spectrum is in very good agreement with the one derived on the basis of the
ChandraHETGS data, while the abundance of the other elementsis consistently too low by a
factor of 2-5 with respect to the values derived from the Chandraspectra.
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[ I
Figure 32. The ChandraHETGS spectra of a variety of active stars, from Kastner et al.
(2002). Only a limited spectral interval, obtained with the MEG grating, is shown for clarity.

The top spectrum is from TW Hya, a CTTS, while al the others (with the exception of the
young single star AB Dor) are from active binaries.

GUlde et al. (2002c). They have analyzed the RGS spectra of —among others
— AB Dor, EK Dra, 1t UMa and x* Ori. While in the more active AB Dor
a similar depletion pattern as in the high-activity active binaries is visible,
in the lower activity objects @ UMa and X! Ori, Fe — as well as Mg and
Si — is highly enhancedwith respect to the photospheric value, while e.g.
O and N have similar abundances in the corona as in the photosphere, thus
closely following the pattern of the FIP effect visible in the solar corona
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The presence of a solar-like FIP effect in these stars is in agreement with
earlier results obtained with EUVE, e.g. Drake and Kashyap (2001) derived
the coronal abundances — from EUVE spectra — of the intermediate activity
G8V star € Boo A (another star with reasonably well determined photospheric
abundances), finding that Fe is enhanced in the corona by a factor of 2 or 3.
Similar results had aready been obtained — aso using EUVE spectra — for
a Cen (Drake et al., 1997) and for € Eri (Laming et a., 1996), with similar
enrichment factors for the low-FIP elements. Although the limited S/N of
the EUVE spectra did not alow to draw strong conclusions, the presence of a
FIP-like effect in moderate-activity solar analogs and the dependence of the
depletion pattern on the level of stellar activity — now being claimed in e.g.
the XMM-Newtondata — was aready discussed by Drake et al. (1996a).

A specific interesting peculiarity has been recently discussed by Drake
et a. (2001) using the ChandraHETGS spectra of HR 1099: there, the abun-
dance of the noble gases Ne and Ar are found to be much enhanced relative
to e.g. Fe, with Ne/Fe = 9.8+ 1.3 and Ar/Fe = 25+ 3.5 (again, relative to
the solar photospheric value). The strength of the Neix line at A ~ 13.45 A
in the X-ray spectrum of many active binaries iswell evident in the Chandra
HETGS spectra in Fig. 32. Some evidence (with all the caveat discussed in
Sect. 10.2.2) for high Ne abundances was present in the low resolution (CCD)
spectra of several active binaries, e.g. for AR Lac White et a. (1994) had
aready reported Ne/Fe=5.1. Several additional references on past evidence
for Ne overabundance in CCD spectra are provided by Drake et al. (2001). In
the abundances reported for active binaries by Audard et al. (2002), Neisthe
only element which is systematically overabundant with respect to O, with
Ne/O = 1.8-3.5 (the Drake et a., 2001 value for HR 1099 is Ne/O = 3.2).
For Il Peg Huenemoerder et a. (2001) report a very high noble gas abun-
dance, with Ne/Fe = 22 and Ar/Fe = 22, so that the evidence for asystematic
Ne overabundance is strong. The Ne X-ray line in high-resolution spectrais
reasonably free from e.g. significant blending, so that the determination of its
abundance should be reliable. The situation is less clear for Ar, which in the
Audard et a. (2002) sample spans the range Ar/O ~ 1.0-2.0, significantly
lower than the value found by Drake et al. (2001) for HR 1099, Ar/O = 8.1.
Note that for HR 1099 itself Audard et al. (2002) find Ne/O ~ 2.5 and
Ar/O ~ 1.0; while the Ne value is reasonably compatible with the Drake
et al. (2001) one, the Ar abundance is different by alarge factor.

One important issue is whether compatible coronal abundances are de-
rived for the same object using different high-resolution spectrographs and
different data analysis techniques. In Table V the coronal abundances derived
from the published analyses of high resolution data arelisted for HR 1099 and
AB Dor. For both of these stars results have been published from Chandra
and XMM-Newtondata, and for HR 1099 the XMM-NewtonRGS data have
been analyzed using a global fitting approach (Audard et al., 2001) and a
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Table V. A comparison of the corona abundances for HR 1099 and AB Dor
derived from Chandraand XMM-Newtonhigh-resol ution spectra. Key: (1) Drake
et a. (2001), (2) Brinkman et a. (2001), (3) Audard et a. (2001), (4) Linsky and
Gagné (2001), (5) Gudel et al. (20014a).

Element  FIP HR1099 HR1099 HR1099 ABDor AB Dor
HETGS RGS(B) RGS(G) HETGS RGS

@ e ©) 4 (5)

Ni/H 7.63 0.33 0.06 0.47
Mg/H 764 0.78 0.95 0.10 0.50 0.27
Fe/H 787 031 0.25 0.15 0.25 0.22
Si/H 815 059 0.18 0.65 0.14
SH 10.36 0.46 0.45 0.07 0.55 0.04
O/H 13.61 0.93 1.0 0.35 0.75 0.40
N/H 14.53 14 0.60 0.53
Ar/H 1578 7.6 1.23 0.86
Ne/H 2156 3.0 3.8 0.93 13 0.99

detailed derivation of the DEM (Brinkman et al., 2001). Some abundances
(notably Fe) are reasonably consistent across different analyses and different
instruments, while for some other large differences (e.g. for Mg and S factors
of 5 or more) are present. There is a systematic trend for the abundances
derived with the global fitting approach to be lower than the ones derived
with the full DEM derivation, even when comparing anayses done on the
same data set (the XMM-NewtonRGS HR 1099 spectrum), so that the dif-
ference would appear to be related more to the analysis technique than to
the instrument used. The large discrepancies apparent in Table V indicate
that the systematic uncertainties on the derived abundancies are still signif-
icantly larger than the (often small) quoted statistical error bars. Raassen
et al. (2002) derived abundances for Procyon using a global fitting approach
on both XMM-Newtonand Chandragrating spectra, obtaining, for the two
instruments, similar results’.

Thus, on the basis of thefirst harvest of high-resolution spectroscopic data,
some patterns are starting to be apparent, even though the still rather large un-
certainties present in the determined abundance val ues impose caution on the
guantitive aspects. In anumber of high-activity starsthe coronal abundance of
Fe appears depleted by factors of afew, in strong contrast with the solar case,
for which the most recent data (White et al., 2000) show that the abundance

7 For Procyon Raassen et al. (2002) find coronal metal abundances compatible with the
solar photospheric ones, and no evidence for FIP-dependent fractionation, confirming the
previous EUV results (Drake et al., 1995).
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of Feis enhancedby afactor of about 4. Also — again in high-activity stars
— a number of other elements appear depleted. The depleted elements are
in general low-FIP ones, while noble gases have high abundances, leading
to postulate the existence of an “inverse FIP" effect in the coronae of active
stars. Such an effect is apparently not universal, with some stars (such as
Capdla and A And, which however, as evident from the DEM distribution,
are lower-activity objects when compared to e.g. HR 1099) showing similar
abundancein coronaasin the photosphere, and some less active stars showing
a solar-like pattern, with enhanced corona abundance of Fe and other low-
FIP elements. Some claims have been made (e.g. Gldel et a., 2002c) of a
correlation between e.g. the mean corona temperature and the amount of
inverse-FIP depletion; it will have to be seen whether this will be confirmed
when larger samples will be available.

The only dMe star for which an abundance determination based on an
high-resolution X-ray spectrum isavailableis AD Leo (Maggio et al., 2002),
which shows evidence for a Fe abundance compatible with its photospheric
value and a mild relative overabundance of several other elements includ-
ing Ne. Sanz-Forcada and Micela (2002) have analyzed the EUV E spectrum
of AD Leo, finding a significantly higher Ne overabundance than found by
Maggio et a. (2002).

AD Leo aso is one of the few dM stars for which a photospheric metal
abundance determination is available; Jones et al. (1996) report Fe/H ~ 0.2,
making AD Leo arelatively metal poor star. The absolute coronal Fe abun-
dance of AD Leo reported by Maggio et al. (2002) isin agreement with the
photospheric abundance, while the mild overabundance reported for the other
metals (e.g. Si, S) with respect to Fe (by afactor of ~ 2 or so) isin line with
the expectations for the photosphere of a relatively metal-poor star, (the “a
enhancement”, McWilliam, 1997). Therefore AD Leo shows no evidence for
either FIP-like (or inverse-FIP) effects or for significant Fe depletion.

Two long-standing issues about the reliability of corona abundance de-
terminations are whether the atomic data (on which all abundance derivations
rest) arereliable (i.e. whether the atomic rates are known with sufficient accu-
racy) and whether alarge number of linesis missing in the spectral databases,
these lines could indeed mimic a pseudo-continuum and result in artificially
low abundances. That many wesk lines areindeed missing in most codes, and
that they have an effect on the resulting spectral parameters, has been shown
e.g. by Brickhouse et al. (2000), who showed that addition of a number of Fe
L-shell lines to the spectral synthesis strongly improves the fit to the Capella
spectrum (filling a flux deficit around 1.2 keV).

The current status of atomic data for X-ray stellar spectroscopy has re-
cently been reviewed by Laming (2002), who concludes that atomic rates are
rarely known to better than ~ 20%, but that in genera the current generation
of atomic data are to be trusted, although still with some caveat and qualifica-
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Table VI. Coronal abundance analyses obtained to date using high-resolution
XMM-Newtonand Chandraspectra. “GF” indicates analyses based on global fitting
to the spectra, “EM” analyses based on derivations of the DEM from individualy
determined line fluxes.

Reference Star Instr. GF EM
Drake et a. (2001) HR 1099 Chandra - X
Brinkman et al. (2001) HR 1099 XMM/RGS - X
Audard et al. (2002) HR 1099 XMM/RGS X
Audard et al. (2002) UXAri XMM/RGS X
Huenemoerder et al. (2001) Il Peg ChandralHETGS - X
Audard et a. (2002) AAnd XMM/RGS X
Audard et a. (2002) Capella  XMM/RGS X
Glidel et al. (2001a) ABDor  XMM/RGS X
Linsky and Gagné (2001) ABDor  ChandralHETGS - X
Gudel et al. (2002c) EK Dra  XMM/RGS X
Raassen et al. (2002) Procyon RGS, LETGS X
Giidel et al. (2002c) mUMa XMM/RGS X
Giidel et al. (2002c) Xt Ori XMM/RGS X
Maggio et al. (2002) ADLeo ChandralLETGS - X

tions. In particular, there till are some pathologic cases, including important
species such as FexVvii, which has many strong lines in both Chandraand
XMM-Newtongrating spectra.

The fractionation mechanisms responsible for the observed coronal abun-
dance patterns (and for their “variety”) are not yet identified; one interesting
proposal however has been made by Drake (1998), who draw the attention
to the possible role of He in causing the observed strong corona under-
abundances observed in some active stars (e.g. AB Dor): an increase in the
He abundance in the coronal plasma would manifest itself in the form of a
larger number of available He nuclei, raising the level of the continuum and
decreasing the line to continuum ratio, causing an apparent under-abundance.

10.4.1. Coronal abundance variarions during flares

Significant evidence has accumulated, in the past few years, showing that the
coronal abundances in active stars are variable, at least during intense flaring
episodes. Such variations are of particular interest, because they represent
conclusive evidence for the presence of fractionation mechanisms at work
in the stellar coronae, independently from the relationship between the coro-
nal abundance and the (often poorly known) photospheric one. Furthermore,
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knowledge of the time scale at which the fractionation mechanism operates
represents a strong physical constraint on its nature.

Changes in the equivalent width of the Fe K line during a flare (with re-
spect to the value expected for a solar photospheric abundance plasma) were
first reported by Tsuru et al. (1989) for aflare observed with GINGA on the
active binary UX Ari. Stern et al. (1992b) later also reported evidence for
similar changes in the equivalent width of the Fe K complex during a large
flare also seen with GINGA on Algol. Severa possible explanations were
discussed, with variation of the metal abundance mentioned as a possibility.
Later, additional evidence was obtained by Ottmann and Schmitt (1996) by
studying a large flare seen, aso on Algol, with the ROSAT PSPC; they re-
ported that the coronal abundance increased from Z = 0.2 Z, in the quiescent
phase to Z = 0.8 Z during the flare, decaying after the flare. Given the
limited instrumental passband and spectral resolution of the ROSAT PSPC
detector, the evidence for abundance changes was considered tentative. Also,
the temporal coverage of the flare was limited and thus did not allow to study
the event in detail. Variations in abundance during the rising phase of aflare
seen by ASCA (for which the decay was not observed) were also reported
for UX Ari by Gudel et al. (1999), again showing an increase during at the
beginning of the event by afactor of ~ 3 to ~ 4 with respect to the quiescent
phase.

Later events, which had better statistics and temporal coverage, in addition
to being studied with detectors with higher spectra resolution, allowed to
study the phenomenon in more detail. In particular the large and long-lasting
Algol event observed by SAX (Favata and Schmitt, 1999) has alowed to
study the temporal evolution of the metal abundance and compare it with the
evolution of the other flare spectral parameters.

During the Algol SAX flare, the Fe abundance is observed to rise quickly
(with a faster time scale than the emission measure EM) at the beginning of
the flare, by afactor of ~ 3 with respect to the quiescent value (going from
Z~0.3Z,t0Z~Z), andto subsequently decay back to the quiescent value
on atime scale faster than either the temperature or the emission measure (see
Fig. 33). The decay follows rather accurately an exponential law.

Similar changes in the coronal abundance of the flaring plasma have aso
been clearly observed in a flare on the pre-main sequence binary V773 Tau
(Tsuboi et a., 1998), in one on the active binary o? CrB (Osten et ., 2000)
and in one on the flare star EV Lac (Favata et d., 2000c). In all these cases
the behavior appears similar to the Algol one, with an initial rise from a
characteristic quiescent value of Z ~ 0.3Z, (value around which the coro-
nal abundance of many active coronae appears to cluster) to Z ~ Z,, and a
subsequent decay to the pre-flare value.

All the determinations of abundance variations discussed above arethe re-
sult of global fitsto low-resolution (PSPC, GSPC or CCD-based) spectra. The
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Figure 33. The time evolution of Algol’s coronal parameters during the SAX flare (from Fa-
vataand Schmitt, 1999). From the top left clockwise the emission measure EM, the absorbing
column density ny, the global metal abundance Z and the plasma temperature T are shown.
Thetime axisis relative to the beginning of the observation.

caveat about the reliability of the abundance values determined from global
fits (see Sect. 10.2.1) therefore applies here, so that the derived abundances
in the case of aflaring spectrum (for which the single-temperature fit is by
necessity an approximation) might have to be treated with care. However,
for the hot temperatures involved in large flares the spectrum is significantly
simplified by the fact that the only line emission visible is from the Fe K
complex, so that the abundance determined from the spectrum is essentialy
driven by the line-continuum ratio for the Fe K line, which has very little
“cross-talk” with the other spectral parameters, and should therefore provide
areliable estimate of the Fe abundance.

Variation of the Fe abundance during flares does not however appear to be
an universal feature. In some other well studied flaring events the variation in
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Fe abundance is (if at al present) much smaller than the factors of three ob-
served e.g. in Algol. For example for the flares observed by SAX on AB Dor
(Maggio et al., 2000) and UX Ari (Franciosini et a., 2001) the variation in
abundance during the flare is at the level of < 50%, although some hint of a
small variation is indeed present in the data. AB Dor itself however showed
significant variations in the corona abundance during two flares observed
with ASCA (Ortolani et a., 1998), in which the abundance rose from a low
quiescent value Z ~ 0.1Z, to Z ~ 0.6 Z, at the flare peak. Similar variations
were seen in the AB Dor flare recently observed with XMM-Newton(Gudel
et a., 2001a), which shows a decrease of the abundance during the decay of
the flare by afactor of ~ 2.5, from Z = 0.5 x Z, to Z = 0.2 x Z, Therefore,
the presence (or lack) of abundance variations during a flare would appear to
be something which can change from event to event on the same star.

A small flare on Il Peg has been observed at high spectral resolution with
the ChandraHETGS by Huenemoerder et al. (2001); the statistics are suffi-
cient to study the abundance of a number of elements, both in the quiescent
and in the flaring state. The evidence for abundance variations from these
high-resolution spectra is margina (with Fe/H changing from 0.1 in quies-
cence to 0.15 during the flare, a 20 effect), although the flaring spectrum
covers the rise phase as well as ~ 10 ks of the decay phase, so that if the
abundance decay is rapid (as e.g. in Algol) this may “dilute’ the abundance
changes in the flaring spectrum. The other elements in the Il Peg flaring
spectrum show a similar margina increase, with the exception of Si which
decreases from Si/H = 0.80 to Si/H = 0.45.

Temporal variationsin the chemical abundance have not yet been reported
in solar flares. Sylwester et a. (1998) have analyzed the X-ray spectra of a
large number of solar flares, determining the abundance of Ca, and found no
evidence for changes during the flare decay phase. At the sametime, analyses
of a number of different flaring events show that the average value for the
abundance of different elements can vary by a factor of ~ 5 from event to
event (e.g. Fludra and Schmelz, 1999; Antonucci and Martin, 1995).

The simple interpretation for the type of abundance variations observed
during flares is that at the beginning of the event fresh chromospheric (and
likely photospheric) material is evaporated in the flaring loop(s), thus enhanc-
ing its abundance; once the materia is brought in the flaring coronal structure
the fractionation mechanism which is responsible for the lower abundances
observed in the coronal plasma would start operating, bringing the corona
abundance back to its quiescent value.
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11. Other resultsfrom high-resolution spectroscopy

11.1. DENSITY

Once spectrd lines are resolved, several direct diagnostics of the plasma den-
sity become available. They include both the forbidden to intercombination
ratio of the triplet of He-like ions as well asline ratios of different ionization
states of the same species. The details of the techniques of density determi-
nation have been extensively reviewed by several authors (e.g. Mewe, 1999),
and will not be discussed here in detail. Briefly, each triplet is composed,
as shown in Fig. 34, of three lines, the resonance line (r), the intercombina-
tion line (i) and the forbidden line (f). The line flux ratio f /i is sensitive to
density, over the range where collisions redistribute excitation from the long-
lived metastable upper level of the forbidden line to the upper level of the
intercombination line. This range of densities differs from triplet to triplet.
The ratio (i + f)/r is sensitive to the plasma temperature. Each triplet also
has atypica range of plasmatemperatures in which it is excited (as with any
other spectral ling), so that the densities measured from the different triplets
refer to different temperature regimes in the corona, and need not, a priori, to
yield the same values.
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Figure 34. The Neix density-sensitive triplet, as observed in the ChandraL EGTS spectrum
of AD Leo, from Maggio et a. (2002). Note the presence of line blends, which can influence
the resulting density, if not properly accounted for.

.

Thefirst instrument to give access to density diagnostics for a significant
number of corona sources has been EUVE (which however did not make
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use of He-like triplets, but rather of ratios of Fe lines originating from the
sameionization state). EUV E results have recently been extensively reviewed
by Bowyer et a. (2000), in which the origina references are available. In
genera, density diagnostics for the T ~ 1 MK plasma are visible in the
EUVE spectra of low-activity stars (e.g. Procyon, a Cen) and yield densi-
ties ne ~ 5 x 10 cm~3. For comparison, typical plasma densities in solar
active regions are ne ~ 3 x 10° cm~3, while during solar flares the density
rses to ne > 1 x 10 cm=3. In the few stars in which the spectral S/N is
sufficient to observe the presence of both low-temperature (T ~ 1 MK) and
high-temperature (T ~ 10 MK) material in the EUVE spectrum, the low-
temperature material has similar low densities, while the high-temperature
materia has significantly higher densities: for Capellathe high-T material has
density ne ~ 1 x 10'2 cm~3, whilethe low-T material hasne ~ 1 x 10° cm~2.
For the stars whose emission is dominated by the high-T plasma (and there-
fore no low-T density diagnostics are visible) the densities are consistently
high (ne ~ 1 x 10'2 cm~2 and higher). As pointed out e.g. by Bowyer et al.
(2000) such high densities imply — under the perhaps questionable assump-
tion that the plasma is confined in quasi-static coronal loops following the
scaling laws of Rosner et a. (1978), see Sect. 6.1 — that the emitting struc-
tures are quite small (with loop lengths of only ~ 10® cm), with small filling
factors sufficient to explain the observed emission measure. The confining
(equipartition) magnetic fieldsare B ~ 1 kG. Thelarge difference between the
density of the low- and high-T materia observed in the same star (Capella)
implies that the emitting material cannot be confined in the same (quasi-
static) coronal structures, as in quasi-static loops (which are in hydrostatic
equilibrium) the opposite effect would be expected (higher density for the
cooler material). The EUVE results do not allow (for lack of diagnostics cov-
ering a wide enough range of temperatures) to assess whether a dichotomy
between the low- and high-T material is present (and thus two physically
distinct classes of coronal structures are present in the corona), or whether
there is a continuum in the relationship between T and ne.

Recent density determinations from high-resolution spectra include, for
XMM-Newton Capella (Audard et al., 2001) AB Dor (Gudel et a., 2001a),
HR 1099 (Audard et a., 2001) and YY Gem (Gudel et a., 2001b; Stelzer
et a., 2002), and for Chandrg Capella(Mewe et d., 2001; Ness et al., 2001,
Canizares et a., 2000), AB Dor (Linsky and Gagné, 2001), Il Peg (Huen-
emoerder et a., 2001), HR 1099 (Ayres et al., 2001) and Algol (Ness et al.,
2002b). Raassen et al. (2002) determined the coronal density in Procyon using
both XMM-Newtonand Chandradata. As shown later, these results appear
to confirm the trend observed with EUVE of hotter plasma being associated
with higher densities, with some evidence for a smooth relationship rather
than a dichotomy (see Fig. 36).
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Figure 35. The XMM-NewtonRGS spectrum of Capella, adapted from Audard et al. (2001).
The data from the RGSL1 spectrograph are plotted together with the best-fit model derived
from a continuous DEM distribution. Major lines are identified; in particular the forbidden,
intercombination and resonance lines of the density-sensitive triplets of Ovii at ~ 22 A and
NvI at ~ 29 A are clearly visible.

For AB Dor the density from the XMM-NewtonRGS observation of the
Ov1i triplet is 3 x 10'° cm™3 (Giidel et al., 2001a). A flare is present in the
second part of the observation, but no increase in the density of the 2 MK
plasma is visible in the flaring spectra. Audard et a. (2001) report a sSim-
ilar analysis for HR 1099, for which they find a rather low density (ne <
1 x 10'° cm~3) for the 2 MK plasma. Again, aflareis present in the data, but
no increase in the density of the 2 MK plasmaisvisible. The same O vii di-
agnostic yields ne = 1.6 x 10° cm=3 for YY Gem and ne < 1.6 x 10° cm=3
for Castor.

Coronal densities for AB Dor have been derived from a ChandraHETGS
observation (see Fig. 32) by Linsky and Gagné (2001), who find ne =5 x 10*° cm=3
for the 2 MK plasma (from O v11), while the higher temperature triplets all
yield only upper limits compatible with the lower temperature density.

Ayreset d. (2001) have analyzed the datafrom ajoint Chandraand EUVE
observation of HR 1099. Their data cover a number of density-sensitive tri-
plets, spanning a decade in temperature, from Ovil a T =2 MK to Arxvii
at T = 20 MK. The density measured at 2 MK isne = 2 x 10'° cm~3, while
the higher temperature-sensitive triplets are consistent with their low-density
limit of ne < 1 x 1012 cm~3. The densities derived from the EUVE simultane-
ous Fexx| datayield ne S 1 x 102 cm~3.
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Higher densities have been derived using the ChandraHETGS observa-
tion of 1l Peg by Huenemoerder et al. (2001), who derive 68% confidence
ranges of ne =4 x 10°° cm—3 -4 x 10" cm—3for OviI, ne=1 x 10 cm—3-
1x 10% cm~2 for Nelx and ne = 6 x 10*2 cm—3-6 x 10* cm—2 for MgxI
(for which the temperature of formation is T ~ 6 MK). Huenemoerder et a.
(2001) discussin detail the systematic effects (blends, etc.) which could result
in apparently incompatible densities derived from the different diagnostics
(even though there's no reason to assume a priori that plasma at different
temperature should be at the same density).

The density of Capella has been studied, from EUVE spectra, by Dupree
et a. (1993), who found (using Fexx1 lines), for the plasmaat T ~ 10 MK,
high densities comprised between ne = 4 x 10 cm—3-1 x 10'3 cm~3. From
ChandraLETGS spectraMeweet a. (2001) derive the density from anumber
of He-like trangitions, finding, for the low temperature plasma (T < 2 MK,
using Cv, NvI and O VI transitions) densities comprised in a range ne =
3x 10° cm—3 and ne = 6 x 10° cm~3, while for the hotter plasma (T ~ 6 MK)
the densities are much higher, at ne = 3x 102 cm=3 for Mgx1 and ne =
4 % 10" cm~2 for Si X111 (avery high value which Mewe et al., 2001 caution
might be affected by low spectral resolution and thus blending). The high
densities at the higher temperatures are consistent with the densities derived
from the ratio of density-sensitive Fe ions, which give ne ~ 1 x 102 cm—3,
Again, a clear trend is present for the higher-temperature plasma being at
higher densities. Ness et al. (2001) have analyzed the same Capella Chandra
LETGS spectra, concentrating on the low-temperature plasma only, finding
densities comparable to the Mewe et a. (2001) values.

Ness et al. (2001) have also analyzed the ChandraLETGS spectrum of
Procyon again finding similar densities (between ne = 2 x 10° cm=3 and ne =
9 x 10° cm~3) for the low-temperature plasma. Procyon isamoderate-activity
(Lx ~ 1028 ergs™) nearby F5V star, with sufficient X-ray flux to allow de-
tailed study of its spectrum, making it a good prototype of solar-like activity
in other stars. The moderate values for the pressure in the corona of Procyon
has already been established with EUVE data (Schmitt et al., 1996a), who
showed that the coronaisindeed dominated by materia at T ~ 2 MK, with a
characteristic density ne = 3 x 10° cm~2. Such density istypical of the value
encountered in solar active regions, but it is lower than the values found
in solar flares (ne > 1 x 10'° cm~3). From the emission measure and den-
sity, and under the assumption of magnetically confined static loops, Schmitt
et a. (1996a) derive an average height for the coronal loops in Procyon of
H ~ 2x10° cm, or H ~ 0.02R,, and a moderate filling factor f ~ 0.2.
Therefore, the density measurements result in a rather “solar-like” picture
for Procyon’s corona.

The only density determinations from high-resolution X-ray spectroscopy
for dMe stars available to date are the work of Maggio et a. (2002) on
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AD Leo using Chandraspectra and of Stelzer et a. (2002) on YY Gem
using XMM-Newtonspectra. For AD Leo, among the available diagnostics,
only the Ovi1 triplet is considered to yield areliable density determination,
Ne = 2 x 10 cm~3 (a value similar to values obtained for other types of
active stars), while all other triplets are considered to yield only upper limits.
Similar considerations are reached for YY Gem, where an upper limit of
Ne < 2 x 101 cm~2 is derived.

The density determination obtained by analysis of the He-like triplets can
be affected by radiative pumping (Ness et al., 2002a) due to the (photospheric
and chromospheric) UV fieds. Neglecting the influence of the UV field can
result in spurious high densities, in some cases by an order of magnitude.
The effect is more marked for the low-Z ions, and thus for the lower plasma
temperatures. Thisis also relevant for stars such as e.g. Algol, where the UV
field comes from the nearby hot companion (Ness et a., 2002b).

Some of the high densities obtained from the Chandraand EUV E spectra
have been questioned (e.g. by Drake, 1996a; Bowyer et a., 2000; Drake,
2001), as small amounts of systematic errors in the spectra, such as the pres-
ence of small amounts of blending, or errors in the line ratio calculations
would bring them back to the low-density limit, where they would not be
sensitive and therefore only provide an upper limit to the density.

In Fig. 36 al He-like triplet-based density determinations available at the
time this review has been written are plotted against the formation tempera-
ture of the relevant ion, for Procyon, Capella, HR 1099, Il Peg and AB Dor.
Both XMM-Newtonand Chandragrating results are included, and, when
more analyses or data sets are available for agiven star, al are shown. A clear
trend for high-T material being apparently associated with higher densitiesis
visible. Also, data from different stars fall on the same locus. In part thisis
a clear “selection effect” because higher-T triplets are sensitive to a higher
density range. Such a broad distribution in density in the same star (if in-
deed redl) isincompatible with the plasma being confined in quasi-static loop
structures, where the cooler material would be at higher density. Whether
stellar coronae are therefore not congtituted by an ensemble of quasi-static
loop structures, or whether the problem lies with the density measurements
themselves, is not clear. Many of the measurements tend to lie very close to
the low-density limit (i.e. the density at which collisional excitation begins to
dominate over radiative decay for the forbidden level), so that even limited
amounts of blending from weak lines, caibration problems, etc. could result
in a spurious determination of a density when indeed only an upper limit
should be derived.

Spectroscopic density measurements from stellar coronae are (because of
the long time necessary to collect enough photon statistics) averages over
relatively long time scales. Observations of the solar corona, where spectra
can be collected at high temporal resolution, showsthat densitiesin aflare can
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Figure 36. Density derived from the analysis of He-like triplets for a number of stars from
Chandraand X MM-Newtongrating spectra. Temperatures are in K, densitiesin cm~3. Note
the strong correl ation between temperature of formation for thetriplet and theinferred density.
Different symbols represent different stars (open squares: Capella; filled squares: AB Dor;
pluses: Il Peg; crosses: HR 1099; pentagons: Procyon; stars: Algol.

vary rapidly and attain very high values. Phillips et a. (1996) have analyzed
the data from SMM observations of intense solar flares, finding densities as
high as ne = 1 x 103 cm~2 1 minute after the flare pesk, rapidly decaying
to ne = 2 x 102 cm~2 a few minutes later. If indeed such large temporal
variation in density is also present in active stars (as it's likely in the context
of the microflaring hypothesis discussed in Sect. 7.1.2) this is an additional
reason to interpret the long-term averages implied by the stellar observations
with caution. These very high densities observed in solar flares (for which the
volume is known because the observations are spatially resolved) also imply
very small filling factors (Judge, 2002), with Phillips et al. (1996) deriving a
value of f < 103 for the above densities.

More in general, the relationship between the disk-integrated density de-
termination from a stellar high-resolution spectrum, which is a time- and
space-average over a very complex structure and the actua structuring and
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physics of the underlying corona (and thus the diagnostic power of density
measurements) is not very clear (Judge, 2002).

11.2. THERMAL STRUCTURING

Even with the limited spectral resolution of the EinsteinlPC detector it be-
came soon evident that — given sufficient S/N — the coronal plasma is not
isothermal, and that two discrete temperature components offered a better
fit to the observed spectrum (Schmitt et al., 19904). With the advent of the
ROSAT PSPC detector (with somewhat better but still quite limited spectral
resolution) the 2-T spectral model became the standard tool with which most
coronal spectra would be fitted. Even with the higher resolution offered by
the ASCA SIS spectrometer, most coronal spectra would still be reasonably
fitted with 2 (or sometimes 3) temperatures. Of course, a continuum of tem-
peratures is present in the solar corona (or even in a single hydrostatic loop)
so that the physical basisfor such fitswas unclear. A lively debate went on for
some time about whether indeed two discrete temperatures were dominating
in stellar coronae or whether this would be a ssimple parameterization of a
more complicated underlying temperature structure (see e.g. Singh et a.,
1996b).

Aninsight inthe physical meaning of the discrete temperature fits (whether
1-, 2- or 3-T) can be derived by studying the Sun as if it were an unresolved
stellar X-ray source. Orlando et a. (2000) have developed a technique that
makes use of Yohkoh data, taking advantage of the spatial resolution of the
detector and of its two filters, to determine the effective temperature of each
image pixel from which they derive the emission measure distribution of the
Sun. They then synthesize the emitted spectra and fold them through the
response of e.g. the ROSAT PSPC detector, analyzing the resulting spectrum
as a stellar observation. In this way one can study the Sun as would appear
when observed as a star during different stages of the cycle, what is the ef-
fect of rotational modulation, what are the properties of individual coronal
components as the active regions, flares, etc. Applications of this technique
have been presented by Peres et al. (2000), Reale et al. (2001), Orlando €t al.
(2001) and Peres et a. (2001).

In Fig. 37 the emission measure distribution of the Sunisreported, derived
during the minimum and the maximum of the solar cycle (Peres et a., 2000).
We see that during the minimum the emission measure distribution peaks
at ~ 10° K, while during the maximum the peak is broader and a significant
quantity of material at hot temperaturesis present. In addition, large quantities
of cooler material (10°—10° K) are present in the transition region, emitting
mainly in the ultraviolet bandpass. Since Yohkoh is sensitive to X-ray emis-
sion only, this material isnot present in the derived distributions. The symbols
in Fig. 37 mark the temperatures and the corresponding emission measures
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obtained when the emitted spectra, derived from the two emission measure
distributions, are folded through the spectral response of the ROSAT PSPC,
the detector that has performed the largest number of stellar observations to
date, and analyzed with a one- or two-temperature fitting procedure. In the
case of the Sun observed during the minimum to explain the spectrum the
PSPC only one temperature is needed, very close to the peak of the origina
distribution, while during the maximum two temperatures around the broad
peak are needed.

The same analysis performed when the Sun undergoes a large flare shows
that a very pronounced broad peak appears in the DEM digtribution at T 2
10MK; the spectrd fitting procedure identifies the presence of hot plasma,
finding one component above 10 MK, again as shown in Fig. 37. In both
cases (quiescent and flaring) the resulting discrete temperature fitsresult in a
satisfactory (from the x2 point of view) description of the data for statistics
similar to the ones typically obtained for relatively bright stellar sources.
Thus the stellar discrete temperature fits are likely to “hide” a continuous
temperature distribution, and the resulting discrete temperatures should be
taken as parameterizations of amore complex emission measure distribution,
pointing to the location of the bulk of the emission measure.

At the same time, the comparison of multiple temperature fits from dif-
ferent detectors should be performed with caution, as different instrumental
features can influence the resulting temperature distribution. For example,
the location and depth of the absorption edges (e.g. the carbon edge in the
windows of proportional counters such as the EinsteinlPC and the ROSAT
PSPC) and the way that detected photons are redistributed due to the rel-
atively poor spectral resolution of these detectors may bias the fitted tem-
peratures distributions in a way which, coupled with the relevant calibration
uncertainties, may not be entirely predictable.

The actua detailed determination of the emission measure distributionina
significant number of active stars became possible with the availability of the
high-resolution EUVE spectra (as in the case of the determination of stellar
coronal densities). The high spectral resolution of EUVE alowed the flux in
individual spectral lines to be reliably determined, and thus for the emission
measure distribution to be derived. At the typical densities of stellar coronae
(which are assumed in this context to be optically thin), the flux emitted in a
given lineis given by

dv(T)
|0 /G(T)N@(T)WdlogT (4)

where the atomic physics is contained in the contribution function G(T)
and
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Figure 37. Top panel: Emission measure distributions of the solar corona, derived during
the minimum and the maximum of the solar cycle. Symbols mark the temperatures and the
emission measures obtained by the 1 or 2-T fit when the spectra, derived from the emission
mesasure distributions, are folded through the ROSAT PSPC response. The solar maximum
spectrum is fit with two temperatures, the solar minimum one with one temperature. Bottom
panel: the same during alarge flare. Adapted from Peres et al. (2000).
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is called the differential emission measu®EM in briefé). In principle,
inversion of EQ. 4, using the measurement of fluxes in a range of spectral
lines as inputs, should yield the DEM (i.e. the distribution of emitting ma-
terial as a function of the plasma temperature). In practice, the problem is
mathematically ill-posed and thus the result is potentially ambiguous, and
somewhat dependent on the analysis technique used. A technique for produc-
ing the DEM given the set of line fluxes was aready pioneered by Pottasch
(19633) in the case of the solar corona UV emission, and was later widely
applied by many authors on the chromospheres of cool stars using the wealth
of observations produced by the IUE satellite (e.g. Jordan et d., 1987).
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Figure 38. The DEM distributions obtained from EUVE data for a number of stars with
varying levels of activity (the part below 10°° K is obtained with non-simultaneous |UE data).
The DEM values are normalized to the stellar surface area. Adapted from Sanz-Forcada et al.
(2002b).

The sametype of technique was applied to the EUVE spectra of cool stars,
e.g. by Dupree et a. (1993) on the spectrum of Capella, producing DEM
distributions spanning the whole range of corona temperatures, all the way
up to ~ 2 x 107 K (although for the higher temperatures only few lines are
present in EUVE spectra). The existing body of EUVE results regarding the
DEM of cool stars coronae is reviewed by Bowyer et a. (2000), to which
the reader isreferred for the original references. More recently, Sanz-Forcada

8 note that different authors use at times dlightly different definition of the DEM.

ssr-preprint.tex; 27/02/2003; 11:59; p.105



106

et a. (2002a) and Sanz-Forcada et a. (2002b) have performed a systematic
survey of the DEM for a sample of active stars for which EUVE observa-
tions are available, which they complemented with non-simultaneous IUE
observations to constrain the shape of the DEM at T < 108 K.

The analysis of these EUVE spectra show that the DEM in active starsis
continuous, spanning a wide range of temperatures — as expected from the
fact that lines spanning a wide range of formation temperatures are detected
in the spectra. Asvisible in Fig. 38 active stars show evidence for significant
amounts of very hot material (up to tens of MK), with a peak in the DEM
at around 10 MK (the so-called “bump”). The similarity of the DEM for
active stars of different types (independently from their being single, binary,
main sequence or evolved), is remarkable, in particular the persistence of
the “bump”. Less active stars (e.g. a Cen and Procyon) do not show the
material at high temperature which is present in more active stars. It has
been suggested that the hot material responsible for the bump is, aso given
the high densities derived from the same spectra, concentrated in a spatially
compact structure, likely located near the pole of the active star (Brickhouse
and Dupree, 1998; Brickhouse et al., 2001), a suggestion consistent with the
frequent polar location of flaring structures discussed in Sect. 6.2.2.

Studies of the DEM derived from Chandraand XMM-Newtonhigh res-
olution spectra with the same approach are till in their early phases (e.g.
Maggio et al., 2002). Some studies have been published using a “global fit-
ting” approach to the DEM derivation, which however suffer from similar
problems as the abundance derivations using the same approach and will not
be further discussed here.

While the above approach to the DEM determination has a clear physica
basis, its disadvantage is the difficulty in estimating, in a quantitative way,
the uncertainties on the derived DEM distributions, and thus the reality of
individual features such as the bump visible in Fig. 38. This applies both to
the systematics (in the calibration, or in the atomic rates) and to the effects
of the statistical errors on the measured line fluxes onto the final shape of
the DEM digtribution. Stern et al. (1995a) discuss, in the case of the EUVE
observations of Algol, the relationship between uncertainties in the spectra
and uncertainties in the DEM distribution (as well as in the chemical abun-
dance of the emitting plasma, which is determined simultaneously). A new
technique for DEM reconstruction has been developed by Kashyap and Drake
(1998), based on a Monte Carlo method. The technique has the advantage of
relaxing the (non-physical) smoothness constraints imposed on the DEM by
many other methods and of alowing upper limits to be properly used. At the
same time it allows a more rigorous estimation of the errors on the resulting
DEM. An application of this approach to stellar data is presented by Drake
et al. (2001) on the spectrum of HR 1099.
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Similarly to the integrated density measurements discussed in Sect. 11.1,
the derived DEMs are an average over time and space obtained from a com-
plex and dynamic underlying plasma. Again, their diagnostic power and their
capability to constrain the underlying physics and structuring of the corona,
are not straightforward (Judge, 2002).

11.2.1. Loop modeling of stellar coronal spectra

Already with the Einstein|PC data, which had limited spectral resolution,
attempts were made to fit more physical models to the IPC data, based on
the expected X-ray differential emission measure distribution of the quasi-
static loop structures described in Sect. 6.1. For example, Schmitt et al. (1985)
studied the spectrum of Procyon, and Stern et a. (1986) studied the X-ray
spectra of the brightest Hyades emitters. Both works came to the conclusion
that high-pressure, compact loops would be the most likely scenario.

Later, Ventura et al. (1998c) — and previous papers in the series — fit
ROSAT PSPC spectra of active stars with the DEM derived under the as-
sumption that two distinct populations of loops are present in the corona.
The physical insight gained from these efforts has however been limited,
as the assumption that one class (or a small number of classes) of simi-
lar corona structures are dominating the emission is perhaps too simplistic.
In fact, the slope of the EUVE-derived DEM (Fig. 38) is steeper than the
distribution which can be generated from quasi-static loops, once more ques-
tioning whether the simple quasi-static loop is an appropriate building block
for active stellar coronae, also given that, as discussed in Sect. 6.1, even the
comparatively “simple”’ solar corona shows evidence for the presence of very
dynamic loops.

12. X-ray surveysasatool for the study of Galactic structure

Sincethe coronal X-ray luminosity decreases by some 3 to 4 orders of magni-
tude during the stellar lifetime (see Sect. 9), X-ray surveysare avery powerful
method to find and study young stars. In particular since most of the decrease
in the X-ray emission level takes place during the main-sequence lifetime, X-
ray observations are very useful to select young main sequence stars which
are indistinguishable from older (and coronally quieter) stars in optical sur-
veys. Due to their higher X-ray luminosity young stars can be seen in X-ray
surveys at much larger distances than old stars, so that young stars will be
oversampled in X-ray observations and will dominate the detected population
of coronal sources. Thiscan be, and has been extensively used to derive global
properties of young stellar populations from X-ray surveys.

To understand the composition of the coronal source population detected
in X-ray unbiased surveys one needs to fold together several ingredients, such
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as the spatia distribution of stars of different ages, the spatial distribution of
interstellar gas (to take into account the interstellar absorption of soft X-ray
photons), and the stellar X-ray luminosity distributions. An early example of
this type of work is the estimate by Rosner et al. (1981) of the contribution
of M dwarfs to the soft X-ray background. The first systematic effort in this
direction wasthe X-CouNT model (Favataet a., 1992), which only included
the Galactic disk component, based on the Bahcall & Soneiramodel (Bahcall
and Soneira, 1980, modified to take into account the dependence of scale
height and X-ray luminosity on age, Micela et a., 1993). To represent the
age dependence of Ly, stars are divided in three age ranges corresponding
to the Pleiades, Hyades, and nearby field stars. Another model with similar
aims has been built by Guillout et a. (1996), based on the Besangon model of
the Galaxy, in which (unlikely the Bahcall & Soneira model on which the X -
CouUNT modé isbased) the different spatial distribution of stellar populations
with different agesis explicitly taken into account (also resulting in asmaller
scale height of al the stellar populations).

The mgjor contribution to X-ray source counts comes from the high lu-
minosity tails of the X-ray luminosity distributions, since the more luminous
stars will be seen through a much larger volume. These tails are typically de-
termined through the observation of few stars, hence the relative uncertainty
isamajor source of uncertainty in predictions.

The comparison between the model predictions and the X-ray coronal
source counts in unbiased, flux-limited X-ray surveys allows to deduce some
properties of the X-ray active populations and more in genera on the distri-
bution of starsin different age ranges in the Galaxy.

One early result (Favata et al., 1988) has been the identification of alarge
population of yellow stars observed in the EinsteinExtended Medium Sensi-
tivity Survey (EMSS Gioia et a., 1990), well in excess of what would have
been expected on the basis of the X-ray emitting populations known at the
time. Follow-up spectroscopic observations have shown that this population
is dominated — on the basis of their very high average photospheric Li abun-
dance — by young (i.e. with ages of at most some 10® yr) main sequence (or
near main sequence) stars (Favataet al., 1993; Favataet a., 1995). The youth
of the detected source population has been confirmed also on the basis of their
position on evolutionary tracks determined using the Hipparcos parallaxes of
a subsample of these stars (Micelaet al., 1997a; Favata et al., 1998).

Similar results have also been obtained for the sample of coronal sources
serendipitously detected in EXOSAT observations (Tagliaferri et a., 1994)
and for the sample of coronal sources serendipitously detected in the EUV
survey performed with the ROSAT WFC (Jeffries, 1995).

The study of the stellar population visible in the ROSAT All Sky Survey
also shows that young stars with ages close to the Zero Age Main Sequence
form the dominant population (Sterzik and Schmitt, 1997; Guillout et d.,
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1998b; Guillout et a., 1998a; Guillout et al., 1999) and that the Gould belt,
a“ring”, or “disk” of recent star formation which had been identified already
since a long time through the massive young OB stars, is also replete with
young low-mass stars which are well visible in X-rays (see Sect. 12.2). How-
ever, no fully identified sample of ROSAT X-ray sources (like the EMSS is
available to date, so that it has not been possible to perform the same type
of gtatistically unbiased analysis as it was possible with the EMSS Efforts
to supply fully identified samples of X-ray sources detected in Chandraand
XMM-Newtonobservations are under way. Given the much higher sensitiv-
ity these surveys will supply information on the distribution of older, less
active coronal sources, which are almost absent in either Einsteinor ROSAT
surveys.

12.1. CONSTRAINTS ON STELLAR BIRTHRATE

Comparisons of observed and model-predicted number density of X-ray se-
lected stars as a function of the limiting X-ray flux (their logN—-ogS distri-
bution) can constrain the stellar birthrate in the solar neighborhood in the last
billion year (Micelaet a., 1993; Guillout et a., 1996), i.e. in the age interval
which will dominate — because of the high coronal X-ray luminosity — X-ray
flux-limited surveys. Such information is difficult to obtain otherwise, asstars
in this age range are not easy to identify from their optical properties.

In Fig. 39 the expected total logN—-ogSfor stellar corona sources at high
gaactic latitude obtained with the X-CouNT mode assuming a constant
stellar birthrate is plotted, together with the predicted contribution to the
logN-ogSof starsin different age ranges. At high fluxes the youngest stars
dominate (this is the domain best sampled by Einsteinand ROSAT surveys),
at intermediate fluxes essentially all the young stars have been detected (i.e.
the limiting distance of the survey for the X-ray luminous young stars reaches
outside the Galactic disk), and the intermediate-age stars dominate; at faint
fluxes also al intermediate-age stars have been observed, and only old, X-ray
faint starswill add to the source counts. Thisisthe domain which isstarting to
be sampled with Chandraand XMM-Newtonobservations. At any given flux
the relative contribution of the various populations depends on the number
of stars in each age range and thus on the stellar birthrate. Fig. 40 shows the
logN— og S expected assuming four different scenarios for the time evolution
of the birthrate, the highest line corresponding to an increase of the stellar
birthrate, the second to a constant birthrate and the remaining to a slow and
rapid decrease of the birthrate, respectively. The data points are derived from
the Einstein Extended Medium Sensitivity Sur{ieylSS, Gioia et al., 1990),
and they appear to rule out adecreasing stellar birthrate in recent times. Points
at high fluxes are below any predictions since the EM SSis biased against high
X-ray flux sources.
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Figure 39. Expected logN-ogS at high galactic latitude (solid line) obtained with the
X-CouNT model, assuming a constant stellar birthrate. Vertical segments are the error bars
dueto the uncertainties on the X-ray luminosity distributions. The contributions of young stars
(dotted line), intermediate age stars (dashed line), and old stars (dotted-dashed line) are shown
separately. Adapted from Micelaet al. (1993).

12.2. IDENTIFICATION OF A LARGE SCALE STRUCTURE: THE GOULD
BELT

The cross-correlation (Guillout et al., 1998a) between the sources detected in
the RASS and the Tycho optical catalog (Heg et a., 2000) has shown that the
distribution of coronal sources presents, besides the expected vertical density
gradient due to the shape of the galactic disk, an asymmetry with respect
to the galactic equator with a concentration of young stars at longitudes 180—
360°, with an apparent inclination of ~ 20° to the Galactic plane. Thisdensity
enhancement is in good agreement with the position of the so-called Gould
Belt (see Fig. 41), the large-scale ring structure of recent star formation traced
by the spatial distributions of OB associations. This has been the first detec-
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Figure 40. X-ray logN-ogSfor coronal sourcesin the 0.16-4.0 keV band predicted inthedi-
rection| = 90° assuming a constant birthrate (solid line), aslowly decreasing birthrate (dashed
line), a dowly increasing (dotted line) and rapidly decreasing birthrate (short-dashed line).
Vertical segments are the experimental points (with error bars) obtained from the Einstein
EMSS From Micelaet d. (1993).

tion of the late-type members of the Gould Belt population. These stars are
thought to have formed through a common sequence of events, and have an
aget < 108 yr. Theanalysis of the surface density, together with the distances
obtained for the subsample observed with Hipparcos suggests that the Gould
Belt is not aring but more likely a disk-like structure (Guillout et a., 1998a;
de Zeeuw et a., 1999)

The physical reality of astructure like the Gould Belt is still controversial,
since it could be the result of achance alignment of several OB associations.
Hipparcos observations have allowed to explore the early type stars of the
Gould Belt (de Zeeuw et a., 1999), but with very scarce data on the fainter,
late-type stars. A detailed analysis of the Tycho-RASS sample has shown
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Figure 41. The spatial distribution (in galactic coordinates) of the active stars detected in the
RASSand present in the Tycho catal og, plotted as surface density, from Guillout et al. (1998b).
The Gould belt is plotted as awide strip.

that in the gaps between known star-forming regions which are considered to
belong to the Gould Belt, the density of X-ray selected active starsis still very
high, comparable with that in the star-forming regions, supporting the reality
of the Gould Belt structure as a physical association.

13. Conclusions

We have tried in this review to chart the state of the field at the beginning
of a new era, marked by the availability of the Chandraand XMM-Newton
data. These offer unprecedented sensitivity, allowing to study fainter sources
than previoudly possible, excellent spatial resolution, allowing for the study
of crowded fields and for detailed morphologica studies, and much enhanced
spectral resolution, allowing for the first time to resolve individua spectral
lines in the X-ray domain in a significant number of coronal sources.

The work being performed through Chandraand XMM-Newtonobser-
vations builds on a previous era of Einsteinobservations first, followed by
(among other) ROSAT, ASCA, EUVE and SAX, and on the massive amount
of work invested in understanding the large body of observations.

In the future new observations should alow to study new phenomena and
to extend the domain in which observations are possible. Examples include
the study of star-forming regions, for which X-ray emission represents an
excellent (perhaps one of the best) ways of identifying very young stars,
and in which Chandras high spatial resolution finds an excellent application.
The large ongoing effort relative to the analysis of the Chandraand XMM-
Newtondata has only briefly been referred to in the present review, as trying
to summarize it would be premature. Notable new results however include the
systematic detection of young brown dwarfs (see Sect. 4.3.1) in star-forming
regions and the recent detection of X-ray emission from Herbig-Haro abjects
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(Pravdo et d., 2001; Favata et ., 2002), both of which show the importance
of X-raysin al stages of the star forming process.

Significant progress is a so being booked through the study of high resolu-
tion spectra; notably, the availability of high-resolution spectra of early type
stars (which have not been covered in the present review) is challenging our
understanding of the relevant emission mechanisms at a rather fundamental
level (e.g. Cassinelli et a., 2001).
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