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Abstract Non-degenerate stars of essentially all spectral clasgesadt X-ray sources.
Their X-ray spectra have been important in constrainings@f processes that heat plasma
in stellar environments to temperatures exceeding onéomitlegree. Low-mass stars on
the cooler part of the main sequence and their pre-main sequaredecessors define the
dominant stellar population in the galaxy by number. Thena) spectra are reminiscent, in
the broadest sense, of X-ray spectra from the solar cordr@aSTtin itself as a typical exam-
ple of a main-sequence cool star has been a pivotal testbptysical models to be applied
to cool stars. X-ray emission from cool stars is indeed hedrto magnetically trapped hot
gas analogous to the solar coronal plasma, although plasraenpters such as temperature,
density, and element abundances vary widely. Coronaltsiieidts thermal stratification and
geometric extent can also be interpreted based on vari@etrapdiagnostics. New features
have been identified in pre-main sequence stars; some @& thag be related to accretion
shocks on the stellar surface, fluorescence on circumstiiass due to X-ray irradiation,
or shock heating in stellar outflows. Massive, hot starsrfebminate the interaction with
the galactic interstellar medium: they are the main souofésnizing radiation, mechan-
ical energy and chemical enrichment in galaxies. High-gnemission permits to probe
some of the most important processes at work in these stadtspit constraints on their
most peculiar feature: the stellar wind. Medium and higéshetion spectroscopy have shed
new light on these objects as well. Here, we review recerdmas in our understanding of
cool and hot stars through the study of X-ray spectra, inidar high-resolution spectra
now available from XMMNewtonand CHANDRA. We address issues related to coronal
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structure, flares, the composition of coronal plasma, Xmayguction in accretion streams
and outflows, X-rays from single OB-type stars, massiveri@samagnetic hot objects and
evolved WR stars.
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1 Introduction

Stars are among the most prominent sources accessible trmXeay telescopes. In fact,
stars located across almost all regions of a Hertzsprurggd€lidiagram have been identified
as X-ray sources, with only a few exceptions, most notablyyge stars and the coolest
giants of spectral type M. But even for those two classespitapt exceptions exist. X-rays
have been identified from the most massive and hottest s&rsQ-type and Wolf-Rayet
stars, for which shocks forming in unstable winds are hesghoesible for the production
of million-degree plasma and the ensuing X-rays. X-raysthezefore tracers of stellar
mass loss and sensitive diagnostics of stellar-wind pbysichot star binaries, winds may
collide, thus forming very hot plasma in the wind collisi@gion. The X-ray emission and
its modulation with orbital phase then provide precise tramsts on the colliding wind
region, and hence the wind properties of each star.

In cooler stars of spectral classes F to M, magnetic coromaall analogous to the
solar corona, are at the origin of X-rays, enriched by flaresvhich unstable magnetic
fields reconnect and release enormous amounts of energy &itarrof minutes to hours.
The presence of coronae in these stars testifies to the mpeddtan internal dynamo that
generates the magnetic fields. Although X-rays provide e&synostics for such fields in
the corona, the coronal phenomenon is by no means restt@déday sources but should
rather be understood as the ensemble of closagnetic field structureanchored in the
stellar photosphere. Some of these magnetic loops may e iprocess of being heated,
thus filling up with hot plasma, while others are not.

X-rays have also been detected from brown dwarfs; agairenfission mechanism is
supposedly coronal. Similarly, in low-mass pre-main seqaestars, i.e., T Tauri stars (TTS)
or (low-mass) protostars, intense steady and flaring X-agjation is also thought to orig-
inate predominantly in hot coronal plasma although the dexgnvironment of such stars
allows, in principle, additional X-ray sources to be pras&tocks forming at the photo-
spheric footpoints of disk-to-star accretion flows haverlbyg®posed to generate detectable
X-ray emission, and high-resolution X-ray spectra indesehs to provide the correspond-
ing diagnostics. Further, outflows and jets form X-rays irefinal shocks and shocks with
the interstellar medium (Herbig-Haro objects).

X-rays not only provide invaluable diagnostics for windsgnetic fields, accretion and
outflow physics. They can become key players in their owntrighyoung stellar environ-
ments, for example, they act as ionizing and heating agent&éumstellar disks which
then grow unstable to accretion instabilities in the presesf magnetic fields. Also, X-rays
are well known to drive a complex chemistry in molecular eswinents such as circumstel-
lar disks and envelopes. Once planets have formed, X-rayshenlower-energy extreme
ultraviolet (EUV) radiation may heat and evaporate sigaifidractions of their outer atmo-
spheres, contributing to the loss of water and thereforgnea key role in determining the
“habitability” of a planet.

Many of these topics have been addressed during the pastthieur decades of stellar
X-ray astronomy. A decisive boost came, however, with theduction of high-resolution
X-ray spectroscopy. While familiar to solar coronal phgsiar many years, high-resolution
X-ray spectroscopy was the poor cousin of X-ray photomgips$ibly with some low en-
ergy resolution) until recently, even though a few notablgegiments like crystal spectrom-
eters or gratings were carried on early satellites (e.gstBin, EXOSAT). These, however,
required exceptionally bright X-ray sources. The Extrddfeaviolet Explorer (EUVE)
gave a first taste of routine high-resolution spectroscopghé high-energy domain, con-
centrating mostly on the 90-308 spectral region that contains many spectral lines of



highly ionized species formed in million-degree plasmase® the large attenuation of
EUV photons by the interstellar medium, only EUV bright, thpsearby sources (predom-
inantly cool stars) were the subject of spectroscopic aladens. A summary is given by
Bowyer et all(2000).

High-resolution X-ray spectroscopy has been provided Iairg instruments on the
XMM -Newtonand CGHANDRA X-ray observatories which both were launched in 1999.
Their broad wavelength coverage (0.07-15 keV), effectisesas (up to~ 200 cnf) and
their impressive spectral resolving power (upatol000) have for the first time allowed
many spectral lines to be separated, line multiplets to belved, and in some cases line
profiles and line shifts to be measured. Sgplectroscopieneasurements have opened the
window to stellar coronal and stellar wind physics, inchglipinpointing the location of
X-ray emitting sources, determining densities of hot plasnmeasuring their composition
or assessing X-ray ionization physics in stellar environtse

These topics define the main focus of the present review. iWaesummarizing our un-
derstanding of cool and hot star physics contributed byyspectroscopy. Naturally, there-
fore, we will focus on observations and interpretationg tha XMM-Newtonand GHAN-
DRA high-resolution spectrometers have made possible for nowst a decade. Older,
complementary results from EUVE will occasionally be mené&d. However, understand-
ing cosmic sources cannot and should not be restricted testhef spectroscopic data alone.
Although spectroscopy provides unprecedented richnegsysical information, comple-
mentary results from, e.g., X-ray photometric variabibtydies or thermal source charac-
terization based on low-resolution spectroscopy are ualale in many cases. We highlight,
in particular, the much higher effective areas of presenyt-@CD detectors that permit a
rough characterization of large samples of stars inadalessi current grating spectroscopy.
A particularly important example is the study of the 6.4-¥Kme complex due to highly
ionized iron in extremely hot gas on the one hand and to fleer@semission from “cold”
iron at low ionization stages on the other hand. This featipresently best studied using
CCD spectra with resolving powers sf50, in full analogy to line features at lower energies
preferentially investigated with gratings.

We will, however, not concentrate on issues predominangisvdd from light curve
monitoring, potentially important for the localization ¥fray sources in the stellar envi-
ronments or the study of flares; we will also not focus on trerttal characterization of
X-ray sources based on low-resolution spectroscopy dlailzefore the advent of XMM
Newtonand GHANDRA; further, the many specific subclasses forming a zoo of tiana
of our themes, such as rapidly rotating giants, giants beyie@ corona-wind dividing line,
Ap stars, “Luminous Blue Variables” and others will not besatred individually as we wish
to emphasize common physics related to coronae, winds, esréten/outflow systems.
Finally, this review is not concerned with evolutionary gapulation studies, for example
in star-forming regions, in stellar clusters, or in stebasociations. These topics, equally
important for a comprehensive picture of stellar physicd stellar evolution, have been
reviewed elsewhere (e.Q., Favata and Micela 2003; Gud)20

We have structured our article as follows. The first chapBac([2) addresses X-ray
spectroscopy of cool stars, focusing on the thermal and geantoronal structure, coronal
composition, and flare physics. We then turn to new featusest(3) found in pre-main
sequence stars with accretion and outflows. Finally, Skretidws results from X-ray spec-
troscopy of massive, hot stars.



2 X-rays from cool stars
2.1 Coronal X-ray luminosities and temperatures

The Hertzsprung-Russell diagram rightward of spectrascha is dominated by stars with
outer convection zones, and many of these also have inniativ@dzones. In these stars,
an interaction of convection with rotation produces a mégraynamo at the base of the
convection zone, responsible for a plethora of magnetiogimena in or above the stel-
lar photosphere (e.g., magnetic spots, a thin chromosphegnetically confined coronal
plasma occasionally undergoing flares, etc.).

The study of our nearby example of a cool star, the Sun, hagde a solid framework
within which to interpret X-ray emission from cool starsdéed, essentially every type of
cool star except late-type giants has meanwhile been faehtn X-rays with characteris-
tics grossly similar to what we know from the Sun. This in@adbjects as diverse as G-
and K-type “solar-like” main-sequence stars, late-M dwilefre stars” and brown dwarfs
(which are, however, fully convective and for which diffetelynamos may operate), pro-
tostars and accreting or non-accreting TTS (many of whiehaaain fully convective),
intermediate-mass A-type and pre-main-sequence HerbiBeAgtars, post-main sequence
active binaries, and F—K-type giants. Most of these stapgvslariable X-ray emission at
temperatures of at least 1-2 MK and occasional flaring.

As we expect from a rotation-induced internal dynamo, tmeithasity level is funda-
mentally correlated with rotation, as was shown in the eséyinal studies based on the
Einsteinstellar surveyl(Pallavicini etlal, 1981; Walter, 1981); ¥eay luminosity Lx), the
projected rotation periodvéini; in a statistical sense), the rotation peri®j, (the rotation
rate @), and the Rossby numbeR¢= P/1¢, Tc being the convective turnover time) are
related by the following equations,

Lx ~ 10%(vsini)? [ergs, @)

Ly 0 Q20P 2 @)

|:X7L_X [0 Ro 2 3)
Lbol

(see_Pizzolato etlal 2003 for further details). These trehdwever, saturate at levels of
Lx/Lpo = 1073, At this point, a further increase of the rotation rate doesahangelx
anymore. This break occurs at somewhat different rotatEniogs depending on spectral
type but is typically located & ~ 1.5—4 d, increasing toward later main-sequence spec-
tral types |(Pizzolato etlal 2003; a description in terms of$by number provides a more
unified picture). The Sun withyx ~ 10?7 erg s'! is located at the lower end of the activ-
ity distribution, withLy /Lpg = 10-7-~% and therefore far from any saturation effects. It is
presently unclear why X-ray emission saturates. Pog$#silinclude a physical saturation
of the dynamo, or a complete filling of the surface with X-rdsoeg active regions. For
the fastest rotators@reater than about 100 k%, Ly tends to slightly decrease again, a
regime known as “supersaturation” (Randich et al, 1996).

There are some variations of the theme also for pre-maineseg stars. Given their
much deeper convective zones and ensuing longer convégtivever times, the saturation
regime for typical TTS reaches up to about 30 d; almost alirpaén sequence stars may
therefore be X-ray saturated (Flaccomio et al, 2003; Pselbet al| 2005). For TTS sam-
ples,Lx /Lpol = 1073, although there is a large scatter around this saturatibreyand the
subsample of accreting TTS (“classical T Tauri” stars or GY Teveals ratios on average



about a factor of 2 lower than non-accreting TTS (“weakdirle Tauri” stars or WTTS;
Preibisch et &l 200%; Telleschi et al 2007a).

The second fundamental parameter of cool-star X-ray seugecthe characteristic or
“average” coronal temperature. Again, the Sun is locatatieatower end of the range of
coronal temperatures, showiiig, ~ 1.5— 3 MK, somewhat depending on the activity level
(of course, individual features will reveal consideraldeiation around such averages at any
instance). An important although unexpected finding fromlyesurveys was a correlation
betweenT,, andLx (e.g./Schrijver et al 1984; Schmitt et al 1990; see Tellesthl 2005
for a recent investigation of solar analogs with similarcipa types and masses). Roughly,
one finds

LX 0 T4.5i0.3 (4)

although the origin of this relation is unclear. It may in®Imore frequent magnetic inter-
actions between the more numerous and more densely padiegragions on more active
stars, leading to higher rates of magnetic energy releasegjlthat heat the corona to higher
temperatures (we will return to this point in Séct]2.2 am).2.

2.2 The thermal structure of coronae, and the coronal lgeptivblem

Understanding the thermal coronal structure requirestspopic data of a number of lines
forming at different temperatures. The advent of highdugsm X-ray spectroscopy pro-
vided by XMM-Newtonand GHANDRA has opened a new window to coronal structure, as
summarized below. Examples of solar analog stars withrdiffeages and therefore activity
levels are shown in Fifl] 1 (see also Figl 14 for further exaspf very active and inactive
stars). As judged from the pattern of emission lines and tifemgth of the continuum, the
spectra show that the dominant temperatures in the cortasha decrease with increasing
age (from top to bottom).

Observed X-ray line fluxes as well as the continuum scale thighemission measure,
EM = nenyV at a given temperature, whanmgandny (= 0.85n for a fully ionized plasma)
are the number densities of electrons and hydrogen ionsofm)p respectively, and is
the emitting volume. For a distribution of emission measaréemperature, the relevant
quantity is the differential emission measure (DEN);T) = nenydV (T)/dInT that gives
the emission measure per unit interval i IrClearly, the DEM provides only a degenerate
description of a complex corona, but it nevertheless costatatistical information on the
average distribution of volumes in temperature and theeefindirectly through modeling
- also on the operation of heating and cooling mechanisms.

Deriving the thermal structure of an optically thin steléarona is a problem apec-
tral inversion using temperature-sensitive information available iacsfal lines and the
continuum. Many inversion methods have been designed,dgardless of the method-
ology, spectral inversion is an ill-conditioned problendaadlows for a large number of
significantly different but nevertheless “numerically i@mt” solutions (in the sense of re-
producing a specified portion of the spectrum sufficiently)w&he non-uniqueness of the
inversion problem is rooted in the broad temperature ranvge which a given line forms,
combined with the discretization of the problem (e.g., oeragerature grid) and uncertain-
ties in the calibration, the tabulated atomic physics patens, and even counting statistics
(Craig and Brown, 1976). This limitation of spectral inversis fundamentally mathemati-
cal and cannot be removed even if data with perfect speesalution and perfect precision
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Fig. 1 XMM -NewtonX-ray grating spectra of solar analogs at different agtilévels. From top to bottom,
age increases, while the overall activity level and the attaristic coronal temperatures decrease. (From
Telleschi et @l 2005, reproduced by permission of the AAS.)

are at hand. In this sense, any inversion of a spectriggardless of the inversion method-
ology - is as good as any other if it reproduces the observed specimilarly welll The

1 Coronal research has developed several classes of inveesibniques, best separated idiscrete in-
version techniquethat reconstruct the emission measure distribution fromsueed and extracted flux values
of selected emission lines, andntinuous inversion techniquésat treat the spectrum as a function to be fit-
ted with a superposition of synthetic template spectra. dften used expressions “line-based analysis” and
“global fit", respectively, miss the essence of these temqhes, as all methods ideally use a large fraction or
the entirety of the available spectrum in which the relewaftrmation is provided mostly by line flux ratios.
Basically, equivalent solutions can be found from boths#asof inversion techniques (Telleschi et al, 2005).



discrimination between “physically acceptable” and “pbgly unacceptable” solutions re-
quires thaadditional conditionde imposed on the emission measure distribution, which are
in fact constraining the “physics” of the problem (e.g., sthmess of the emission measure
distribution as required by thermal conduction for typicatonal features). These physi-
cal constraints obviouslgannotbe identified by any mathematical inversion technique. For
further comments on this problem, see Giidel (2004).

Understanding emission measure distributions, but abssor@ably constraining the spec-
tral inversion process, requires theoretical models tné&tthe coronal thermal structure
with the DEM. We first summarize model predictions for nomiflg magnetic loops, and
then address flaring sources.

Under the conditions of negligible gravity, i.e., constargssure, and negligible thermal
conduction at the footpoints, a hydrostatic loop (Rosneu,e1978;| Vesecky etlal, 1979;
Antiochos and Nocl, 1986) reveals a DEM given by

1
(1w )

(Bray et gl| 1991). Herdl, is the loop apex temperature, ad@ndf are power-law indices
of, respectively, the loop cross section aand the heating power as a function ofT:
S(T) = ST9, q(T) = qoTA, andy is the exponent in the cooling function over the relevant
temperature rangeA (T) O TY. If T is not close taly,, then constant cross-section loops
(6 = 0) haveQ(T) O T¥4¥/2 j.e., under typical coronal conditions for non-flaring pso
(T <10 MK, y= —0.5), the DEM slope is near unity (Antiochos and Naoci, 1986%ttbng
thermal conduction is included at the footpoints, then fbpeschanges to +3/2 if not too
close toT, (van den Oord etlél, 1997). For a distribution of loops witffedent temperatures,
the descending, higii-slope of the DEM is obviously related to the statistical rilisttion
of the loops inTy; a sharp decrease of the DEM then indicates that only fewslaop present
with a temperature exceeding the temperature of the DEM (ieades et al, 2001).
Antiochos (1980) (see also references therein) discusEddisivf flaring loops that cool
by i) static conduction (without flows), or ii) evaporativereuction (including flows), or
iii) radiation. The DEMs for these three cases scale likel{@above order)

Qcona U Tl'57 QevapU TO'S, Qraa U T (6)

Q(T) O pT¥/4-v/2+to (5)

Note thaty ~ 0+ 0.5 in the range typically of interest for stellar flares{5%0 MK). All
above DEMs are therefore relatively flat (slope @.5).

For stellar flares that are too faint for time-resolved smeciopy, the time-integrated
DEM for a “quasi-statically” decaying flare is

Q 0 T19/8 (7)

up to a maximunT that is equal to the temperature at the start of the decagpghewve et al,
1997).

In the case of episodic flare heating (i.e., a corona thataseldeby a large number of
stochastically occurring flares), the average, time-irstisgl DEM of coronal X-ray emis-
sion is determined not by the internal thermal structure agnetic loops but by the time
evolution of the emission measure and the dominant temperaf the flaring region. In
the case of dominant radiative cooling, the DEM at a giverpenature is roughly inversely
proportional to the radiative decay time, which implies

QmoT ¥ 8)



9

up to a maximunily,, and a factor ofT /2 less if subsonic draining of the cooling loop
is allowed [(Carqilll 1994). Because the cooling functioomdr rapidly between 1 MK and
< 10 MK, the DEM in this region should be steep(T) O T*.

An analytic model of a stochastically flaring corona powebgdsimple flares rising
instantly to a peak and then cooling exponentially was preeskeby Gldel et al (2003). As-
suming a flare distribution in energy that follows a power (diN/dE O E~9, see Seck. 2.4.2),
and making use of a relation between flare peak temperaiyrand peak emission measure
EM; (Sect[2.4.R), the DEM is

T2/ ,af T < Lin
QM D { T (b+y)(a—2B)/(1-B)+2b+y ,af TP > Liin ®

where relates temperature and density during the flare dekdy,n¢; from the run of
flare temperature and emission measure in stellar flaregjsaradly finds 6 < ¢ < 1. The
parameteb follows from the relation between flare peak temperaturesgmigsion measure,
EM, = anb, whereb ~ 4.3 (see Secl._2.4.2; Gudel 2004)determines the plasma cooling
function A as aboveA (T) = fTY (for typical stellar coronal abundancgsx —0.3 below
10 MK, y = 0 in the vicinity of 10 MK, andy =~ 0.25 above 20 MK). Furthei} describes
a possible relation between flare decay timand the integrated radiative energy of the
flare,E, T O EPF, with 0< B < 0.25 (see_Gudel 2004 for further detail&)yin is the peak
luminosity of the smallest flares contributing to the DEMr leoflare-heated corona, this
DEM model can in principle be used to assess the cooling lehafflares (i.e., througld
from the low-temperature DEM slope) and to derive the stetib@ccurrence rate of flares
(i.e., througha from the high-temperature DEM slope).

The above relations can easily be applied to DEMs recortstiiftom observed spectra
provided that DEM slopes have not been imposed as constfairthe inversion process. In
fact, DEMs derived from stellar coronal spectra almostiimkdy show a relatively simple
shape, namely an increasing power-law on the low-temperaide up to a peak, followed
by a decreasing power-law up to a maximum temperature [Jigrtee DEM peak may
itself be a function of activity in the sense that it shiftdigher temperatures in more active
stars, often leaving very little EM at modest temperaturesarrespondingly weak spectral
lines of C, N, and O (see, e.q., Drake et al 2000; Telleschi2085%;| Scelsi et al 2005;
Fig.[2). This behavior of course reflects the by now classialtéhat “stars at higher activity
levels show higher average coronal temperatures” (e.amficet all 1990). Given the ill-
conditioned inversion problem, many additional feature®s tp in reconstructed DEMs,
such as local maxima or minima, but their reality is oftefficlifit to assess.

Despite the models now available for a description of DEMes,dw not clearly under-
stand which stellar parameters shape an emission meastribudion. The trend mentioned
above, a correlation between average coronal temperatdréaativity level”, is reminis-
cent of a similar relation for individual stellar flares (“nesenergetic flares are hotter”;
Sect[2.4.P), perhaps suggesting a connection betweeimgouas flaring and overall coro-
nal heating. Other parameters are less relevant. For egaanilve G stars at very different
evolutionary stages (e.g., giants, main-sequence starsngin sequence stars), with differ-
ent coronal abundances and surface gravities may reveakirailar DEMs (Scelsi et al,
2005).

A principal finding of major interest are the unusually steep-T sides of DEMs of ac-
tive stars, with slopes in the range of 2+-5 (Drakelet al, 2@8&har et al, 2001; Mewe el al,
2001 Argiroffi et l| 2003; Gudel et al, 2003; Telleschi E2805; Scelsi et al, 2005). There
is evidence that the slopes increase with increasing gctas again illustrated in Fif] 2.
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Fig. 2 DEMs derived from spectra of stars at different activityelsv The black histogram refers to the solar
corona. Note the steeply increasing distributions forsséahigher activity levels. (Adapted fram Scelsi et al
2005.)

Such slopes clearly exceed values expected from hydrostaps (1-1.5). Numerical sim-
ulations of loops undergoing repeated pulse heating at theipoints do produce DEMs
much steeper than the canonical values (Testa et all 20053/térnative solution may be
loops with an expanding cross section from the base to the &péhat case, there is com-
paratively more hot plasma, namely the plasma located drthanloop apex, than cooler
plasma. The DEM would consequently steepen.

Steep DEMs have also been interpreted in terms of contiraraidl using Ed.19 (Glidel et al,
2003; Audard et al, 2004; Maggio et al, 2004; Telleschile280%). For solar analog stars
at different activity levels, Telleschi et al (2005) used thgh-T slope of the DEMSs to infer
a = 2.1 2.8 for the flare energy distribution (Selct. 2)4.2), suggedtirat the ensemble of
“weak”, unresolved flares may generate the observed X-ragstonm. Radiative flare ener-
gies in the range of 85— 10%° erg s would be required. From the DEM of the rapidly
rotating giant FK Com, Audard et al (2004) inferred a steegefinergy distribution with
o = 2.6—2.7; such distributions produce relatively flat light curveswhich individual,
strong flares are rare, compatible with the observations.

2.3 Coronal structure from X-ray spectroscopy

Understanding stellar coronal structure goes a long wapderstanding stellar magnetism
and dynamos. The distribution of magnetic fields near thikastsurface diagnoses type
and operation of the internal magnetic dynamo; the straadficoronal magnetic fields is
relevant for the energy release mechanism and determiadhdimal structure of trapped
hot plasma. Further, extended magnetic fields may conngbetoompanion star in close
binaries, or the inner border of circumstellar disks in TTPmtostars; additional physical
processes such as angular momentum transfer or mass flospaneant consequences.
Despite a suite of methods to infeomeproperties of coronal structure, all available
methods are strongly affected by observational bias. Bhpsincipally due to the fact that



11

the defining constituent of a corona, theagnetic fieldtself, is extremely difficult to mea-
sure; coronal structure is mostly inferred from observalidmatures of magnetically con-
fined, hot plasma (as seen in the EUV or X-ray range) or trappedyetic particles (as seen
in the radio range). Considering the complexity of the solagnetic corona, its large range
of size scales, and the important role that cordima-structureplays, we should not be sur-
prised that presently available methods provide somedihjualitative sketches of what is
a much more complex, highly dynamic system driven by coutirsurelease and transfor-
mation of energy, coupled with mass motions and cooling gsses. Before concentrating
on high-resolution spectroscopic techniques, we brieftyraarize alternative methods and
results derived from them (see Giidel 2004 for more details)

2.3.1 Summary of low-resolution spectroscopic and nomispecopic X-ray studies

Hydrostatic loop model¢Rosner et al, 1978; Vesecky et al, 1979; Seriolet al, |]1981¢ ha
been extensively used in solar and stellar X-ray astronanmglate pressure, apex (peak)
temperature, heating rate, and length of simple, statm@dmagnetic loops anchored in the
photosphere. In its simplest form, a half-circular loop efmé-lengthL (footpoint to apex),
pressurep, apex temperaturé,, and heating rate follows the two relations (Rosner et al,
1978).

Ta= 1400 pL)Y/3 £=9.8x10"p"/6L -5/ (10)

Measuring, e.9.T, and relating the observdd to &, the loop length can be inferred, de-
pending on a surface filling factdr for the loops filled with the observed plasma. Judged
from such assessments, magnetically active stars regeriydarge, moderate-pressure loops
with a large surface filling factor, or alternatively mordasesized high-pressure compact
loops with very small filling factors<€1%, e.g., Schrijver etlal 1989; Giampapa &t al 1996).

Synthetic emission spectra frdop-structure modelsf this kind have been applied to
observed spectra of active stars. One typically finds megaf magnetic loops ranging from
cool (1.5-5 MK), moderate-pressure (2—100 dyrréjrioops to hot (10-30 MK) extreme-
pressure (19— 10* dyn cnm?) loops reminiscent of flaring loops_(Ventura et al 1998). We
need to keep in mind, however, that model solutions are agganin the producpL (see
Eq.[10), potentially resulting in multiple solutions. Ciamtshould therefore be applied when
interpreting “best-fit” results based on the assumptionref family of identical magnetic
loops.

Coronal imaging byight-curve inversiormakes use of the fortuitous arrangement of
components in binary stars produciogronal eclipsesor a large inclination of the rotation
axis of a single star resulting self-eclipseg“rotational modulation”). Image reconstruc-
tion from light curves is generally non-unique but can, innmaases, be constrained to
reasonable and representative solutions. In the simphsstactive region modelingsim-
ilar to surface spot modeling, provides information on tbeation and size of the domi-
nant coronal features (e.g., White et al 1990). More advamoage reconstruction meth-
ods (maximum-entropy-based methods, backprojecticaricieethods, etc.) provide entire
maps of coronal emission (e.q., Siarkowski et al 1996). Agaimixture of compact, high-
pressure active regions and much more extendeR.{, lower-pressure magnetic features
have been suggested for RS CVn-type binaries (Walter .e®88;Mhite et al, 1990). Light
curves also provide important information on inhomogeegitind the global distribution
of emitting material; X-ray bright features have been ledabn the leading hemispheres
in binaries |((Walter et lal, 1983; Ottmann etlal, 1993), or omispheres that face the com-
panion (e.g.,. White etial 1990; Siarkowski et al 1996), ppshauggesting some role for
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intrabinary magnetic fieldsSuch results indicate that even the most active stars amnno
tirely filled by X-ray or radio emitting active regions, agface filling factors reach values
of sometimes no more than 5-25% (el.g., Whitelet al 11990; Qitneaal 1993). In a few
special cases, flares have been mapped using the fortuitbpsirg by a close companion
star. Such observations have located the flaring structtireret the pole or near the equa-
tor and have constrained the size of the flaring magneticsfigldypically a few tenths of
R, (for examples, see Choi and Dotani 1998; Schmitt and Fa\@88;1Schmitt et &l 2003;
Sanz-Forcada et al 2007). As a by-product, characteritgittron densities of the flaring
plasma can be inferred to be of ordef16m~3, exceeding, as expected, typical non-flaring
coronal densities (Se¢f. 2.8.3).

Magnetic field extrapolatiorusing surface Doppler (or Zeeman Doppler) imaging of
magnetic spots has been used in conjunction with X-rayiostak modulation observations
to study distribution and radial extent of coronal magngics (e.g., Jardine etial 2002a,b;
Hussain et al 2002, 2007). Although permitting a 3-D view aftellar corona, the method
has its limitations as part of the surface is usually not ssitde to Doppler imaging, and
small-scale magnetic structure on the surface is not redolvhe type of field extrapolation
(potential, force-free, etc) must be assumed, but on ther éthnd, the 3-D coronal model
can be verified if suitable rotational modulation data aw@lable (Gregory et al, 2006).

2.3.2 Coronal structure from spectroscopic line shifts anshdening

Doppler information in X-ray spectral lines may open up neawysvof imaging coronae of
stars as they rotate, or as they orbit around the center aitgra binaries. In principle, this
method can be used to pinpoint the surface locations, teight sizes of coronal features.
Applications are very limited at the present time given tvalable X-ray spectral resolving
power of < 1000. Shifts corresponding to 100 km'scorrespond to less than the instru-
mental resolution, but such surface (or orbital) velositige attained only in exceptional
cases of young, very rapidly rotating stars or rotationldgked, very close binaries. We
summarize a few exemplary studies.

Amplitudes of~ 50 km s! and phases of Doppler shifts measured in the RS CVn
binary HR 1099 agree well with the line-of-sight orbital ety of the subgiant K star,
thus locating the bulk of the X-ray emitting plasma on tha stather than in the intrabinary
region (Avres et al, 2001a). In contrast, periodic lmeadeningn the dMe binary YY Gem,
consisting of two nearly identical M dwarfs, indicates, ggexted, that both components are
similarly X-ray luminous|(Giidel etlal, 2001). Doppler ghkiin the RS CVn binary AR Lac
(Huenemoerder etlal, 2003) are compatible with coronae tndmmpanions if the plasma
is close to the photospheric level. For the contact binaiyBéb, |Brickhouse et al (2001)
reported periodic line shifts corresponding to a total redbeity change over the full orbit
of 180 km s'1. From the amplitudes and the phase of the rotational mddalahe authors
concluded that two dominant X-ray sources were presentpeirgy very compact and the
other being extended, but both being located close to tHargtele of the larger companion.
Similar results have been obtained for another contactyiN&V Cep (Huenemoerder et al,
2006), revealing that almost all X-rays are emitted by atirelly compact corona (height
0.06-0.R,) almost entirely located on the primary star.

Applications are more challenging for rapidly rotatinggienstars. Hussain et al (2005)
did find periodic line shifts in the spectrum of the young ABrDmwhich, together with
light curve modulation, suggested a coronal model comgjsif a relatively low-lying dis-
tributed corona (height$ 0.5 R,) and several more compact (height0.3 R,) active re-
gions. This result, when combined with coronal extrapofeifrom surface Doppler imag-
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ing and spectroscopic coronal density measurementsefurtimstrains the corona to heights
of 0.3— 0.4 R,, and reasonable 3-D models of the coronal structure can dmversed
(Hussain et al, 2007).

A comprehensive study of line shifts and line broadening teen presented for the
Algol binary (Chung et al, 2004). Periodic line shifts capending to a quadrature radial
velocity of 150 km s clearly prove that the X-rays are related to the K subgiantvéter,
the amplitude of the shifts indicates that the source is8liglisplaced toward the B star,
which may be the result of tidal distortions by the lattercé&ss line broadening (above
thermal and rotational broadening) can be ascribed to alhadixtended corona, with a
coronal scale height of order one stellar radius, condistéh expected scale heights of hot
coronal plasma on this star.

A rather predestined group of stars for this type of studyteeapidly rotating single gi-
ants of the FK Com class, thought to have resulted from apima&rger/(Bopp and Stencel,
1981). With surface velocities of order 100 km's shifts or broadening of bright lines
can be measured. Audard etlal (2004) found significant lioadening corresponding to
velocities of about 100-200 knT§in the K1 Ill giant YY Men; the broadening could in
principle be attributed to rotational broadening of a cataource above the equator, con-
fined to a height of about a pressure scale heighBR,). YY Men’s extremely hot corona
(T ~ 40 MK), however, makes Doppler thermal broadening of thedia more plausible
alternative |(Audard etlal, 2004). The prototype of the ¢l&& Com, also shows indica-
tions of line shifts (of order 50—150 knt¥) and marginal suggestions for line broadening.
The X-ray evidence combined with contemporaneous surfagpBr imaging suggests the
presence of near-polar active regions with a height-dfR, (Drake et al| 2008a). Taken
together with other observations, there is now tentativdemce for X-ray coronae around
active giants being more extended (relative to the stedldius) than main-sequence coro-
nae, which are predominantly compact (heigh0.4R,,|Drake et al 2008a).

2.3.3 Inferences from coronal densities

High-resolution X-ray spectroscopy has opened a windovwotor@l densities because the
X-ray range contains a series of density-sensitive line=y happen to be sensitive to ex-
pected coronal and flare plasma densities. Electron desisiéive mostly been inferred from
line triplets of He-like ions on the one hand and lines of Fal@other hand. We briefly
review results from these in turn, and then summarize imapbas for coronal structure.

Coronal densities from He-like tripletsle-like triplets of Cv, Nvi, Ovii, Neix, Mgxl,
and Sixii1 show, in order of increasing wavelength, a resonancés? 1§ — 1s2p 1Ry),
an intercombinationi( 1s* 1S — 1s2p 3Py 2), and a forbidden f(, 1s? 1S — 1s2s 3S)) line
(Fig.[3). The ratio between the andi fluxes is sensitive to density (Gabriel and Jordan,
1969) for the following reason: if the electron collisiorigas sufficiently high, ions in the
upper level of the forbidden transitionsZs S;, do not return to the ground levels4'S,
instead the ions are collisionally excited to the upper ll@fehe intercombination tran-
sitions, E2p 3P 5, from where they decay radiatively to the ground state (fgraphical
presentation, see Figl. 4).

The measured rati@@ = f /i of the forbidden to the intercombination line fluxes can be
approximated by

Zo f

7
7 l+ne/Nc i (11)
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Fig. 3 He-like triplets of Siii (upper left), Mgxi (upper right), Nex (lower left), and Ovii (lower right)
extracted from the BANDRA LETGS spectrum of Capella. Multi-line fits are also showne Horizontal
lines indicate the continuum level. (From Arairoffi et al 20D

Table 1 Density-sensitive He-like triplets

lon Ari, ) (A) o Ne logne rang€ T rangé (MK)
Cv 40.28/40.71/41.46 114 6108 7.7-10 0.5-2

NvI 28.79/29.07/29.53 5.3 Bx10° 8.7-10.7 0.7-3

ovil 21.60/21.80/22.10 3.74 .Bx10*® 95-115 1.0-4.0
Neix  13.45/13.55/13.70 3.08 .Bx10! 11.0-13.0 2.0-8.0
Mgxi  9.17/9.23/9.31 2656 10x108 12.0-14.0 3.3-13
Sixin  6.65/6.68/6.74 238 86x10 13.0-15.0 5.0-20

adata derived from Porqguet et al (2001) at maximum formaiwngerature of ion
brange whereZ is within approximately [0.1,0.9] ime%

’range of 0.5-2 times maximum formation temperature of ion

dfor measurement with EANDRA HETGS-MEG spectral resolution

whereZ%, is the limiting flux ratio at low densities and. is the critical density at whick?
drops ta%o,/2 (we ignore the influence of the photospheric ultraviolédtation field for the
time being; see Sedt._3.6 and 4]2.1 below). Thble 1 contalegant parameters for triplets
interesting for coronal studies; they refer to the case dfaarpa that is at the maximum
formation temperature of the respective ion (for detaiddalitations, see Porquet et al 2001).
A systematic problem with He-like triplets is that the @i densitylN. increases with the
formation temperature of the ion, i.e., high&fens measure only high densities at high
while the lower-density analysis based ow N vi, Ovii, and Nex is applicable only to
cool plasma.
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Fig. 4 Schematic diagram showing the origin of fiirelines in a He-like ion.

He-like triplets are usually bright in coronal spectra amdéhtherefore been used ex-
tensively for density estimates (e.g.. Mewe gt al 2001; Mégsb 2001). Large samples of
coronal stars were surveyed lby Ness et al (2004) and Tedté280da). Although density
estimates are roughly in line with experience from the sodgiona (at least as far as analy-
sis of the Ovii triplet forming at temperatures ef2 MK is concerned), several systematic
features have become apparent. The following trends priedoity apply to Ovil derived
densities:

— Low-activity stars tend to show low densities (often represd by upper limits), i.e.,
logne < 10 (Ness et al, 2001; Raassen et al, 2003b).

— Higher densities significantly measured by the&Otriplet, i.e., loge = 10— 11, are
only reported from magnetically active stars, many of whach located on the main
sequence. Examples include very active solar analogsyeenyg K dwarfs such as AB
Dor, or active M dwarfs (even higher densities have beenrtegdor accreting TTS;
see Secf.3]2).

— For evolved active binaries (RS CVn binaries, contact lsdy both density ranges are
relevant.

Higher= triplets are more difficult to interpret, in particular bese the range of sensitivity
shifts to higher density values that may exceed coronalegallihese triplets are also sub-
ject to more problematic blending, which is in particularetfor the Nex triplet that suffers
from extensive blending by line of Fe, specifically ¥i& (Ness et al, 2003a). Mewe et al
(2001) foundng > 3 x 102 cm~2 for Capella from an analysis of Mg and Sixiii, but
the results disagree with measurements using lines gkPexi1 (Mewe et al, 2001). Sim-
ilarly, |Osten et all (2003), Argiroffi etlal (2003), ahd Mageibal (2004) found sharply in-
creasing densities moving from cooler to hotter plasméj dénsities reaching up to order
10'2 cm~3. But the trend reported by Osten etlal (2003) is contradibtethe analysis of
Sixii that indicatesi < 101 cm 2 despite its similar formation temperature as MgThe
high-density results have been questioned altogether dietailed analyses of the Capella
and Il Peg spectra, for which upper limits to electron déesihave been derived from Ne,
Mg, and Si triplets|(Canizares et al, 2000; Ayres et al, 20Hi@enemoerder et/al, 2001;
Phillips et &l 2001).

The most detailed analyses of the higBetriplets are those by Ness et al (2004) and
Testa et al (2004a). N& density measurements are typically higher than those @ing,
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covering the range of lag, = 11— 12 despite the significant temperature overlap between
the two ions|(Ness etlal, 2004). Unrecognized blends in thexNiegplet may still be prob-
lematic. Mgxi and Sixill systematically yield even higher densities for variousetypf
active stars, Testa et al (2004a) report Mg-derived dexssitf a few times 1% cm3, with
atrend for stars with higherx /Ly to show higher densities, a trend paralleling suggestions
from OvII (see above) albeit for much higher densities. The situasitess clear for Skii

as most measurefyi flux ratiosexceedhe theoretical upper limit.

Coronal densities from Fe linedMany transitions of Fe ions are sensitive to density as well
(Brickhouse et al, 1995). Line ratios of kex-xxiI in the EUV range have frequently been
used for density estimates (Dupree et al, 1993; Schrijval, &995; Sanz-Forcada et al,
2002), resulting in relatively high densities in magndticactive stars. Given the forma-
tion temperatures of the respective Fe ions, reported tilesién the range of 8 cm—2-
103 cm—2 are, however, in agreement with densities inferred fromxvigsee above).

For inactive and intermediately active stars such as PrgayaCen, € Eri, or £ Boo
A, much lower densitiesne < 1019 cm~3, are inferred from lower ionization stages of
Fe (e.g., F&-x1v;[Mewe et al 1995; Schmitt et al 1994, 1996; Schrijver and etekE996;
Laming et al 1996; Laming and Drake 1999).

A number of conflicting measurements are worthwhile to nmenthowever. Measure-
ments using @ANDRA spectroscopy have shown systematic deviations from e&U&/E
measurements, perhaps due to blending affecting EUVE resecpy [((Mewe et al, 2001).
For the active Algol| Ness et al (2002) report rather low dess of logne. < 115 from
Fexxi. Similarly, Phillips et al|(2001) concluded that keI line ratios indicate densities
below the low-density limits for the respective ratios (tpg< 12). Avres et all(2001b) found
contradicting results from various line ratios for the giinCet, suggesting that densities
are in fact low. Further conflicting measurements of thisdkivave been summarized by
Testa et all (2004a), and a systematic consideration of Bedbdensity measurements was
presented by Ness et al (2004). The latter authors foundathge line ratios are above the
low-density limit, but by an approximately constant factrggesting that all densities are
compatible with the low-density limit after potential cection for systematic but unrecog-
nized blends or inaccuracies in the atomic databases.

The present situation is certainly unsatisfactory. Cafittary measurements based on
different density diagnostics or extremely (perhaps imgilaly) high densities inferred from
some line ratios make a reconsideration of blending andttmia databases necessary. Bias
is also introduced by high low-density limits; any deviatiof flux ratios into the density-
sensitive range, perhaps by slight blending, by necessstylts in “high densities” while
lower densities are, by definition, inaccessible.

Coronal structure from density measuremeiltsnsity measurements in conjunction with
emission measure analysis provide an order-of-magnitstienate of coronal volume¥
(because EM= ngnyV for a plasma with uniform density). Taken at face value, tag/v
high densities sometimes inferred for hot plasma requirepaxt sources and imply small
surface filling factors. For example, Mewe et al (2001) eatad that the hotter plasma com-
ponent in Capella is confined in magnetic loops with a semige of onlyL < 5x 107 cm,
covering a fraction off ~ 1078 — 10 of the total surface area. Confinement of such
high-pressure plasma would then require coronal magnetid §itrengths of order 1 kG
(Brickhouse and Dupree, 1998). In that case, the typicalnmigg dissipation time is only

a few seconds fone ~ 10 cm2 if the energy is derived from the same magnetic fields,
suggesting that the small, bright loops light up only bridfiyother words, the stellar corona
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would be made up of numerous ephemeral loop sources thabtcharireated as being in
quasi-static equilibriuni_(van den Oord etlal, 1997).

Both|[Ness et al (2004) and Testa etlal (2004a) calculatechabfiling factors f for
plasma emitting various He-like triplets. The total “aedile” volume,Vay,j, for coronal
loops of a given temperature depends on a correspondingdttesistic height” for which
the height of a hydrostatic loop (Elg.]10) can be assumed. ©hame filling factor thus
derived,V /Vayail, is surprisingly small for cool plasma detected iv@and Nex, namely
of order a few percent and increasing with increasing agtigivel. The emission supposedly
originates in solar-like active regions that cover parthef surface, but never entirely fill the
available volume. With increasing magnetic activity, atbotomponent appears (recall the
general correlation between average coronal temperatgractivity level, Secf.2]1). This
component seems to fill in the volume between the coolerentigions and contributes the
bulk part of the emission measure in very active stars afjhdhe high densities suggest
very small loop structures and filling factors £ 102 R, resp.f < 1% for AD Leo;
Maggio et al 2004). Hotter plasma could thus be a naturaltresincreased flaring in the
interaction zones between cooler regions. This providepat for flare-inducedcoronal
heating in particular in magnetically active stars. Thehkigdensities in the hotter plasma
components are then also naturally explained as a consegjo¢fiaring (see Sedi. 2.4.5).
Explicit support for this picture comes froify/i ratios in the active M dwarf AD Leo that
vary between observations separated by more than a yeaertdgnsities being inferred for
the more active states; the overall flaring contribution aye changed between the two
epochs, although a different configuration of active regiafith different average electron
densities cannot be excluded (Maggio and Ness, 2005).

At this point, a word of caution is in order. There is no doutft the solar corona!)
that coronal plasma comes in various structures coveringle range of densities. Because
the emissivity of a coronal plasma scales wif) any X-ray observation is biased toward
detections of structures at high densities (and suffigidate volumes). The observddi
line flux ratios may therefore be a consequence ofdéesity distributionand may not
represent any existing, let alone dominant, electron tieisithe corona. Rather, they are
dependent on the steepness of the density distributiorbdnduse of theZ dependence,
they do not even correspond to a linear average offtheatio across all coronal volume
elements. A calculated example is given in Gudel (2004).

2.3.4 Inferences from coronal opacities

Emission lines in coronal spectra may be suppressed byabplapth effects due to res-
onance scattering in the corona. This effect was discuss#tkeicontext of “anomalously
faint” EUV lines (Schrijver et al, 1994, 1995), now mostlycognized to be a consequence
of sub-solar element abundances. Resonance scatterimigeseqptical depths in the line
centers ofr > 1, andr is essentially proportional te//T1/2 (Mewe et all 1995) wheré
is the path length. For static coronal loops, this imptiés T3/2 (Schrijver et al 1994; e.g.,
along a loop or for a sample of nested loops in a coronal vajume

Optical depth effects due to scattering are marginal inestebronae; initial attempts to
identify scattering losses in the kg1l A 15.01 were negative (Ness €tlal, 2001; Mewelet al,
2001, Phillips et al, 2001; Huenemoerder et al, 2001; Nea5/8002] Audard et lal, 2003),
regardless of the magnetic activity level of the considestas. Larger survey work by
Ness et al (2003b) again reported no significant opticalldfeptstrong Fexvii lines and for
f /r ratios in He-like triplets, after carefully correcting feffects due to line blending. Al-
though Fexvii line ratios, taken at face value, do suggest the presenaseadpacities, the
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deviations turned out to be similar fatl stars, suggesting absence of line scattering while
the deviations should be ascribed to systematic problerttseimtomic physics databases.
Similar conclusions were reached in work lby Huenemoerdar (@001) and Osten et al
(2003) using the Lyman series fon@1, Nex, or Sixiv.

More recent survey work by Testa etlal (2004b)land Testa @08l supports the above
overall findings although significant (at the 4-tevel) optical depths were reported for two
RS CVn-type binaries and one active M dwarf based oai/Ly 3 line-flux ratios of Oviil
and Nex. Moreover, the optical depth was found to be variable in drnth@ binaries. The
path length was estimated &= 2 x 107*R, — 4 x 102R,, with very small corresponding
surface filling factors,f ~ 3 x 1074 — 2 x 102, Although rather small, these scattering
source sizes exceed the heights of corresponding hydmlstaps estimated from measured
densities and temperatures. Alternatively, active regjmedominantly located close to the
stellar limb may produce an effective, non-zero opticaltdegs well.

We note here that upper limits to optical depth by resonanatesing were also used
to assess upper limits to source sizes based on simple egrapability estimates (e.qg.,
Phillips et &l 2001l; Mewe etlal 2001), but caution that, asited by Testa etlal (2007), due
to potential scattering of photomsto the line of sight these estimates in fact provide upper
limits to lower limits, i.e., no constraint. We should alsmghasize that the absence of
optical depth effects due to resonance scattering doesnmby the absence of scattering in
individual stellar active regions. The question is simplyather there is a net loss or gain of
scattered photons along the line of sight, and for most @rsources such an effect is not
present for the (disk-integrated) emission.

2.3.5 Summary: Trends and limitations

Despite a panoply of methods and numerous observed exarit@ppears difficult to con-
clude on how stellar coronae are structured. There is mixiltece for compact coronae,
coronae predominantly located at the pole but also digatbooronae covering lower lati-
tudes. Filling factors appear to be surprisingly small evesaturated stars, as derived from
rotational modulation but also from spectroscopic modglin particular based on measure-
ments that indicate very high densities. Larger structorag be inferred from X-ray flares
(see_Gudel 2004 for a summary).

We should however keep in mind that strong bias is expected ¥X-ray observations.
There is little doubt - judging from the solar example - thatanae are considerably struc-
tured and come in packets with largely differing tempermgusize scales, and densities.
Because the X-ray emissivity of a piece of volume scales nglthe observed X-ray light
is inevitably dominated by dense regions that occupy sefiity large volumes. Regions of
very low density may remain undetected despite large votufas an example we mention
the solar wind!).

Keeping with our definition of coronae as the ensemble ofedagellar magnetic fields
containing heated gas and plasma or accelerated, higgyeparticles, X-ray observations
miss those portions of the corona into which hot plasma haveen evaporated, and it
is likely to miss very extended structures. The latter averible places for high-energy
electrons, and radio interferometry has indeed shown dgténadio coronae reaching out
to several stellar radii (e.g., Mutel elial 1985).
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2.4 X-ray flares
2.4.1 Introduction

A flare is a manifestation of a sudden release of magnetiggneithe solar or in a stellar
corona. Observationally, flares reveal themselves achessléctromagnetic spectrum, usu-
ally sowing a relatively rapid (minutes to hours) increaeadiation up to the “flare peak”
that may occur at somewhat different times in different viewgth bands, followed by a
more gradual decay (lasting up to several hours). SolaryXteae classification schemes
(Pallavicini et al, 1977) distinguish betweesmpacflares in which a small number of mag-
netic loops lighten up on time scales of minutes, komgj-duration(also “2-Ribbon”) flares
evolving on time scales of up to several hours. The lattessciavolves complex loop ar-
cades anchored in two roughly parallel chromosphedcriibons. These ribbons define the
footpoint regions of the loop arcade. Such flares are ereddig continuous reconnection
of initially open magnetic fields above a neutral line at pesgively larger heights, so that
nested magnetic “loops” lighten up sequentially, and gagsilso at different times along
the entire arcade. The largest solar flares are usually ofythe.

Transferring solar flare classification schemes to theastelise is problematic; most
stellar flares reported in the literature reveal extremeirosities and radiative energies,
some exceeding even the largest solar flares by severabastlaragnitude. This suggests,
together with the often reported time scales in excess ofhmuoe, that most stellar flares
interpreted in the literature belong to the class of “2-Ritvbor arcade flares involving con-
siderable magnetic complexity. We caution, however, tdditeonal flare types not known
on the Sun may exist, such as flares in magnetic fields comgettte components of close
binary systems, flares occurring in dense magnetic fieldsesdrated at the stellar poles,
reconnection events on a global scale in large stellar “regpheres”, or flares occurring
in magnetic fields connecting a young star and its circurtestdisk.

In a standard model developed for solar flares, a flare evgimbwith a magnetic insta-
bility that eventually leads to magnetic reconnection irgted magnetic fields in the corona.
In the reconnection region, heating, particle accelematmd some bulk mass acceleration
takes place. The energized particles (e.g., electrongltedong closed magnetic fields to-
ward the stellar surface; as they reach denser layers irhtieenosphere, they deposit their
energy by collisions, heating the ambient plasma explositemillions of K. The ensu-
ing overpressure drives the hot plasma into coronal lodpshiach point the “X-ray flare”
becomes manifest.

Clearly, understanding the physical processes that leadlave, and in particular inter-
preting the microphysics of plasma heating, is mostly a faskhe solar coronal physics
domain. Nevertheless, stellar flare observations havellasxtended the parameter range
of flares, have added new features not seen in solar flaredyaaechelped understand the
structure of stellar magnetic fields in various systems.t\bdshe information required for
an interpretation of coronal flares is extracted from “lightve analysis”, most importantly
including the evolution of the characteristic temperagutet relate to heating and cooling
processes in the plasma. A summary of the methodology hasdieen in Gudel|(2004)
and will not be addressed further here. High-resolutiorcspscopy, ideally obtained in a
time-resolved manner, adds important information onatdldres; specifically, it provides
information for which spatially resolved imaging would ettvise be needed (as in the solar
case), namely clues on densities in the flaring hot plasnegitigs, and signatures of fluo-
rescence that all provide information on the size of flariegions. Furthermore, line shifts
may be sufficiently large to measure plasma flows in flares.
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2.4.2 An overview of stellar flares

A vast amount of literature on flares is available from the gfage decades of stellar X-ray
astronomy. A collection of results from flare interpretatistudies until 2004 is given in
tabular form ir.Gudel (2004). Here, we summarize the basdirps.

Increased temperatures during flares are a consequendieieintheating mechanisms.
Spectral observations of large stellar flares have comsigtehown electron temperatures
up to 100 MK, in some cases even more (Tsuboilet al, |11998; &avat Schmitt, 1999;
Osten et al, 2005, 2007), much beyond typical solar-flar& pemperatures (20-30 MK).
Somewhat unexpectedly, the flare peak temperafiyegorrelates with the peak emission
measure, EM (or, by implication, the peak X-ray luminosity), roughly as

EMp 0 Tp4.30i0.35 (12)

(Gudel, 2004) although observational bias may influeneeptiecise power-law index. For
solar flares, a similar trend holds with a normalization (Edfset between solar and stel-
lar flares - again perhaps involving observational hias s&mden et Al 2008; Fifl 5). The
EM,-T, relation was interpreted based on MHD flare modeling (Shibatl Yokoyama,
1999, 2002), with the result that larger flares require lefigeing sources (of order #bcm
for the most active stars) while magnetic field strengBis:(10— 150 G) should be compa-
rable to solar flare values.

Following the standard flare scenario exposed above, wddkeapect that a flare re-
veals itself first in the radio regime through gyrosynchentemission from the injected,
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accelerated electron population, and also in the optitals a result of prompt emission
from the heated chromospheric region at the loop footpoftsther, as the electrons im-
pact in the denser layers, they promptly emit non-thermadl barays (HXR, >10 keV)
that have indeed been of prime interest in solar flare rese@tese initial emission bursts
characterize and define timpulsive phasef the flare during which the principal energy
is released. The more extended phase of energy conversass, motion, and plasma cool-
ing characterizes thgradual phaseln particular, soft X-ray emission is a consequence of
plasma accumulation in the coronal loops, which roughlyeéases with the integral of the
deposited ener@A rough correlation is therefore expected between the tigte@bior of
the radio, optical/UV, and hard X-rays on the one hand ant>6o&ys on the other hand,
such that the former bursts resemble the time derivativéefiricreasing soft X-ray light
curve,Lr o uv,Hxr (1) OdLx(t)/dt, a relation known as the “Neupert Effect” (after Neupert
1968).

The Neupert effect has been observed in several stellas flarg.| Hawley et al 1995;
Gudel et al 2002; Osten etlal 2004, 2007; Smith|et all2005aWKiraev et al 2005; see FId. 8
in Sect[2.4.b below), in cases with emission charactesistry similar to the standard case
of solar flares. Such observations testify to the chromagpkegaporation scenario in many
classes of stars. Equally important is the lack of correldtehavior - also observed in an
appreciable fraction of solar flares - which provides imaorttclues about “non-standard”
behavior. Examples of X-ray flares without accompanyingarédrsts or radio bursts peak-
ing at the time of the X-rays or later were presented by Sniith 2005). In a most out-
standing case, described by Ostenlet al (2005), a sequenaryoftrong X-ray, optical,
and radio flares occurring on an M dwarf show a complete bmakdof correlated be-
havior. While the presence of X-ray flares without accompangignatures of high-energy
electrons can reasonably be understood (e.g., due to flaecasrimg in high-density envi-
ronments in which most of the energy is channeled into dineetting), the reverse case,
radio and correlated U-band flares without any indicationarbnal heating, is rather puz-
zling; this is especially true given that the non-thermagrgg must eventually thermalize,
and the thermal plasma is located close to or between theéhsomal coronal radio source
and the footpoint U-band source. Possible explanationsidecan unusually low-density
environment, or heating occurring in the lower chromosehar photosphere after deep
penetration of the accelerated electrons without appsecavaporation at coronal tempera-
tures ((Osten etlal, 2005), but a full understanding of theggneansformation in such flares
is still missing.

Lastly, we mention the fundamental role that flares may piahé heating of entire stel-
lar coronae. The suggestion that stochastically occuftargs may be largely responsible
for coronal heating is known as the “microflare” or “nanoffangpothesis in solar physics
(Parker, 1988). Observationally, solar flares are disteidbin energy following a power law,
dN/dE = kE~? where dN is the number of flares per unit time with a total energy in the i
terval [E,E +dE], andk s a constant. Ifx > 2, then the energy integration (for a given time
interval) diverges foEni, — 0, i.e., a lower energy cutoff is required, and depending®n i
value, an arbitrarily large amount of energy could be relateflares. Solar studies indicate
o values of 16 — 1.8 for ordinary solar flares (Crosby etlal, 1993), but somenestidies of
low-level flaring suggestr = 2.0 — 2.6 (Krucker and Benz, 1993; Parnell and Jupp, 2000).
Stellar studies have provided interesting evidenceafos 2 as well, for various classes of

2 [Schmitt et al[(2008) report the case of a strong flare on the BHIGN Leo in which an initial thermal
soft-Xray pulse was observed on time scales of a few secomdisgdthe impulsive flare phase, coincident
with the optical flare peak. This radiation may originatenirthe initial plasma heating at the bottom of the
magnetic loops, at a time when evaporation only starts tthéllloops.
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Fig. 6 Left(a): The observed spectrum of a large flare on the RS CNarbill Peg is shown with a spectral fit
(consisting of two thermal components, a Gaussian for th&é/ Fe Ka line, and a power law for the highest
energies). The spectrum was obtained by different dete¢adyove and below=10 keV). The individual
contributions by the model components are shown dashedaitetidor by a thin solid line (6.4 keV feature).
Fit residuals are shown in the bottom panel. — Right (b): &ittfrom (a), showing the region around the
6.4 keV Ka feature and the 6.7 keV Bexv complex. (From Osten et al 2007, reproduced by permission of
the AAS.)

stars including TTS and G-M-type dwarf stars (Audard et B0(R[Kashyap etal, 2002;
Gudel et al| 2003;_Stelzer et al, 2007; Wargelin et al, 2008re is considerable further
evidence that flares contribute fundamentally to coronatihg, such as correlations be-
tween average X-ray emission on the one hand and the obgeptichl or X-ray) flare rate
or UV emission on the other hand. Continuous flaring activitiyght curves, in some cases
with little evidence for a residual, truly constant baselievel, add to the picture. Evidence
reported in the literature has been more comprehensivetyrguized in Gudel (2004).

2.4.3 Non-thermal hard X-ray flares?

The X-ray spectrum of solar flares beyond approximately 05/ is dominated byon-
thermal hard X-rays. These photons are emitted when a non-therrigdl;emergy popu-
lation of electrons initially accelerated in the coronataenection region collides in the
denser chromosphere and produce “thick-target” brentdatrg. The spectrum is typically
a power law, pointing to a power-law distribution of the decated electrons (Brown, 1971).
Detection of such emission in magnetically active starsld/ise of utmost importance as
it would provide information on the energetics of the idigaergy release, the particle ac-
celeration process in magnetic field configurations difiefeom the solar case, the relative
importance of particle acceleration and direct coronatingaand possibly travel times and
therefore information on the size of flaring structures. phesence of high-energy electron
populations is not in doubt: they are regularly detectednftbeir non-thermal gyrosyn-
chrotron radiation at radio wavelengths.

Detection of non-thermal hard X-rays is hampered by the lapeeted fluxes, but
also by the trend that large flares produce very hot plasmgaeneants that dominate the
bremsstrahlung spectrum up to very high photon energieslAB)q This latter effect has
clearly been demonstrated in observations successfuaiydang X-ray photons up to about
100 keV from large stellar flares (Favata and Schinitt, 199@idR0 et al, 1999; Franciosini et al,
2001), the extended X-ray spectrum being compatible witexdrapolation of the thermal
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soft X-ray spectrum. The most promising case has been egpfidm a very large flare oc-
curring on the RS CVn binary Il Peg in which activity was redead up to 100 keV during the
entire flare episode (Osten el al 2007; [Fig. 6). Although gexcsum could be interpreted
with bremsstrahlung from a very hot;300 MK component, Osten et al (2007) favored a
non-thermal interpretation, arguing that conductive édgssould be excessive for a thermal
component; also, the concurrent Fe 16.4 keV emission recorded during the flare may be
the result from non-thermal electron impact ionizatiomeathan from photoionization flu-
orescence (Se¢t. 2.4.4), given the high hydrogen columsitiesrequired. However, while
suggestive, these arguments remain somewhat inconcldigste conductive losses across
extreme temperature gradients cannot exceed the fremvsirg electron limit at which con-
duction saturates. Second, the hard component persistthiatflare decay phase, at high
levels, unlike in solar flares. And third, recent detailedfescence calculations suggest that
the observed Fe & feature can in fact be explained as arising from photoiditinawhile

the impact ionization mechanism is inefficient_(Drake e24l08b;| Ercolano etlal, 2008;
Testa et al, 2008a). Unequivocal detection of non-therraed iX-rays from stellar coronae
remains an important goal, in particular for future detestaroviding high sensitivity and
low background up to at least 100 keV.

2.4.4 Fluorescence and resonance scattering during stilees

Photoionization of cool material by X-ray photons aboveRbeé edge at 7.11 keV produces
a prominent line feature at 6.4 keV (FexKieature; see Sedt. 3.9 for further details). This
feature is usually too faint to be detected in any stellan}spectrum; exceptions include a
few TTS for which fluorescence on the circumstellar disk duieradiation by stellar X-rays
has been proposed (Sdct]3.9). In more evolved stars, 6.4Kkesmission would originate
from the stellaphotosphergbut has so far been detected in only two cases. Prominent Fe
Ka emission was recorded from a giant flare on the RS CVn bindPgdl(Osten etlal 2007;
Fig.[@b), although a model based on electron impact iominatias put forward, as discussed
above (Secf._2.4.3). More recentily, Testa et al (2008akepted evidence for photospheric
fluorescence in the single G-type giant HR 9024, using detdilorescence calculations to
estimate a source height ¢f 0.3R, (R, = 13.6R.).

Resonance scattering (Sdct. 2.3.4) is another potentiddatiéo measure the size of
flaring coronal structures. A suppression of the strong\He A15.01 line compared to
the Fexvil A16.78 line was recorded during a flare on AB Dor ([Elg. 7) andrijmeted in
terms of an optical depth of 0.4 in the line center, implyingash length of order 8000 km
(Matranga et al, 2005).

2.4.5 Flare densities: Evidence for evaporation

According to the standard flare scenario, densities in fidoops should largely increase as
a consequence of chromospheric evaporation. This is tlensiscause of the large emis-
sion measure increase in the flaring corona. Spectroscepisityg measurements solar
flares using He-like triplets (Sef.2.B.3) confirm this piet suggesting density increases
to several times T8 cm~3 (McKenzie et all, 1980; Doschek et al, 1931 Phillips et aB69
Landi et gl; 2003).

Stellar evidence is still limited given the high signalrtoise ratio required for short
observing intervals. First significant spectral eviderarestrong density increases were re-
ported for a large flare on Proxima Centauri (Gidellet al.Z2@004), both for the @1



24

300

observed spectrum
,,,,,,, predicted spectrum
continuum

15.01 A

250

Fe XVil —

200

Counts
16.78 A

150

100

50

.
15 16 17 18 19
Wavelength [A]

Fig. 7 Evidence for optical depth effects due to resonance satefhe plot shows the observed spectrum
(solid), the predicted spectrum (dashed, slightly shifitedavelength for clarity), and the continuum (dotted).
Although there are discrepancies for several lines, theatrmabrprediction of the 15.04 line is significantly
larger than during quiescence. (From Matrangal et al|20@sodeiced by permission of the AAS.)

and (more tentatively) for the Ng triplet. The forbidden line in the @11 triplet nearly dis-
appeared during the flare peaks, while a strong intercortibméine showed up (Fid.18).
The derived densities rapidly increased from a pre-flarelle? ne < 101° cm—3 to ~
4% 10" cm~3 at flare peak, then again rapidly decayee:tdx 10'° cm3, to increase again
during a secondary peak, followed by a gradual decay. THarteneous mass involved in
the cool, OviI emitting source was estimatedatlO™® g, suggesting similar (instantaneous)
potential and thermal energies in the cool plasma, both aflwére much smaller than the
total radiated X-ray energy. It is therefore probable tt&t ¢ool plasma is continuously
replenished by the large amount of material that is initikkated to higher temperatures
and subsequently cools toM@ forming temperatures and below. The measured densities
agree well with estimates from hydrodynamic simulationsdl et al, 2004) and, together
with light curve analysis, provide convincing evidence tloe operation of chromospheric
evaporation in stellar flares.

Marginal signatures of increased densities during flarge baen suggested from He-
like triplet flux ratios for several further stars, in paciar for YY Gem (Stelzer etlal, 2002),
02 CrB (Osten et al, 2003), AD Leo (van den Besselaar et al.|2@03)Mic (Raassen etlal,
2003a), AU Mic (Magee et al, 2003), and CN Leo (Fuhrmeistex £2007).

2.5 The composition of stellar coronae
2.5.1 The FIP and IFIP effects

Studies of element abundances in stars are of fundametgetst as they contribute to our
understanding of galactic chemistry and its evolution alb ageto refined models of stellar
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Gudel et al 2002.)

interiors. The composition of material available in youngllar environments is of course
also relevant for the planet-formation process.

The composition of stellar material could change as it isedrifrom the surface into
the corona or the stellar wind, owing to various fractiomatprocesses. Specifically, el-
ements with a low first ionization potential (“low-FIP” elemts Mg, Si, Ca, Fe, Ni) are
predominantly ionized at chromospheric levels, while FidR elements (C, N, O, Ne, Ar,
and marginally also S) are predominantly neutral. lons adrals could then be affected
differently by electric and magnetic fields.

Itis well known that the composition of the solar corona dmeldolar wind is indeed at
variance with the photospheric mixture; low-FIP elememesenhanced in the corona and
the wind by factors of a few, whereas high-FIP elements sHwtgspheric abundances (this
is the essence of the "FIP effect”; Feldrman 1992). There@msiderable variations between
different solar coronal features, e.g., active regiongetgBun regions, old magnetic loop
systems, or flares. A discussion of the physics involved is filactionation is beyond the
scope of this review, and in fact a universally accepted hddes not yet exist; see, e.g.,
Hénoux (1995) and Drake (2003a) for a few selected modediderations.

Although a solar-like FIP effect could be identified in a cleupf nearby stars based
on EUVE observations (Laming et al, 1996; Laming and Dral@99] Drake et al, 1997),
early observations of magnetically active stars startedtipg a different - and confusing
- picture when abundances were compared with standard gltdospheric abundances
(assumed to be similar to the respective stellar compo3itio many low-resolution spectra,
unusually weak line complexes required significantly stdorsabundances (e.g., White et al
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Fig. 9 Coronal abundances as a function of FIP, normalized to trahebabundance of Fe. Left (a): AB Dor,
an example for an inverse-FIP effect (data from Garcieaddy et &l 2005). — Middle (b): EK Dra, an interme-
diate case, showing increasing abundances toward thetlang$ighest FIP (data from Telleschi et al 2005).
— Right (c): i UMa, an intermediately active star showing a solar-like Effect (data froni_Telleschi ef al
2005).

1994 Antunes etlal 1994; Gotthelf etial 1994 and many otradss) confirmed by EUVE
observations (e.d., Stern et al 1995).

A proper derivation of abundances requires well-measuueedl of lines from different
elements, and this derivation is obviously tangled with dieéermination of the emission
measure distribution. It is therefore little surprisingtlat least partial clarification came
only with the introduction of high-resolution X-ray spezdcopy from XMMNewtonand
CHANDRA. High-resolution X-ray spectra of magnetically activerste@vealed a new trend
that runs opposite to the solar FIP effect and that has beémmen as the “inverse FIP
(IFIP) effect”. Coronae expressing an IFIP effect show BlR-abundances systematically
depleted with respect to high-FIP elements (Brinkmanl e0éll2 see example in Fifl 9).
As a consequence of this anomaly, the ratio between the ahaed of Ne (highest FIP)
and Fe (low FIP) is unusually large, of order 10 in some cas@®pared to solar photo-
spheric conditions (see also Drake &t al 2001; Audardlet@l R0 he IFIP effect has been
widely confirmed for many active stars or binaries (e.q., htueoerder etlal 2001, 2003;
Garcia-Alvarez et al 2005). With respect to the hydrogaimdance, most elements in ac-
tive stars remain, however, depleted.

The FIP and IFIP effects in fact represent only two extremesslbigger picture related
to coronal evolution. With decreasing activity (e.g., asapaeterized by thex /Ly ratio, or
the average coronal temperature), the IFIP effect weaketilstiue abundance distribution
becomes flal (Audard et al, 2003; Ball etlal, 2005), and ewalytturns into solar-like FIP
trend for less active stars with lag /Lo 5 — 4 or an average coronal temperatuge7 —
10 MK (Telleschi et al 2005; Gudel 2004; Fig. 9). At this wat activity level, we also
observe that the dominant very hot plasma component disappEhis trend is best seen in
the Ne/Fe abundance ratio (high-FIP vs. low-FIP) that desgs by an order of magnitude
from the most active to the least active coronae (Eig. 10a)ti@ high-activity side, the
trends continue into the “supersaturation regime” (9edi) af the fastest rotators, where
Lx/Lpol converges tox 103 and becomes unrelated to rotation; for these stars, the Fe
abundance continues to drop sharply, while the O abundamt@oes to increase, possibly
reaching a saturation level for the most active stars (@aktvarez et al, 2008).
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While these trends have been well studied in main-sequeaceand subgiant RS CVn
binaries, similar trends apply to giant stars. A FIP effectéen in giants evolving through
the Hertzsprung gap and into the red giant phase (Garciaréd et al, 2006), a transforma-
tion during which stars develop a deep convection zone amgenerate magnetic activity
and become subject to rapid braking. In contrast, strongrrgments of Ne but low abun-
dances of low-FIP elements characterize the class of egtyeactive, rapidly rotating FK
Com-type giants and active giants in tidally locked binsui@ondoin et al, 2002; Gondoin,
2003; Audard et al, 2004).

Furthermore, the strength of the IFIP effect is also a fumctvf the spectral type or
Tes Of the star. As noted hy Telleschi et ial (2007b) based onesuafi high-resolution X-ray
spectra, the IFIP trend is much more pronounced in activedd\itype stars than in G stars,
the Fe/O and Fe/Ne abundance ratios indicating much stralegeetion of Fe in later-type
active stars. This trend is evident for young main-sequstars and also for TTS regardless
of whether they are accreting or not. For TTS, the specyra-tdependent strength of the
IFIP effect has been confirmed from low-resolution speciwpy (Scelsi et al, 2007).

Variations of these general abundance features have bded.rn some cases, the
lowest-FIP elements (such as Al, Na, and Ca, sometimess)teeem to show abundances
in excess of the IFIP trend in active stars, resulting in amdbance distribution with a mini-
mum around FIR- 10 eV and increasing trends to both lower and higher |[FIP (Fanzada et al
2003; Argiroffi et &l 2004, Scelsi et al 2005; Magdgio et al 208&e Fig[P). Some of these
element abundances are extremely difficult to assess, anflictiag results have been re-
ported (see, e.q. Garcia-Alvarez et al 2005).

Caution must be applied when interpreting stellar corobahdances as derived from
high-resolution spectra. First, as we know from the Sunpralrabundances vary from re-
gion to region, and they also evolve in time. A stellar spettrepresents a snapshot of
the integrated corona, averaging out all variations thahtbe present. Abundance mea-
surements therefore most likely represent weighted meanasthe formal uncertainties do
not include the true variation in location and time. Extrgpnecision in the abundance tab-
ulations may indeed be useless - the important informatoim ioverall trends in stellar
samples.
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Significant differences have also been found among statrshiaae most of their funda-
mental properties; the primary of the intermediately acKistar binary 70 Oph shows a dis-
tinct solar-like FIP effect, while such bias is absent in dlteerwise very similar secondary
(Wood and Linsky, 2006). On the other hand, very similar natdhermal and abundance
properties can be found in stars with similar propertiesdiffi¢rent evolutionary histories;
examples include two rapidly rotating K stars, the youndewlich (AB Dor) still keeps
its primordial angular momentum while the older (V471 Tau$ubject to tidal spin-up due
to a companion star (Garcia-Alvarez et al, 2005); and findde post-main-sequence active
binaries Algol and HR 1099 contain very similar K-type swligs revealing very similar
X-ray spectra, a similar coronal thermal structure, andlameoronal abundance patterns
(except for mass-loss related abundances of C and N in Adlgslpite their fundamentally
different evolutionary histories (Drake, 2003b).

Caution is in order also because the coronal material isggs®d gas from the stel-
lar photosphere, and appropriatellar photospheric abundancsbkould therefore be taken
as a reference. For most stars of interest such measurearent®t available, or are dif-
ficult to obtain due to, e.g., rapid rotation. Do the FIP antPlEends survive once the
coronal measurements are related to gtedlar photospheric composition rather than the
standard solar mixture? Some reports suggest they do nadieStof a few individual
examples with well-measured photospheric abundanceské@tzel, 1995; Raassen et al,
2002; Sanz-Forcada et al, 2004) as well as a larger samplamsf is the Orion Nebula
(Maggio et al} 2007) or a sample of M dwarfs (with relativelyoply known photospheric
metallicities; Robrade and Schrnitt 2005) indicate thatdbeonal abundances reflect the
photospheric mix, or at least the global photospheric rieitg] of the respective stars.
However, while suggestive, these observations must beasiatl with cases for which non-
photospheric coronal abundances are undisputed. Spégifiet® and FIP trends have been
identified in nearby stars with well-measured near-solatgépheric abundances such as
AB Dor or several solar analods (Sanz-Forcadal et al, 200@sbhi et al, 2005; Garcia-Alvarez et al,
2005%); further, the similarity of the FIP or IFIP effects itass with similar activity levels,
or the trends depending on activity would be difficult to explas being due to the photo-
spheric mixture. Younger (and therefore more active) stersld be expected to be more
enhanced in metals, contrary to the observed trends. Alsd-tP and IFIP effects would
reflect a photospheric anomaly of apparently most stars whempared with the Sun. But it
is the Sun itself that proves otherwise: the solar FIP effegtrue coronal property, suggest-
ing that equivalent trends observed in stars are, by anatmggnal in origin as well. Solar
and stellar flares in which abundances change systemwtamatipared to quiescence sup-
port this picture further, suggesting genuine FIP-relaigghdance biases in stellar coronae

(see Secf. 2.5 3).

Given the somewhat contradictory findings, it should thenb®osurprising that there
is also no fully accepted physical model explaining all tywé FIP bias coherently. For
the normal FIP effect, solar physics has provided sevetabide models. Ideas proposed
specifically for the stellar case involve stratification lo¢ atmosphere, with different scale
heights for ions of different mass and charge (Mewe! et al/4};98nrichment of the coro-
nal plasma by some type of “anomalous flares” also seen onuhgesg., Ne-rich flares;
Brinkman et al 2001); electric currents that affect difeusiof low-FIP elements into the
corona ((Telleschi etlal, 2005); or a recent model based ors@agce between chromo-
spheric Alfvén waves and a coronal loop, explaining eithetP or an IFIP effect (Laming,
2004). Given the present uncertainties, we do not elabfuetger on any of these models
in the stellar context.
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2.5.2 The Ne/O abundance ratio: an indicator of magnetidvitgt

Not only stellar photospheric abundances remain unceftaiimost stars commonly ob-
served in X-rays, but tabulations of the solar photosphesimposition themselves have
seen various revisions in the recent past. The solar cotios$s a determining factor for
the depth of the solar convective zone, and the abundanees byl Grevesse and Sauval
(1998), widely used in the stellar community, have led to xcebent agreement with the
“standard solar model” describing the solar interior. Tdtes$t revision, correcting solar C,
N, and O abundances downward (Asplund et al, 2005b), howedeto serious disagree-
ment with the observed helioseismology results (Bahcall,&2005). Regardless of these
revisions, the absolute solar Ne/O abundance ratio remi@ngimilar levels of 0.15-0.18.

The helioseismology problem could be solved by adopting lar gghotospheric Ne
abundance higher by a factor of about 3-4, or somewhat ledigift re-adjustments are
also made for CNC_(Antia and Basu, 2005). There is freedonotsadas the photospheric
Ne abundance is not really well known, given the absencerofigtphotospheric Ne lines
in the optical spectrum.

Telleschi et all(2005) were the first to point out that the eysttically non-solar coro-
nal Ne/O abundance ratios measured in several solar-asemg)(offset by similar factors)
may call for a revision of the adopted solar photospheric bisdance, thus at the same
time solving the solar helioseismology problem. Althoughrays measureoronal abun-
dances, the derived stellar coronal Ne/O ratios indeed $edya consistently high (by a
factor of 2—3) for stars of various activity levels when cargrl with the adopted solar pho-
tospheric value; given that both O and Ne are high-FIP elésnéine assumption here is
that the coronal abundance ratio faithfully reflects thetpsigheric composition. This was
further elaborated in detail by Drake and Testa (2005) wiygested a factor of 2.7 upward
revision of the adopted solar Ne abundance. However, awparsubsequent debate, anal-
ysis of solar active region X-ray spectra and of EUV speaipanftransition-region levels
(Schmelz et al, 200%; Youhg, 2005) both reported robust N&dhdance ratios in agree-
ment with the “standard” ratios, rejecting an upward cdicecof Ne.

A major problem may in fact be due to selection effects, dkihi discussed by Asplund et al
(2005a). Most of the stars in the sample studied by Drake asta{2005) are magnetically
active stars with coronae unlike that of the Sun. The onlysstansidered with activity in-
dicatorsLyx /Lpol in the solar range were subgiants or giants; in one casey@mpdifferent
Ne/O abundance ratios, some in agreement with the solae,ve&in be found in the pub-
lished literature, and two further reports anCen and3 Com suggest values close to the
solar mix..Asplund et al (2005a) therefore proposed thatNekO ratio isactivity depen-
dent high values referring to magnetically active stars wioleér, solar-like values refer to
inactive, “solar-like” stars. This echoes suggestioneay made by Brinkman et al (2001)
for the high Ne abundance seen in a very active RS CVn-typapiio be possibly due to
flaring activity. The dependence of the Ne/O abundance aatiactivity is in fact fully re-
covered in a statistical compilation presented in G{lde04d (Fig[I0b). These suggestions
have meanwhile been confirmed from high-resolution spsctoy of low-activity stars in
the solar neighborhood (including the above objects)cetitig an abundance ratio of Ne/O
~ 0.2+ 0.05 for the Sun and weakly active stars, increasing to Ne/@4 — 0.5 for mag-
netically active stars (Liefke and Schmitt, 2006; Robraiie ,£2008).

The solar Ne/O ratio is thus in line with coronal abundandeimactive stars, i.e., the
ratio is low as adopted by both the older and revised solanddnce lists. A selective
increase of the solar Ne abundance to reconcile measuremgsblar composition with
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spectrum to match the flare spectrum (because of the broadi+iature of the bremsstrahlung continuum).
The lowest spectrum shows the residuals “flare - quiescélute that only short-wavelength lines forming
at high temperatures react to the flare. (From Nordornilet & 200

helioseismology results seems to be ruled out. The disnogpaith the solar model may
require other modifications yet to be identified.

2.5.3 Abundance changes in flares

The chromospheric evaporation scenario for flares prethetsbulk mass motions emerg-
ing from the chromosphere fill coronal loops. One would tf@eeanticipate that any FIP
or IFIP effect becomes suppressed during large flares, asotloma is replenished with
material of chromospheric/photospheric origin. This dead what has been derived from
X-ray spectroscopy of stellar flares. Given the commonlyeoled IFIP trend outside flares
in active stars, flares tend to enhance low-FIP elements tharehigh-FIP elements, with
abundances eventually approaching the photospheric itigoo(e.g./ Osten etlal 2000;
Audard et al 2001), but such FIP-related abundance changestalways observed (Osten et al,
2003; Gudel et al, 2004; Nordon et lal, 2006).

The systematics in FIP-related abundance changes in flag<lharified considerably
by|Nordon and Behat (2007) ahd Nordon and Behar (2008) whatrgseopically studied
14 flares observed with XMMNewtonand GHANDRA. The analysis was performeelative
to the quiescent emission, i.e., trends iadependent of the mostly unknown photospheric
abundancesThe majority of the flares indeed showed a “relative” solke-FIP effect (with
respect to quiescence), although relative IFIP effectsadosgince of relative changes were
observed as well. The latter case can be explained by flasegyiy the total stellar emis-
sion measure only at high temperatures (above 10-20 MK[E)gik., above limit of
significant line formation in the 5-28 range. While flare-induced abundance changes may
occur, they thus remain undetected as the observable lirestith generated by quiescent
plasma.

More interestingly, a clear correlation is apparent betwgeaiescent and flaring com-
position in the sense that quiescent coronae with a FIPtdffpically show a relative IFIP
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bias during flares, and quiescent IFIP-biased coronae ehttang FIP effect (Fid.12). This
relation leads to three significant conclusions: Firstomfaems the chromospheric evapo-
ration scenario that posits that fresh, unfractionatedromspheric/photospheric material is
brought up into the corona; second, it suggests that thenada$eoronal (I)FIP biases are
genuine and are not a consequence of the photospheric cibimpoAnd third, if active
stellar coronae are generated by a large number of smadi-aees (Seci._2.4.2), then these
should should enrich the corona with FIP-biased materifierdnt from individual large
flares that reveal an opposite trend.

3 X-rays from young stellar objects and their environments
3.1 From protostars to T Tauri stars: coronal properties

X-ray observations of young, forming stars are ideal to edsithe question on the first
appearance of stellar magnetic fields. It is presently unknawhether such fields would
preferentially be fossil or are generated by emerging fivaiedynamos.

A rather comprehensive picture of the X-ray charactessigcavailable for the latest
stages of the star formation process, the T Tauri phase whes are essentially formed
but may still be moderately accreting from a circumsteligkdSignificant information has
been collected from large recent surveys conducted with XM&tonand GHANDRA
(Getman et al, 200%; Gudel et al, 2007a; Sciortino, 200&)also from case studies of in-
dividual, close TTS. In short, as judged from the tempegeasiiructure, flaring behavior, or
rotational modulation, X-ray emission from TTS mostly dnigtes from magnetic coronae,
with characteristics comparable to more evolved activenrsaguence stars. X-rays from
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CTTS saturate at a level of ldg( /Lpe) =~ —3.5, again similar to main-sequence stars. Be-
cause for a typical pre-main sequence associdtignroughly correlates with stellar mass
M, one also finds a distinct correlation betwégnandM,, Ly O ML7+0.1 (Telleschi et al,
20074a). Flaring is common in TTS (Stelzer et al, 2007), thetreaergetic examples reach-
ing temperatures of 108 K (Imanishi et all 2001).

Our view of X-ray production in younger phases, protostéiSlass | (in which most of
the final mass has been accreted) and Class 0 (in which thebthk final mass is still to
be accreted) is much less complete owing to strong X-rayadtiton by the circumstellar
material. Non-thermal radio emission from Class | protessaiggests the presence not only
of magnetic fields but also accelerated patrticles in a stetleona (e.g., Smith etial 2003).

Class | protostars have amply been detected in X-rays by XNiéwtonand GHAN-
DRA although sample statistics are biased by the X-ray attemyetvoring detection of
the most luminous and the hardest sources. Overall, X-rayackeristics are very similar
to TTS, confirming that magnetic coronae are present at tedier stages. A comprehen-
sive study is available for stars in the Orion region (Praimo et al, 2008). Here, the X-ray
luminosities increase from protostars to TTS by about aeroofl magnitude, although the
situation is unknown below 1-2 keV. No significant trend isrfd for the electron tem-
peratures, which are similarly high=(—3 keV) for all detected classes. Again, flaring is
common in Class | protostars (Imanishi et al, 2001).

For Class 0 objects, a few promising candidates but no deéritises have been identi-
fied (e.g.. Hamaguchi et lal 2005). Giardino et al (2007a) tegoseveral non-detections of
nearby Class 0 objects, with a “stacked Class 0 data se&sponding to 540 ks of Chandra
ACIS-I exposure time still giving no indication for a detiect. In the absence of detailed
information on the absorbing gas column densities or thensit spectral properties, an
interpretation within an evolutionary scenario remairfalilt.

3.2 X-rays from high-density accretion shocks?

Accretion streams falling from circumstellar disks tow#rd central stars reach a maximum
velocity corresponding to the free-fall velocity,

1/2 1/2 -1/2
Vi = (ZGRM*> z620<'\'/\ﬁ ) (%) [kms™]. (13)

This velocity is an upper limit as the material starts onlyhet inner border of the circum-

stellar disk, probably following curved magnetic field kndown toward the star; a more
realistic terminal speed iy, =~ 0.8vx (Calvet and Gullbringl, 1998). Upon braking at the
stellar surface, a shock develops which, according to ttengishock theory, reaches a
temperature of

-1
Ts= %(mpuvﬁ1 ~35x 1 l\';/' (RE) K] (14)
(wheremy, is the proton mass analis the mean molecular weight, i.gt~ 0.62 for ionized
gas). For typical TTSM = (0.1-1)M;, R=(0.5—2)R,, andM /R~ (0.1—1)M, /R, and
thereforeTs ~ (0.4—4) x 10° MK. Such electron temperatures should therefore produte so
X-ray radiation|(Ulrich| 1976). The bulk of the ensuing X¢sas probably absorbed in the
shock, contributing to its heating, although part of thea¥s may escape and heat the pre-
shock gas. (Calvet and Gullbring, 1998).
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The pre-shock electron density, can be estimated from the mass accretion Mg
and the surface filling factor of the accretion streafnsysing the strong-shock condition
for the post-shock densitgp = 4ny, together withMacc~ 41R2 fvmmmy one finds

4x 101 Mace R\ 2/ M\ Y2,
Mo~ —% (1&8 Mo yr*l) (g) (W) [em ] (15)

which, for typical stellar parameters, accretion ratesl fiting factors f ~ 0.001— 0.1
(Calvet and Gullbring, 1998), predicts densities of ord@f 1 10'3 cm~1. Given the ex-
pected shock temperatures and electron densities, X-atingrspectroscopy of the density-
sensitive He-like &, Nvi, Ovii, and Nex line triplets should be ideal to detect accre-
tion shocks. We emphasize that in Eq] 15, the shock densisojsortional toMacc/ f, i.e.,
strongly dependent on the magnetic structure and the &memeite, but it also depends on

the fundamental stellar properties Rés/ZM*’l/Z (Telleschi et al, 2007h; Robrade and Schmitt,
2007).

The first suggestion for this mechanism to be at work was mgad&btner et al (2002),
based on grating spectroscopy of the nearby CTTS TW Hya. TWsHgpectrum shows
an unusually highf /i ratio for the Nex triplet, pointing tone ~ 10*2 cm3. Also, and
again at variance with the typical coronal properties of GTihe X-ray emitting plasma
of TW Hya is dominated by a cool component, with a temperatfirenly T ~ 2 — 3 MK.
Similarly high electron densities are suggested from theiQriplet (Stelzer and Schmitt,
2004), and supporting albeit tentative evidence is alsadoflom ratios of Fevii line
fluxes (Ness and Schmitt, 2005). Simple 1-D plane-paralieck models including ion-
ization and recombination physics can successfully emple observed temperatures and
densities, resulting in rather compact accretion spoth wifilling factor of~ 0.3%, re-
quiring a mass accretion rate responsible for the X-ray ytion of 2x 10719 M, yr—!
(Gunther et al, 2007).

Several further CTTS have been observed with X-ray gratialjsough the moderate
spectral flux of CCTS and the modest effective areas of dategresently available have
kept the number of well exposed spectra small (see examplegyi[I3). In most cases,
high densities are present as judged from theiiCand Nex triplets, but all spectra are
dominated by a hot, coronal component with the exception\Wf Hya. X-ray emission
from CTTS may thus have at least two origins, namely magregtionae and accretion
flows. Table[2 summarizes published observations ®iiQriplets in CTTS (and Herbig
stars, see Seét.3.6) together with derived electron dessit

3.3 The “X-Ray Soft Excess” of classical T Tauri stars

Although TW Hya’s soft spectrum remains exceptional amofid &, lines forming at tem-
peratures of only a few MK reveal another anomaly for seefping CTTS, illustrated in
Fig.[14. This figure compares XMNlewtonRGS spectra of the active binary HR 1099 (X-
rays mostly from a K-type subgiant), the weakly absorbed W' VA10 Tau, the CTTS T
Tau N, and the old F subgiant Procyon. HR 1099 and V410 Tau shetypical signatures
of a hot, active corona such as a strong continuum, stroeg ki Nex and highly-ionized
Fe but little flux in the Ov1ii line triplet. In contrast, lines of C, N, and O dominate the
soft spectrum of Procyon, the\d triplet exceeding the @11l Lya line in flux. T Tau re-
veals a “hybrid spectrum”: we see signatures of a very activena shortward of 18 but
also an unusually strong QI triplet. Because T Tau'lly is large (in contrast tdy of the
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intercombination lines of Nex (the middle line in the line triplet at 13.4-134j. (From/Gunther et &l 2006.)

other stars), the intrinsic behavior of thev@ line becomes only evident after correction
for absorptionTheO Vi lines are in fact the strongest lines in the intrinsic X-rggstrum,
reminiscent of the situation in the inactive Procyon.

While the Ovii line triplet remains undetected in almost all WTTS gratipgcira de-
spite the usually low absorption column densities towardT® Tthe same triplet is fre-
quently detected as an unusually strong feature in CTTSthéh typically larger column
density. This reflects quantitatively in an anomalouslgésdftux ratio,S, between the intrin-
sic (unabsorbed) @i resonancer] line and the Grint Lya line, defining theX-ray soft ex-
cessn CTTS (Gudel, 2006; Telleschi et al, 2007b; Giudel et @02} Gudel and Telleschi,
2007).

Figure[I%a shows th8ratio as a function ofy, comparing CTTS and WTTS with a
larger MS sample (from_Ness et al 2004) and MS solar analogsi (Telleschi et &l 2005).
The trend for MS stars (black crosses and triangles, cfE§e4t[2.11) is evident: as the
coronae get hotter toward highkx, the ratio of Ovii r/Oviil Lya line luminosities de-
creases. This trend is followed by the sample of WTTS, whild € show a systematic
excess. Interestingly, the excess emission itself seewrtelate with the stellar (coronal)
X-ray luminosity diagnosed by the @il Lya flux (Fig.[I8b). The soft excess appears to
depend on stellar coronal activity while it requires acaoet

The origin of the additional cool plasma is thus likely to btated to the (magnetic) ac-
cretion process. One possibility is shock-heated plasrteeaiccretion funnel footpoints as
discussed in Sedi.3.2. Alternatively, the cool, infallimgterial may partly cool pre-existing
heated coronal plasma, or reduce the efficiency of cororeirtgein the regions of infall
(Preibisch et al, 200%; Telleschi et al, 2007b), which caxglain the correlation between
the soft excess and the coronal luminosity. Such a modeldvauthe same time explain
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Table 2 Density measurements in CTTS and Herbig stars basedwnt@plet line fluxe$

Star Spectral Mass @b Electron Reference

type Mo) Z="1]/i density

(cm™3)

Hen 6-300  M(3+3.5) ... 1.0(0.5) »810'°  [Huenemoerder et dl (2007)
TW Hya K8 0.7 0.054(0.045) 1.810'2 |[Robrade and Schmift (2006)
RU Lup K 0.8 0.26(0.23) 4410  [Robrade and Schmift (2007)
BP Tau K5-7 0.7% 0.37(0.16) Xx10*  [Schmitt et Al[(2005)
V4046 Sgr  K5+K7 0.86+0.69 0.33(0.28) %30 [Ghnther et &l(2006)
CR Cha K2 0.64(0.44) 1610 [Robrade and Schnift (2006)
MP Mus K1 1.2 0.28(0.13) 510 [Argiroffi et al (2007)
T Tau KO 2.4 4.0 < 8x10° [Giidel et 4l[(2007b)
HD 104237 A(7.5-8) 2.25 180 6x10'  [Testa et 4l (2008a)
HD 163296 Al 2.3 4.652.6 <2.5x10°  [Glnther and Schrditt (2009)
AB Aur A0 2.7 ~4 <1.3x101  [Telleschi et al[(2007c)

3values generally from references given in last column antién references therein
berrors in parentheses;

Z for HD 104237 refers to the N& triplet, OviI being too weak for detection
Cvalues from Robrade and Schmitt (2007)
dvalues from Gudel et al (2007a)

why CTTS are X-ray weaker than WTTS (Preibisch et al, 2008e3ehi et al; 2007a). In
any case, it seems clear that the soft excess describedrigersan favor of a substantial
influence of accretion on the X-ray production in pre-maigussnce stars.

3.4 Abundance anomalies as tracers of the circumstellaroemaent?

Initial studies of a few accreting TTS, in particular the ¢410 Myr) TW Hya, showed an
abundance pattern in the X-ray source similar to the IFIBcefalthough the Ne/Fe abun-
dance ratio is unusually high, of order 10 with respect tosthlar photospheric ratio, and
the N/O and N/Fe ratios are enhanced by a factee®f

These anomalous abundance ratios have been suggestettr(Stel Schmitt, 2004;
Drake et al| 2005) to reflect depletion of Fe and O in the aimratisk where almost all
elements condense into grains except for N and Ne that rem#ie gas phase. If accretion
occurs predominantly from the gas phase in the higher layketise disk while the grains
grow and/or settle at the disk midplane, then the observedds#mce anomaly may be a
consequence.

Enlarging the sample of surveyed stars has made this piesselear, however. Several
CTTSand non-accreting WTTigave revealed large Ne/Fe raties4 or higher, Kastner etlal
2004a! Argiroffi et al 2005, 2007; Telleschi €t al 2005, 2003bnther et dl 2006), suggest-
ing that accretion is not the determining factor for the atante ratio. Similar ratios are
also found for evolved RS CVn binaries (Audard et al, 2003)wbich the high Ne/Fe is
a consequence of the inverse FIP effect (§ect. 2.5). On e band, thexccretingCTTS
SU Aur reveals a low Ne/Fe abundance ratio of order unity (Radé and Schmitt, 2006;
Telleschi et al, 2007b), similar to several other massiva@ €{Telleschi et al, 2007b).

Partial clarification of the systematics has been presdiytdelleschi et al (2007b) who
found that the abundance trends, and in particular the NedEadance ratios, do not de-
pend on the accretion status but seem to be a function ofrapégbe or surfacdcs, the
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Fig. 14 Comparison of fluxed XMMNewtonRGS X-ray photon spectra of (from top to bottom) the active
binary HR 1099, the WTTS V410 Tau, the CTTS T Tau, the T Tautspetmodeled after removal of absorp-
tion (usingNy = 3x 10?2 cm~2), and the inactive MS star Procyon. Note the strongiQine triplet in T Tau,
while the same lines are absent in the spectrum of the WTT®Wal. (Adapted frorn Gudel and Telleschi
2007.)

later-type magnetically active stars showing a strongt? Hifect (larger Ne/Fe abundance
ratios). The same trend is also seen in disk-less zero-agesegquence stars. Further, the
same statistical study showed that the Ne/O abundanceisatidthin statistical uncertain-
ties, indistinguishable between WTTS and CTTS (excludiMg Hlya, see below), arguing
against accretion of selectively depleted disk materigthé@se objects.

Anomalously high Ne/O abundance ratios remain, howevemfé Hya (Stelzer and Schmiitt,
2004) and V4046 Sgr (Gunther etlal, 2006) when compareckttyfiical level seen in mag-
netically active stars or TTS. Drake €tlal (2005) proposeditie selective removal of some
elements (e.g., O) from the accretion streams should ogdyrimold accretion disks such
as that of TW Hya where coagulation of dust to larger bodiemgoing, whereas younger
TTS still accrete the entire gas and dust mix of the inner.disbwever, the old CTTS
MP Mus does not show any anomaly in the Ne/O abundance ratmirOfi et al,[2007).
Larger samples are needed for clarification.
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3.5 Summary: Accretion-induced X-rays in T Tauri stars

The present status of the search for accretion-inducedy>enaission and current open
problems can be summarized as follows:

— Densities higher than typical for non-flaring coronal plasice.,ne > 10! cm=3, are
seen in the majority of CTTS. A clear exception is T Tau.

— Densities scatter over a wide range; this may be the resudt wdriety of accretion
parameters (Gunther et al, 2007; Robrade and Schmitt})2007

— While TW Hya’s X-ray emission is dominated by an unusualljt ®@mponent, es-
sentially all other CTTS are dominated by much hotter plasaith principal electron
temperatures mostly in the 5-30 MK range, similar to cordeaiperatures of mag-
netically active, young main-sequence stars. The presafftares is also indicative of
coronal emission dominating the X-ray spectrum.

— A “soft excess”, i.e., anomalously high fluxes observedrediforming at low temper-
atures, e.g., the @i line triplet, is seen only in accreting TTS and is therefdkely
to be related, in some way, to accretion. However, a coroglatith the coronal lumi-
nosity points toward a relation with coronal heating as wHtle two relations can be
reconciled if the soft excess is due to an interaction of dwetion streams with the
coronal magnetic field (Gidel and Telleschi, 2007).

— While TW Hya’s anomalously high Ne abundance (Drake andal@§i05) and the low
abundances of refractory elements (such as Fe br O, Stelde&8chmitt 2004) may be
suggestive of heated accretion streams from a circumsti, other CTTS do not
generally show abundance anomalies of this kind. Low abwetaof low-FIP elements
are a general characteristic of magnetically active stegardless of accretion. And
finally, element abundances appear to be a function of sjegpe or photospheric
effective temperature in CTTS, WTTS, and young main-secgistars while accretion
does not matter (Telleschi el al 2007b).
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— If accretion streams are non-steady, correlated X-ray quidad/ultraviolet time vari-
ability should be seen during “accretion events” when thesracretion rate increases
for a short time. Despite detailed searches in long timeesexf many CTTS, no such
correlated events have been detected on time scales ofewitmihours. (Audard et al,
2007) or hours to days (Stassun et al, 2006).

Accretion-induced X-ray radiation is clearly a promisingechanism deserving detailed fur-
ther study and theoretical modeling. Observationally, shmple accessible to grating ob-
servations remains very small, however.

3.6 X-rays from Herbig stars

Herbig Ae/Be stars are defined afier Herhig (1960) as youtgrrediate-mass~(2 —
10 M) stars predominantly located near star-forming regiohgyTeveal emission lines in
their optical spectra, and their location in the HertzsprRussell diagram proves that they
are pre-main sequence stars. Herbig stars are therefosédeoed to be the intermediate-
mass analogs of TTS. This analogy extends to infrared eonissdicative of circumstellar
disks.

Like their main-sequence descendants, B and A-type starbidistars are supposed to
have radiative interiors, lacking the convective envetopEsponsible for therco magnetic
dynamo in late-type stars. Fossil magnetic fields left ovemfthe star formation process
may still be trapped in the stellar interior. Transient ation may, however, be present
during a short phase of the deuterium-burning phase in & (ela and Stahler, 1993). A
dynamo powered by rotational shear energy may also prodime surface magnetic fields
(Tout and Pringle, 1995). Magnetic fields have indeed beégcteEd on some Herbig stars
with longitudinal field strengths of up to a few 100 G (el.g.,na6 et €l 1997|;, Hubrig etlal
2004; Wade et al 2005).

X-ray observations provide premium diagnostics for maigniélds in Herbig stars
and their interaction with stellar winds and circumstettaaterial. Surveys conducted with
low-resolution spectrometers remain, however, ambigubany Herbig stars are X-ray
sources|(Damiani etlal, 1994; Zinnecker and Preibisch./;J98Mmaguchi et al, 2005), with
Lx /Lol = 1077 — 1074, i.e., ratios between those of TTS (0- 10°3) and O stars#
1077). This finding may suggest that undetected low-mass coroparire at the origin of
the X-rays (e.g!, Skinner etlal 2004; the “companion hypiig The companion hypoth-
esis is still favored for statistical samples of Herbig siacluding multiple systems studied
with Chandra’shigh spatial resolution (Skinner et al, 2004; Stelzer/e2@06) 2009).

The X-ray spectra of Herbig stars are clearly thermal;, mesiate-resolution CCD
spectra show the usual indications of emission lines, p&otined at rather high tempera-
tures (Skinner et al, 2004). High electron temperatuse$d MK) derived from spectral fits
as well as flares observed in light curves further supporttmpanion hypothesis for Her-
big star samples, as both features are common to TTS (Ginedlial, 2004; Skinner et al,
2004; Hamaguchi etlal, 2005; Stelzer et al, 2006). On therdthad,Ly correlates with
wind properties such as wind velocity or wind momentum flux ¢ot with rotation param-
eters of the Herbig stars), perhaps pointing to shocks itableswinds as a source of X-rays
(Damiani et al, 1994; Zinnecker and Preibisch, 1994).

High-resolution X-ray spectroscopy has now started réwgalew clues about the origin
of X-rays from Herbig stars. The first such spectrum, rembkig|Telleschi et al (2007 c)
from AB Aur (Fig.[18), is at variance with X-ray spectra fronTTS in three respects:
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Fig. 16 XMM -Newtongrating spectrum of the Herbig star AB Aur (lower panel) camga with the spec-
trum of the CTTS SU Aur (upper panel). Note the softer appearaf the AB Aur spectrum (e.g., absence
of a strong continuum) and also thev triplet at 224 indicating low densitiemndthe absence of a strong
UV radiation field in the X-ray source. (Adapted from Telleset all 2007c.)

First, X-rays from AB Aur are unusually soft (compared to gexh Herbig X-ray samples
or TTS); electron temperatures are found in the range of 2K7 $cond, the X-ray flux
is modulated in time with a period consistent with periodsasuged in optical/UV lines
originating from the stellar wind. And third, the @ line triplet indicates a higt /i flux
ratio (Sect 2.313) in contrast to the usually low valuesiseeCTTS.

In the case of sufficiently hot star&f = 10* K), the f /i ratio of the X-ray source not
only depends on the electron density (Sect. 2.3.3) but alsbepambient UV radiation field.
In that case,

f Zo
i 1+ @/@+ne/Ne

where%, is the limiting flux ratio at low densities and negligible ratibn fields,N. is the
critical density at whict¥Z drops to%y,/2 (for negligible radiation fields), angk is the crit-
ical photoexcitation rate for thts;, —3 P12 transition, whilep characterizes the ambient UV
flux. The ratiogp/ @ can be expressed usifigs and fundamental atomic parameters (for ap-
plications to stellar spectra, see Nesslet al 2002 and,fejadlgi for AB Aur, Telleschi et al
2007c). A highf /i ratio thus not only requires the electron density to be lgp10' cm=3;
Table2) but also the emitting plasma to be located suffilsiéat away from the strong pho-
tospheric UV source. Considering all X-ray properties of ABr, [Telleschi et all (2007c)
suggested the presence of magnetically confined winds shdtlese shocks form in the
equatorial plane where stellar winds collide after flowiigng the closed magnetic field
lines from different stellar hemispheres (see also $e@j. As this shock is located a few
stellar radii away from the photosphere, a high ratio is easily explained.

HD 104237 is another Herbig star observed with X-ray gratififesta et al, 2003b).
This object is of slightly later spectral type (A7.5 Ve - A8)\Mban the other Herbigs ob-
served with gratings, implying that the photospheric rédiefield is irrelevant for thef /i
ratio of the He-like OviI, Neix, Mg xI, and Sixiil triplets. At first sight, both the low-
resolution spectrum (Skinner etlal, 2004) and the hightiso grating spectrum (Testa et al,
2008b) indicate high temperatures similar to TTS, and iddeB 104237 is accompanied

B = (16)
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by a close (0.15 AU), relatively massive K3-type companieee( Testa etlal 2008b and ref-
erences therein). However, an anomalously cool componethei spectrum and rotational
modulation compatible with the measured rotation periodhef Herbig star point to the
latter as the source of the softer emission (Testa et al, A00#hile much of the harder
emission may originate from the K-type T Tauri companionisTihterpretation fits well
into the emerging picture of Herbig X-ray emission sketchbdve although the origin of
the soft emission (magnetically confined winds, accretioocks, jet shocks [see below],
cool coronae induced by shear dynamos) needs further igatisn.

The third Herbig star observed at high resolution in X-r&y®,163296, had previously
attracted attention as another unusually soft X-ray so(@eeartz et al| 2005). Although
the latter authors suggested that the soft emission is daedtion shocks in analogy
to the mechanism proposed for CTTS, grating spectra paiiffeaeht picture: again, the
f /i flux ratio is high, requiring the X-ray source to be located@ane distance from the
stellar surface and to be of low density (Giinther and Sdh20i09; Tabld R). Although a
similar model as for AB Aur may be applicable, HD 163296 ididiguished by driving a
prominent jet marginally indicated in an image taken byARDRA (Swartz et al, 2005). A
possible model therefore involves shock heating in jetgjireng an initial ejection velocity
of 750 km s1, but shock heating at such velocities is required only famatfon of~1%
of the outflowing mass (Gunther and Schmitt, 2009).

3.7 Two-Absorber X-ray spectra: evidence for X-ray jets

Shocks in outflows and jets may produce X-ray emission. Teahshocks between jets
and the interstellar medium, forming “Herbig-Haro (HH) etis”, are obvious candidates.
Sensitive imaging observations have indeed detectedXaiay sources at the shock fronts
of HH objects (e.g., Pravdo etlal 2001). Shocks may also fotermally to the jet, close to

the driving star. Such X-ray sources have been found closleete@lass | protostar L1551
IRS5 (Favata et al, 2002; Bally et al, 2003) and the CTTS DG(Giidel et al, 2008). The

faint low-resolution spectra are soft and indicate temioees of a few million K, compatible

with shock velocities of a few 100 knr$.

X-ray spectra of several very strongly accreting, jetiddvCTTS exhibit a new spectral
phenomenology (Fid._17, Taklé 3): These “Two-Absorber X-f@AX) spectra reveal a
cool component subject to very low absorption and a hot corapbsubject to absorption
about one order of magnitude higher. The temperature ofdbboomponent; ~ 3—6 MK,
is atypical for TTS.

The hard component of TAX sources requires an absorbingolggdr column density
Ny = 1072 cmi2, higher by typically an order of magnitude than predictemhrfithe visual
extinction Ay if standard gas-to-dust ratios are assumed (Gudel et dlc280d references
therein). Because the hard component requires electropetetures of tens of MK and
occasionally shows flares, it is likely to be of coronal amigihe excess absorptionan
be generated by accretion streams falling down along thenetaxfield lines and absorbing
the X-rays from the underlying corona. Teecess absorption-to-extinctigor equivalently,
N1 /Av) ratio then is an indicator of dust sublimatiche accreting gas streams are dust-
depleted which is to be expected given that dust is heated to sulibma¢mperatures{
1500 K) at distances of several stellar radii.

In contrast,Ny of the soft component itower than suggested from the stellAy.

A likely origin of these very soft X-rays ithe base of the jefGudel et al] 2007c), sug-
gested by i) the unusually soft emission compatible withjétespectrum, ii) the lowNy
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Fig. 17 Left (a): Spectrum of the Two-Absorber X-ray source DG Tale $oft and the hard components are
indicated. The solid histograms show model fits. (Adaptechfzudel et &l 2007c.) — Right (b): Spectrum of

FU Ori. Note the essentially flat appearance between 0.6 ke\7&eV, with two broad peaks related to two

different spectral components absorbed by different ghsmous. (From _Skinner et/al 2006b, reproduced by
permission of the AAS).

Table 3 TAX sources: X-ray parameters and general propérties

Soft component Hard component
Star Ay Nh,s Ts Ly Nhh LU
(mag) (162cm=2)  (MK) (10¥ergs ) (10R2cm2) (MK) (102 ergs?)
DG Tau 15-3 0.11 37 0.96 1.8 69 5.1
GV Tau 35 0.12 5.8 0.54 4.1 80 10.2
DP Tau 1.2-15 =0 3.2 0.04 3.8 61 11
HN Tau 0.15 2.0,6.6 1.46 11 62 35
CW Tau 2-3
FU Ori 1.8-24 042 7.8 2.7 8.4 83 53
Beehive 0.08 6.6 6.3 41

a8 X-ray data and\y for Taurus sources from Gudel et al (2007a) and Gudel &Q4c); for FU Ori, see
Skinner et al|(2006b), and for Beehive, see Kastner ¢t al5(R00dex “s” for soft component, “h” for
hard component.

b Ly for 0.1-10 keV range (for FU Ori, 0.5-7.0 keV), in units of2@rg s1

values, and iii) the explicit evidence of jets inHENDRA imaging (Gudel et al, 2008).
Schneider and Schmitt (2008) supported this scenario bydstrating that the soft compo-
nent is very slightly offset from the harder, coronal comgrairin the direction of the optical
jet. We also note that some CCTS with jets show blueshifts¥m &xd Ciii lines (forming

at a few 10 K) as observed iffUSEspectra, again suggesting shock-heated hot material in
jets (Gunther and Schmitt, 2008).

We should note here that one of the sources listed in TdbléJ30F, is an eruptive
variable presently still in its outburst stage (which hasdd for several decades). This object
is discussed in the context of eruptive variables belowt(&e8).
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3.8 X-rays from eruptive variables: coronae, accretiond,\@mds

A small class of eruptive pre-main sequence stars deseresrhentioned for their peculiar
X-ray spectral behavior, both during outbursts and duriggi€scence”. They are roughly
classified into FU Orionis objects (FUors henceforth) and I&Xi objects (EXors). For
reviews, we refer to Herhlig (1977) and Hartmann and Keny886).

The classical FUors show optical outbursts during whichsystems’ brightness in-
creases by several magnitudes on time scales of 1-10 yrshandlecays on time scales
of 20-100 yr. The presently favored model posits that thghitmiess rises owing to a strongly
increasing accretion rate through the circumstellar diskr( 107 Mg, yr—1to 104 M, yr—1).
FUor outbursts may represent a recurrent but transienephagng the evolution of a TTS.
EXors show faster outbursts with time scales of a few mordlasfew years, smaller ampli-
tudes (2—-3 mag) and higher repetition rates.

The first FUor X-ray spectrum, observed from the prototypedtuitself, shows a phe-
nomenology akin to the TAX spectra discussed for the jet@mi(Sect _3]7; Fid. 17b),
but with notable deviations (Skinner etlal 2006b; TdHle 3jstFthe cooler and less ab-
sorbed spectral component shows a temperaturg KK) characteristic otoronal emis-
sion from TTS, with an absorption column density compatilith the optical extinction.
An interpretation based on shocks in accretion flows or gthus unlikely, and jets have
not been detected for this object although it does shed asteygg wind, with a mass loss
rate of My ~ 10~ M, yr 1. The hard spectral component shows very high temperatures
(T ~ 65— 83 MK), but this is reminiscent of TAX sources. Possible msder the two-
absorber phenomenology include patchy absorption in wérigission from the cooler coro-
nal component suffers less absorption, while the dominattehcomponent may be hidden
behind additional gas columns, e.g., dense accretiomssrefsbsorption by a strong, neutral
wind is an alternative, although this model requires anmnbgeneous, e.g., non-spherical
geometry to allow the soft emission to escape along a pathlaiter absorption.

The above X-ray peculiarity does not seem to be a definingeptpf FUors; X-ray
emission from the FUor V1735 Cyg does neither show TAX phestology nor anoma-
lous absorption but does reveal an extremely hard specteminiscent of the hard spec-
tral component of FU Ori_(Skinner et al, 2009). It is also waclwhether the spectral phe-
nomenology is related with the outburst status of the staot) FU Ori and V1735 Cyg
have undergone outbursts, starting about 70 years and 50ag®a (e.gl, Skinner ellal 2009
and references therein), and the former is still in its deatj phase.

Two objects, both probably belonging to the EXor group, hbeen observed from
the early outburst phase into the late decay. The first, V1IBd4y7 revealed a rapid rise
in the X-ray flux by a factor ot 30, closely tracking the optical and near-infrared light
curves|(Kastner etlal, 2004b, 2006). The X-ray spectra tesleahardening during the peak
emission, followed by a softening during the decay. The diisg column density did not
change. Measured temperatures of orderl®’ K are much too high for accretion or out-
flow shocks; explosive magnetic reconnection in star-disigmetic fields, induced by the
strong rise of the disk-star accretion rate, is a possibditd such events may be at the ori-
gin of ejected jet blobs (Kastner et al, 2004b). The pictdrenthanced winds or outflows is
supported by a gas-to-dust mass ratio enhanced by a fa¢teo diuring outburst, compared
to standard interstellar ratias (Grosso et al, 2005).

A very different picture arose from the EXor-type eruptidrvd 118 Ori (Audard et al,
2005; Lorenzetti et al, 2006). While the optical and ne#raired brightness increased by 1—
2 magnitudes on a time scale of 50 days, the X-rays variedloywno more than a factor
of two; however, the X-ray emission cleardpftenedduring the outburst, suggesting that
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the hot plasma component disappeared during that episodes#ible model involves the
disruption of the outer, hot magnetospheric or coronal retigioops by a disk that closed
in as a consequence of the increased accretion rate (Autar®e05).

3.9 X-rays from circumstellar environments: Fluorescence

X-rays from TTS and protostars surrounded by circumstelisks (and possibly molecular
envelopes) inevitably interact with these environments. tRe observer, this is most evi-
dent in increasingly large X-ray attenuation toward stdsaolier evolutionary stages. The
responsible photoelectric absorption mechanism ionisdssdirfaces or envelopes quite ef-
ficiently (Glassgold et al, 1997), which has important copsamces for chemistry, heating,
or accretion mechanisms.

Here, we discuss direct evidence for disk ionization frorriscent emission by “cold”
(weakly ionized) iron. In brief, energetic photons emitbgda hot coronal source eventually
hitting weakly ionized or neutral surfaces may eject arlectron from Fe atoms or ions.
This process is followed by fluorescent transitions, thetraficient of which is the 21p
Fe Ka doublet at 6.4 keV, requiring irradiating photons with jies above the correspond-
ing photoionization edge at 7.11 keV. The transition is kndvom X-ray observations of
solar flares, in which case fluorescence is attributed toyXfradiation of the solar photo-
spherel(Bai, 1979). The physics of fluorescent emissionrigpapatively simple although
radiative transfer calculations are required for accurateeling (e.g., Drake et al 2008b).

The same radiation can also be generated by impact ionizdtie to a non-thermal
electron beam (Emslie et al, 1986), a mechanism that woukkpected in particular dur-
ing the early phases of a flare when high-energy electronsiaradant| (Dennis, 1985).
Excitation by high-energy electrons is a rather inefficipracess, however (Emslie et al,
1986; Ballantyne and Fabign, 2003).

Although fluorescent emission is prominent in accretiokslsround compact objects,
detection around normal stars is relatively recent. Olagems of the 6.4 keV Fe & line
require a spectral resolving power sf50 in order to separate the line from the adjacent,
and often prominent, 6.7—-7.0 keV Kgv-xxVvI line complex from hot plasma. An unam-
biguous detection was reported|by Imanishi et al (2001) whiod strong 6.4 keV line flux
during a giant flare in the Class | protostar YLW 16A (in theDph dark cloud) and at-
tributed it to irradiation of the circumstellar disk by Xysafrom hot coronal flaring loops.

Detectable Fe fluorescence has remained an exception amiorng @ protostars, but
a meaningful sample is now available (Tsujimoto gt al 200§{8a), with several unex-
pected features deserving further study. Specificallgnstifluorescence in the Class | pro-
tostar Elias 29 (in th@ Oph region) appears to be quasi-steady rather than retatdbng
X-ray flares |(Favata et/al, 2005); even more perplexing, thekéV line is modulated on
time scales of days regardless of the nearly constantisk¥elay emission; it also does not
react to the occurrence of appreciable X-ray flares in the tigrve (Giardino et al, 2007b).
The latter authors suggested that here we see 6.4 keV emiis#oto non-thermal electron
impact in relatively dense, accreting magnetic loops. Githe high density, the electrons
may not reach the stellar surface to produce evaporatiomamnck, an X-ray flare. The long
time scale of this radiation is, however, still challengtogexplain.

Occasionally, the fluorescence line dominates the 6—7 kgdmeentirely. An example
is NGC 2071 IRS-1 in which a very broad and bright 6.4 keV featfrig.[18b) requires an
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Fig. 18 Left (a): Evidence for an Fe fluorescence line at 6.4 keV @efow) next to the 6.7 keV feature of

highly ionized Fe (right arrow); best-fit models includingharrow line at 6.4 keV, as well as the residuals
(bottom panel) are also shown. (From Tsujimoto et al 20Q&oduced by permission of the AAS.) — Right
(b): Spectrum of the deeply embedded infrared source NGQ ER3-1; note the flat spectrum. The 6-7 keV
region is entirely dominated by the 6.4 keV feature. (Frorm&ér et al 2007, reproduced by permission of
the AAS.)
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Fig. 19 Left (a): Medium-resolution spectrum of the flaring protws¥1486 Ori showing a 6.4 keV iron line
with very little contribution from the 6.7 keV Pexv feature (see also inset). — Right (b): The solid light curve
refers to the 6.1-6.7 keV spectral range during the same fldniée the dashed line shows the integrated 2—
9 keV light curve. Note that the:6.4 keV emission peaks early in the flare. (Fitom Czesla anthB?007.)

absorbing column density e 107* cm—2 for fluorescence, larger than the column density
absorbing the rest of the spectrum (Skinnerlet al, 2007).

A connection with the initial energy release in a protostellare is seen in the case of
the Class | star V1486 Ori in which strong 6.4 keV line flux igsealuring the rise phase
of a large soft X-ray flare (Czesla and Schrnitt 2007; Eig. b8;dverage quiescent + flare
spectrum of this object is shown in Hig]18a). A relation witle telectron beams usually
accelerated in the initial “impulsive” phase of a (solarydlas suggestive, although this
same flare phase commonly also produces the hardest thernagl 3pectra. In any case,
the extremely large equivalent width requires special dmrt; detailed calculations by
Drake et all(2008b) suggest fluorescence by an X-ray flareppwbscured by the stellar
limb.



45

4 X-rays from hot stars

In the Hertzprung-Russell diagram, the top of the main secgibarbours stars with spectral
types O and early B, which are the hottest objects of theastptipulation £20 kK). They
also are the most luminous (D) and the most massive (MLO M., stellar objects. Early-
type stars emit copious amounts of UV radiation which, tgiovesonance scattering of
these photons by metal ions, produce a strong outflow of imht&ypically, the mass-loss
rate of this stellar wind is about I0M, yr—! (i.e. 1¢ times the average solar value!) while
the terminal (i.e. final) wind velocity is about 2000 km's Though rare and short-lived
(<10 Myr), hot stars have a profound impact on their host gexNot only are they the
main contributors to the ionizing flux, mechanical inputdamemical enrichment but they
can also be the precursors/progenitors of supernovaeonestiars, stellar black holes and
possibly gamma-ray bursts. Therefore, an improved uralelgig of these objects, notably
through the analysis of their high-energy properties, ead to a better knowledge of several
galactic and extragalactic phenomena.

X-ray emission from hot stars was serendipitously discedevith the Einstein satellite
thirty years aga (Harnden et al, 1979). One month after Ein'stlaunch, in mid-December
1978, calibration observations of Cyg X-3 revealed thegues of five additional sources to
the North of that source. Dithering exposures showed thestetimoderately bright sources
followed the motion of Cyg X-3, indicating that they were miote to contamination of the
detector, as was first envisaged. A comparison with optigabies finally unveiled the nature
of these sources: bright O-type stars from the Cyg OB2 aasouni This discovery was
soon confirmed by similar observations in the Orion and Ganiebulael (Ku and Chanan,
1979; Seward etlal, 1979). The detection of high-energy sionisassociated with hot stars
confirmed the expectations published in the same year byir@edisand Olson|(1979), who
showed that the “superionization” species (e.g.,XD V1) observed in the UV spectra could
be easily explained by the Auger effect in the presence djrfigant X-ray flux.

Since then, hot stars have been regularly observed by tleessice X-ray facilities:
indeed, only X-rays can probe the energetic phenomena &tiwdhese objects. However,
the most critical information was only gained in the past years thanks to the advent
of new observatories, XMMNewtonand GHANDRA, which provided not only enhanced
sensitivity but also the capability of high-resolution sfvescopy.

4.1 Global properties
4.1.1 Nature of the emission

Medium and high-resolution spectroscopy (see Figk. 20 dhdhave now ascertained that
the X-ray spectrum of hot stars, single as well as binarsaspmposed of discrete lines from
metals whose ionization stages correspond to a (relajivelsrow range of temperatures.
These lines can be superimposed on a (weak) continuum hraimssg emission. The X-
ray spectrum thus appears mainly thermal in nature.

However, some hot, long-period binaries display non-tlerradio emission, which
clearly reveals the presence of a population of relatwistectrons in the winds of these
objects. Such relativistic electrons are likely accekmtdiy diffuse shock acceleration pro-
cesses taking place near hydrodynamic shocks inside ort (pnolably) between stellar
winds (for a review, see De Becker 2007). The possibility tigh-energy counterpart to
this radio emission was investigated by Chen and White (19®1this domain, inverse
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Fig. 20 Medium and high-resolution X-ray spectra of the massivéesy$ Car (B0.2V+ late B:), as observed
by XMM -Newton The high-resolution spectrum distinctly shows lines fidrike and He-like ions, as well
as lines associated with L shell transitions in iron ionertfiNaze and Raulw 2008).

Compton scattering is expected to boost a small fractiorhefample supply of stellar

UV photons to X-ray energies. To be detectable, such nomaleX-ray emission needs
to be sufficiently strong compared to the thermal X-ray eioissThis preferentially hap-

pens in short-period binaries, where the wind-wind inttoa¢ and hence particle accel-
eration, takes place close to the stars and thus inside die photosphere, rather than in
long-period binaries, where the interaction is locatethierr away, outside the radio photo-
sphere: the list of binary systems with non-thermal X-res/thius expected to differ from

that of non-thermal radio emitters (De Becker, 2007). Haveno convincing evidence
has yet been found for the presence of non-thermal X-raystomisonly two candidates

(HD 159176| De Becker etial 2004, and FQ15, Albacete Colomidd\icela 2005) present

some weak indication of a possible non-thermal componethigin spectra. In addition, the
observed non-thermal emission of some binary systemsagplears problematic, like e.g.
for Cyg OB2 #8A (Rauw, 2008). Further work is thus needed tthesthis question, and the

answer may have to wait for the advent of more sensitiveungnts, especially in the hard
X-ray/soft gamma-ray range.

4.1.2 Temperatures

Except in the case of some peculiar objects (see Jecld. &%,tHe X-ray spectrum of
single hot stars appears overall quite soft. Fits to medieselution spectra with optically-
thin thermal plasma models in collisional ionization eduilm (e.g.mekal, aperalways
favor main components with temperatures less than 1 keVORstars, the best fits to good
quality data can usually be achieved by the sum of two thecorlponents at about 0.3 and
0.7-1keV (e.g. the O stars in the NGC 6231 cluster, San& €061, 2and in the Carina OB1
association, Antokhin et/ al 2008).

High-resolution spectroscopic data of 15 OB stars wereyaedlin a homogeneous way
by [Zhekov and Palla (2007) for the case of X-ray emitting eegidistributed throughout
the wind (see Sedf. 4.2 for details). The distribution of diféerential emission measure
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Fig. 21 High-resolution X-ray spectra of a B st& Car, top, adapted from Nazé and Rauw 2008), an O-star
(¢ Pup, middle), and a WR staf (Mus, bottom). (For the last two: data taken from the 2XMM batze)

(DEM) as a function of temperature displays a broad peakecedton 0.1-0.4keV (i.e. a
few MK, see also a similar result obtained for 9 OB stars byd#aiski and Schulz 2005),
confirming the soft nature of the spectrum. A tail at high temagures is sometimes present
but is always of reduced strength compared to the low-teatper component. The only
exceptions to this scheme are two magnetic objects (sedZ@cand the otherwise normal
O-type star{ Oph KT ~0.5-0.6 keV). In general, no absorbing column in additiothi®
interstellar contribution was needed in the fits, suggggtie absorption by the stellar wind
to be quite small (Zhekov and Palla 2007, see also Sana e0&).20

4.1.3 Lk /Ly relation

Already at the time of the discovery, Harnden et al (1979pssted that a correlation exists
between the X-ray and optical luminosities. Such a relatias soon confirmed and slightly
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Fig. 22 Lx — Lpo relations for OB stars in RASS, for OB stars in NGC 6231 andQostars in Carina
OBL1. Peculiar objects or problematic objects are shown &n gymbols. (Figures based on data from
Berghofer et &l 1997: Sana el al 2006: Antokhin let al 2008)

revised to a scaling law between unabsorbed X-ray and bataiaminositied of the
form L&“ab% 107 x Lpgl (see e.d. Pallavicini et al 1981). Sciortino etlal (1990)rexed
the possibility of correlations with other properties oésle hot stars but could not find any
evidence for relations with the rotation rate (contraryatettype stars), the terminal wind
velocity nor the mass-loss rate (though combinations afcigt and mass-loss rates gave
good results, see below). More recerntly, Berghofer et297) re-evaluated this scaling law
using data from the ROSAT All-Sky Survey (RASS). Their riglat(see Tabl€l4) presents
a large scatterd of 0.4 in logarithmic scale, or a factor 2.5) and flattens @ersbly below
Lpol ~ 108 erg s°1, i.e. for mid and late B stars.

With the advent of XMMNewtonand GHANDRA, a more detailed investigation of
this so-called “canonical” relation became possible. Bathan conducting a survey, the
new studies rely on detailed observations of rich open etasand associations, notably
NGC 6231 (XMM-Newton|Sana et &l 2006), Carina OB1 (XMMewton |Antokhin et &l
2008), Westerlund 2 (GANDRA,INazé et &l 2008a), Cyg OB2 {BNDRA, Albacete Colombo etlal
2007). The derived.x — Ly relations are listed in Tablel 4. For NGC 6231 and Carina
OB1, the stellar content and reddening are well known, émgla precise evaluation of
both the bolometric luminosity and the reddening correctmbe applied to the observed
X-ray flux. In both cases, thex — Ly relation appears much tighter (dispersion of only
40%) than in the RASS analysis. For Westerlund 2 and Cyg OBR,optical proper-
ties are less constrained, naturally leading to a largettescén the latter case, hints of a
steeper relation were found for giant and supergiant stargared to main-sequence ob-
jects (Albacete Colombo et al, 2007) but this needs to be oadl.

The question arises about the actual origin of the diffezelpetween the RASS and
XMM -Newtonresults. Part of the answer lies in the differences betweenlatasets, and
differences in data handling. On the one hand, the RASSges\a large sample of hot stars,
covering all spectral types, but generally with only apjmate knowledge of the optical
properties (spectral types taken from general catalodensdric luminosities taken from
typical values for the considered spectral types). Theyminosities were derived from
converting count rates using a single absorbing column asidghe temperature matching
the observed hardness ratios best. On the other hand, teerchlusters provide a smaller
sample but have undergone an intensive optical spectrizstmmitoring, leading to a better
knowledge of their stellar content. In addition, the X-ragninosities were derived from fits

3 Indeed, for stars of similar spectral type and intersteilasorption, both relations are equivalent.
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Table 4 Lx — Ly relations for O-type stars from the literature

Region Relation Energy band Reference

RASS log.x=1.08logLpo—11.89  0.1-2.4keV Berghofer et al (1997)

NGC 6231 lod-x=—6.912logLpg 0.5-10.0keV _Sana et al (2006)

NGC 6231 lod-x=—7.011logLpq 0.5-1.0keV Sana et al (2006)

NGC 6231 lod-x=—7.578logLpo 1.0-2.5keV Sana et al (2006)

Cyg OB2 log.x ~ —7logLpo 0.5-8.0keV Albacete Colombo et al (2007)
Carina OB1  lod.x=—6.58logLpg 0.4-10.0keV _Antokhin et al (2008)

Carina OBl  lod.x=—6.82logLpo 0.4-1.0keV Antokhin et al (2008)

Carina OBl  lod.x=—7.18logLpg 1.0-2.5keV Antokhin et al (2008)

to the medium-resolution spectra. However, it remains tsden whether the distinct data
analyses are sufficient to explain all the differences irstteter. One additional distinction
between the datasets concerns the nature of the sampfedtasters represent a homoge-
neous stellar population with respect to age, metallieibd chemical composition, while
the RASS analysis mixed stars from different clusters akagdleld stars. The RASS scatter
of theLx — Ly relation could thus be partly real, and additional invesimns, comparing
more clusters, are needed. Notably, the study of high- omwitallicity stellar populations
would be of interest to better understand the X-ray emisa®m whole. A first step in
this direction was recently done by Chu et al. (in prepantidheir 300 ks observation of
the LMC giant Hi region N11 revealed aby — Ly relation some 0.5 dex higher than in
NGC 6231. However, it is not yet clear if the observed OB staes‘normal”, single objects
or overluminous peculiar systems (see Séct$[4.5, 4.6).

It might also be worth to note that the — Ly relation was investigated in different
energy bandd (Sana et al, 2006; Antokhin let al, 2008). The tigrrelation exists in both
soft (0.5-1 keV) and medium (1-2.5 keV) energy bands, buiksrelown in the hard band
(2.5-10keV). While the scatter due to a poorer statistims€l number of counts) cannot
be excluded, it should be emphasized that the hard bandisralse sensitive to additional,
peculiar phenomena whose emission is expected to be haodéras non-thermal emission,
emission from magnetically-channeled winds (see $ed}. dté. Indeed, even if such phe-
nomena negligibly contribute to the overall level of X-rayission, they could significantly
affect the hard band.

Although a well established observational fact, the— Ly relation is still not fully
explained from the theoretical point-of-view. Qualitadiy, it can of course be expected
that the X-ray luminosity scales with the stellar wind pndjes (density, momentum or
kinetic luminosity) if the X-ray emission arises in the wifgke Secf_412). Since the wind
is actually radiatively driven, these quantities shoulgetel on the global level of light
emission, i.e. orby. However, the exact form of the scaling relation is diffidoltpredict.
Owocki and Cohen (1999) made an attempt to explain the gcidim in the context of a
distributed X-ray source. Considering that the volumenijlfactor varies ag®, they found
thatLy scales a$M /v.,)1* if the onset radius of the X-ray emission is below the radius o
optical depth unity (optically thick case), al(lls'fl/vm)2 otherwise. Adding the dependence
of the wind parameters to the bolometric luminosity, onellfingets the observed scaling
for s values of—0.25 or—0.40 in the optically thick case. For less dense winds (afic
thin case)Lx should be proportional th27°735 i.e. the power law becomes steeper, as
possibly observed for early B stars (Owocki and Cohen, 1968 however below). In this
context, it may be interesting to note that recent high{tggm observations of Ori seem
to favor constant filling factors (i.e.= 0 or f Or9,|Cohen et &l 2006).
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Finally, recent studies have confirmed that the “canonit&l™ Ly relation only ap-
plies forLye > 10°8 erg s°1, i.e. down to BO-1 stars. It then breaks down at lower luniinos
ties, withLy /Ly ratios two orders of magnitude smaller at B3 than at|B1 (Qadiset al,
1994 Cohen etlal, 1997). Some authors therefore questishether B stars should emit at
allin the X-ray domain. Indeed, these stars lack both preatfigins of X-ray emission (see
Sect[4.2): strong stellar winds, except maybe for theestriiubtypes, and developed coro-
nae (because of the absence of a subsurface convective Hawever, when detected, the
X-ray emission from B stars appears to be related to thewrbetric luminosity, although
with a shallower scaling law (see Fig.]122). This stronglygesis an intrinsic origin for
the high-energy emission, and would request a revisionetthirent models. On the other
hand, only a small fraction of these objects are detectetieiiRASS, the detection fraction
was less than 10% for B2 and later objects (Berghofer et98l7); in NGC 6231, it is 24%
for BO—B4 stars but only 7% for B5 and later objects (Sana,e2@06). Moreover, when
detected, their spectra are often quite h&® (1 keV) and many X-ray sources associated
with B stars present flares: these properties are more typigae main sequence (PMS)
objects, suggesting that the detected X-ray emission frostaB actually corresponds to
that of a less massive, otherwise hidden PMS companion.

4.1.4 A relation with spectral types?

High-resolution X-ray spectroscopy allowed Walbarn (20@8examine the metal lines in
search of systematic effects related to the spectral fileestsdn, as are well known in the
UV and optical domains. At first sight, the overall X-ray spaseem to shift towards longer
wavelengths for later types, and ratios of neighbouringdifrom the same element but at
different ionization stages (e.g. Mé&Neix, Mg x11/Mg x1, Six1v/Sixl1) are seen to evolve
or even reverse. These trends clearly call for confirmatgingia larger sample but, if real,
they would have to be explained by theoretical models.

4.2 Origin of the X-ray emission: insights from high-resau spectroscopy

Different origins for the high-energy emission of hot staese proposed in the first decades
after its discovery. Observational tests are indeed crteidistinguish between the models.
Not surprisingly, the strongest constraints were derively cecently with the advent of
high-resolution spectroscopy. The new results lead to fivations of the original models,
which also affect other wavelength domains.

4.2.1 Proposed models and a priori predictions

The first proposed model to explain the X-ray emission frormdtars was a corona at the
base of the wind, analogous to what exists in low-mass sters€.g. Cassinelli and Olson
1979). However, several observational objections agansh models were soon raised.
First, while neutron stars in close high-mass X-ray birsasikeowed the presence of signif-
icant attenuation by the stellar wind of their companion,strong absorption was found

for the intrinsic X-ray emission of massive stars (Cas$ined Swank| 1983). This sug-

gests that the source of the X-ray emission lies signifigaaitbve the photosphere, at sev-
eral stellar radii. Second, the coronal [fi&] A 53034 line was never detected in hot stars
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spectral(Nordsieck et al, 1981; Baade and |_ucy, 1987). Ijjrthk line profiles from “su-
perionized” species were incompatible with coronal modetdess the mass-loss rate was
drastically reduced (Macfarlane etlal, 1993).

An alternative scenario relies on the intrinsic instapibf the line-driving mechanism
(responsible for propulsing the stellar wind). Indeed, ¥eéocity in an unstable wind is
not the same everywhere: fast-moving parcels of materitlowgrcome the slow-moving
material, generating shocks between them. This causestimation of dense shells which
should be distributed throughout the whole wind. At firstpsg forward shocks between
the fast cloudlets and the ambient, slower (“shadowed”)eneltwere considered as the
most probable cause of the X-ray emission (Lucy and Whit8019%Subsequent hydrody-
namical simulations rather showed the presence of streveyseshocks which decelerate
the fast, low density materiel (Owocki et al, 1988). Howevbe resulting X-ray emission
from such rarefied material is expected to be quite low ansha@aaccount for the level
of X-ray flux observed in hot stars. Instead, Feldmeier efl@B{) proposed that mutual
collisions of dense, shock-compressed shells could leadlistantial X-ray emission (sim-
ulations yield values only a factor of 2—3 below the obséoves). In such a model, the
X-ray emission arises from a few (alwayss, generally 1 or 2) shocks present at a few
stellar radii K10R,). Since these shocks fade and grow on short time scales nsodéls
predict significant short-term variability, which is nots#sved. To reconcile the observa-
tions with their model, Feldmeier et al (1997) further sugigd wind fragmentation, so that
individual X-ray fluctuations are smoothed out over the wehainitting volume, leading to
a rather constant X-ray output. At the end of the 20th centbiy wind-shock scenario was
the most favored model amongst X-ray astronomers.

To get a better insight into the properties of the X-ray emissegion, high-resolution
data were badly needed. Indeed, they provide crucial irdtion. For example, the location
of the X-ray emitting plasma can be derived from the analg$ifine ratios. The most
interesting lines to do so are triplets from He-like ionsjatharise from transitions between
the ground state and the first excited levels (see[FFig. 4)libessociated with th&P;, —
15 transition is a resonance lind (the one linked with théS; — 1S transition is forbidden
(), and those associated with t#@ , — 1S transition are called intercombination liné} (
hence the namr triplets. It is important to note that the metastabie level can also be
depleted by transitions to tH® level. Such transitions are either collisionally or raiigly
excited (see Sec({s. 2.8.3 dnd|3.6). Theatio (often notedZ) therefore decreases when the
densityne is high or the photoionization ratgis significant: as already mentioned in Sect.
[3:8, a useful approximation is

B — L
1+ /@ +ne/N;
where the critical values of the photoexcitation rate areldbnsity, noteds. and N; re-
spectively, are entirely determined by atomic paramelhsnfienthal et al, 1972, see also
Table[1). For hot stars, the density remains quite low, el@sedo the photosphere, and its
impact is therefore often neglec[ﬁadhowever, the UV flux responsible for t&, — 3P1,,2

transition is not negligible in these stars (see Eig. 23k TV radiation is diluted, as the
distance from the star increases, by a factor

w(r) =0.5x (l—\/l—(R*/r)Z) (18)

4 Only the Sixin triplet is marginally affected at very small radit(.05R,) above the photosphere (see
Fig. 2 iniWaldron and Cassinelli 2001).

17
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Fig. 23 Examples of observed He-like triplets (data taken from th#as database and smoothed by a box of
4 pixels half width). Due to the presence of a strong UV flug, fibrbidden line is nearly entirely suppressed
for the hot staid Ori while it appears with full strength in the spectrum of the-type star Capella.

Hence, its influence on tHé ratio decreases with radiiis=or hot stars, the observation of
a givenf/i ratio will thus yield an estimate of the dilution factor afteby of the position
in the wind of the X-ray emitting plasma. Leutenegger let 80 have further shown that
the f/i ratios could also be interpreted in the framework of a wihdek model (i.e. with
X-ray emission regions distributed throughout the wind)tHis case, the integratdfl ra-
tio increases faster with radius than in the localized cBegthermore, they predict slight
differences in the profiles of tHi lines: thei line should be stronger where the UV flux is
maximum, i.e. close to the star, and it should thus have wewsikgs than thé line, which is
produced further away and should appear more flat-toppeskeltubtle differences might
however not be easily detectable with current instrumantaFinally, the(f+i)/r ratio (of-
ten noted?) can also pinpoint the nature of the X-ray plasma. ¥oralues close to 4, the
plasma is dominated by photoionization; if close to 1, thiisions are preponderant. In
addition, the(f+i)/r ratio is a sensitive indicator of the temperature, as isfie of H-like

to He-like lines, although at very high densities thae is affected by the collisional tran-
sition of 1S, — 1P;. To help in the interpretation of high-resolution sped®arquet et al

5 It should be noted that the reasoning above applies onlynglesbbjects. For some hot binaries, strong
forbidden lines have been observed, while intercombindii®@s remain negligible: (Pollock et al, 2005). This
is sometimes taken as a typical signature of X-rays arisingimd-wind interactions (see also Sécf]4.5). The
proposed explanation is twofold: first, the wind-wind imtetion occurs far from the stellar surfaces, thereby
decreasing the impact of the UV flux; second, the forbiddee &iould be boosted by inner-shell ionization
of Li-like ions.
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(2001) performed extensive calculations@fand¥ values for a large range of densities,
plasma temperatures and stellar temperatures in the cése wfost abundant He-like ions
(C, N, O, Ne, Mg, Si). These results, available at CDS, do ebt on the approximate
formula quoted above for th#i ratio but take into account all atomic processes, notably
the blending offir lines with dielectronic satellite lines (whose exact citmition depends

on the assumed temperature and spectral resolution). Oottiee hand, they were calcu-
lated assuming the stellar flux to be a blackbody, whereas otiosr authors rather use the
approximate formula but rely on detailed atmosphere mdgdelsh as Kurucz or TLUSTY).

To go further in the interpretation of the new high-resauotdata, Owocki and Cohen
(2001, see also the precursor works of Macfarlanelet al 1®@Eented detailed calculations
of the X-ray line profiles expected for hot stars, when asagntihat the X-ray emitting
material follows the bulk motion of the wind. Such so-cale@spheric models depend on
four parameters. First, the exponghof the velocity law

B

V(r) = Ve [l— %} . (29)
Second, the exponeqtinvolved in the radial dependence of the volume filling fa¢tdr] O
r—9), which reflects variations with radius of the temperaturefdhe emission measure of
the X-ray emitting plasma. Third, a typical optical degth which depends on the wind
properties:
KM
 ATVeR,
Finally, the onset radiuRgy, below which there is no production of X-rays. The last two
parameters were found to be the most critical ones: the hiitesnd line widths of the
line profiles clearly increase with increasimgand/orRy, while the profiles are much less
sensitive to changing values @br 3. In this framework, a coronal model can be reproduced
by settingRy = R, and choosing high values gf while a wind-shock model rather requires
lower values ofg and larger values dRy. The former always produces narrow, symmetric
profiles, with little or no blueshift; the latter generatesdd lines (generally FWHM V.,)
whose exact shape depends on the opacity. In the opticailgdélse ¢, ~ 0), the line profile
expected for a wind-shock model is flat-topped, unshiftetismnmetric. For more absorbed
winds, the redshifted part of the line, arising from the baide of the star's atmosphere,
suffers more absorption and is therefore suppressedrtheitofile appears blueshifted and
skewed (see Fi§. 24). In addition, there should be some eagt#i dependence of the line
profiles since the absorption is strongly wavelength-ddpet the high-energy lines should
appear narrower (lower values of andRy), although this effect is often mitigated by the
larger instrumental broadening at these energies.

. (20)

[

4.2.2 Results from high-resolution spectra

Before the advent of XMMNewtonand GHANDRA, only low or medium-resolution spec-
tra were available to X-ray astronomers. These data ledet@étermination of four main
observables: the temperature(s) of the plasma, the de§edesorption, the temporal vari-
ability, and the overall flux level. The current X-ray fatidis have indeed given some better
insights into these properties (see SEcil 4.1), but theg hiso provided high-resolution
spectra which permit to study the line ratios and the detaleape of the line profiles for
the first time. Such observations (see example in[Elh. 25 hesulted in new, strong con-
straints on the models.
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Fig. 24 Theoretical X-ray line profiles expected for an exospherimdet with v, = 2300kms?t, q=0,
B =1,Ry = 1.8R, and increasing opacitias (from 0 to 2 in steps of 0.5). (Figure courtesy of G. Rauw).

One of the first hot stars observed at high-resolution @&sip (O4lef), an early su-
pergiant which possesses a strong wind. Kahn et al (2001Casdinelli et al (2001) report
on XMM-Newtonand GHANDRA observations, respectively. They found that the line pro-
files are blueward skewed and broad (HWHI000 km s1), as expected for a wind-shock
model. By estimating the emission measures (EMs) for eaeh li
(EM = 4rmd?FRjne /Emissivity( Te), with d being the distance arfgle the line flux), Kahn et al
(2001) further showed th&tPup displays a large overabundance in nitrogen and thaionly
small fraction of the wind emits X-rays (since the measurbtsGre much smaller than the
EM available from the whole wind). Thigr triplets indicate line formation regions at a few
stellar radii, compatible with the radii of optical depthityrat the wavelengths considered.
These radii appear smaller for high nuclear charge iond(8s&Si and S) than for lighter el-
ements (such as O, Ne, Mg, Cassinelli %t al 2001). FinakiyNki Lya 24.79A line seems
broader and either flat-topped (Cassinelli et al, 2001) roicsired (Kahn et al, 2001), sug-
gesting a formation in more remote regions of the wind. Haughis feature could rather be
explained by a blend of this line with W HeB 24.90A (Pollock,[2007). Overall, although
a qualitative agreement with the wind-shock model was heddiund, a more detailed,
guantitative comparison awaited the work_of Kramer et aD@0These authors found that
profiles of the kind derived hy Owocki and Cohen (2001) yigither good fits, but they dis-
covered two intriguing problems. First, the good fits by aestally symmetric wind model
were found for a wind attenuation about five times smallen tie one expected from the
known mass-loss rate{ " = 4— 30 vs.79S= 0— 5, see alsb Oskinova ef al 2006). Second,
the derivedr, appeared rather similar for all lines, i.e. it seemed inddpat of wavelength
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Fig. 25 Observed line profiles for @111 A18.97A in a sample of bright OB objects and in the coronally
active late-type star Capella (where the line width is nyoststrumental). The vertical line corresponds to
the rest wavelength of the line; the normalized profiles tmeen shifted upwards by an arbitrary amount for
clarity (data taken from the Xatlas database and smootheddox of 4 pixels half width).

(Kramer et al,_2003), although the error bars were rathegelaCohen et lal (2009) recently
re-investigated the GANDRA spectrum of{ Pup, by considering more lines and by using
the HEG data in addition to the MEG data. They now found a figait variation of the
optical depth with wavelength, compatible with the atonpacity expected for a mass-loss
rate of~3x10-% M, yr—1 (about three times lower than in the literature).

The situation at first appeared quite different for the A9star{ Ori A. InlWaldron and Cassinelli
(2001), the line profiles were reported as broad (HWHM50+ 40 kms™) but sym-
metric, unshifted and Gaussian rather than flat-toppedinAga for{ Pup, emission from
high-energy ions seems to be produced closer to the steitface than for low-energy
ions (at 1.2-0.5R, for Six1, but at a few stellar radii for other elements). These result
were confirmed by Raassen etial (2008), but challenged byehegger et al (2006) and
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Cohen et al (2006) - the latter two using the sam\@DRA data as Waldron and Cassinelli
(2001) - as well as by Pollock (2007), who relies on the sameMkMewtondata as
Raassen etlal (2008). Although they used different teclesigooth Cohen et al (2006) and
Pollock (2007) detected slight asymmetries and blueshifisto —300 km s'1) in the line
profiles of Ori A.|[Cohen et all(2006) also showed that wind profiles with= 0.25— 0.5,

Ry ~ 1.5R, andq ~ 0 yield significantly better fits than simple Gaussians: saima at-
tenuation is thus needed. However, as first found{f@up, the observed mean opacity is
smaller than expected (Cohen et al, 2006) and no clear triethe opacity with wavelength
was detected. Cohen et al (2006) argue that, taking intouat@ reduced mass-loss rate
and the presence of numerous ionization edges, the opawigtions over the considered
wavelength range might be smaller than first thought allwettpatible with the data, within
uncertainties. As was done fgrPup, Wollman et al. (2009, in preparation) re-analyzed the
CHANDRA data of{ Ori: a significant, although small, trend in the optical despis now
detected, which is compatible with the wind opacity if thessioss rate from literature is
decreased by a factor of 10.

The late-O star® Ori A (09.511+B0.5Ill) and{ Oph (09.5Ve) both display symmetric
and broad X-ray lines, although they are much narrower thaset of{ Pup and{ Ori A
(HWHM = 4304+ 60 kmst, Miller et al|2002, and HWHM= 400+ 87 km s'1, \Waldron
2005, respectively). On the basis of its mass-loss @i A should be an intermediate
case betweed Pup and Ori A: narrower profiles are therefore quite surprising.didigion,
the lines of 3 Ori A are unshifted (centroid at4#60 kms1) and thefir ratios indicate a
formation region one stellar radius above the photosplvenel is more in agreement with
a wind-shock model than a coronal model), at a position simi that of optical depth
unity. However,6 Ori A is a binary and one may wonder whether peculiar effeathsas
interacting winds could have an impact on its X-ray emissibins does not seem to be
the case since no phase-locked variations of the X-ray flue weer reported for this object
(Miller et al,12002) - it must be noted, though, that the clemgnight be quite subtle for such
late-type O+B systems, see e.g. the case of CPD7742 in Sec{. 415. In contrast, the lines
of { Oph appear slightly blueshifted, their width might deceeés low-energy lines, and
the formation radii derived from thiir ratios differ from the radius of optical depth unity.
This star is a known variable, in the optical as well as in ¥srésee e.dg. Oskinova et al,
2001), and Waldron (2005) reports a change in the formatidius derived from the Mg
triplet between two @ANDRA observations separated by two days.

The narrowest profiles amongst O-type stars were found fori AB (09.5V+B0.5V,
Skinner et al 2008a and F{g.]25): HWHM=2680 km s1, or 20% of the terminal velocity.
For this star, the X-ray lines again show no significant shiftl the most constraininfy
ratios point to a formation region below 1R8.

Since more observations are now available, some authoesumalertaken a consistent,
homogeneous analysis of several objects. This indeed dase®mparison between dif-
ferent objects but, as already seen above, the results isoasedisagree between different
teams. Using their “distributedfir model,| Leutenegger el al (2006) found onset radii of
1.25-1.6R, for ¢ Pup, Ori, 1 Ori, and d Ori A, without any large differences for high-
mass species such asx®i . Such a radius rules out a coronal model but can still be recon
ciled with a wind-shock model. Leutenegger et al (2006)Heairtexplain their differences
with |Waldron and Cassinelll (2001) by (1) calibration pmins at the beginning of the
CHANDRA mission, and (2) different atmosphere models (TLUSTY vsuKaj which give
fluxes different by a factor of 2—-3 shortward of the Lyman edgevavelengths responsible
for exciting the Skl transitions.
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Waldron and Cassinelli (2007, see errata in Waldron andi@zl§®008) examined the
high-resolution spectra of 17 OB stars. The sample confalmwn magnetic objects (see
Sect[4.6) and 15 stars considered as “normal” by the authuwe/ever, we note that 3 of
these, 9 Sgr and the stars in Cyg OB2, are well known binaiigdaying wind-wind in-
teractions detected at X-ray energies (Rauw) et al, 2002%;20e Becker et al, 2006); this
likely explains the peculiar, deviant results sometimastbby the authors for these stars.
Overall, when the lines are analyzed by simple GaussianlgspB80% of their peaks ap-
pear within+250 km s'* of the rest wavelength. The distribution of the line positipeaks
at 0kms1, but is heavily skewed (many more blueshifts than redghitsl this asymme-
try increases with the star’s luminosity. The line HWHMs distributed between 0 and
1800km s, i.e. they are always less than the terminal velocity andtmbthe time they
are less than half that value; there is a slight trend towaasieower lines (expressed as a
fraction of the terminal velocity) for main-sequence olge@hese widths appear also larger
than the velocity expected at the position derived fromfithtriplets (using a localized ap-
proach and Kurucz atmosphere models). Both width and sbéfinsto be independent of
wavelength (see however the results of new analyses meudtiainove). Finally, the forma-
tion radii found from triplets of heavier ions are smallearhthose of lighter ions and the
lower temperatures, derived from the ratios of lines fronmid Ble-like ions, are only found
far from the photosphere.

Despite some discrepancies in the interpretations, asrshbave, several conclusions
are now emerging from the analysis of high-resolution gpect

. Only a small fraction of the wind emits, as expected.

. The X-ray lines are broad, although not as broad as pest{ttWHM = 0.2 — 0.8V.,).

. The profiles are more symmetric than expected, withoutesnde for flat-topped shapes.

. Except for Pup, the blueshifts are small or non-existent.

. The opacities derived from fits to the profiles are lowentagpected.

. Foragiven star, the line profiles and fitted opacities areegally quite similar regardless
of the wavelength, although error bars are large and shatlemds cannot be excluded
(indeed, some were found in a few cases).

7. From the analysis of thiéir ratios, the (minimum) radius of the X-ray emitting region

appears rather close to the photosphere (cfi2R, for the most stringent constraints),

although there is disagreement about the possibility ofrem#étion at or very close

(r <1.1R,) to the photosphere. The formation radius is generally ctible with the

radius of optical depth unity, which can be easily undertdloe emissivity scales with

the square of the density, therefore the flux will always bmidated by the densest
regions that are observable; as the density decreasesaglitisr these regions are the
closest to the star, i.e. they are just above the “X-ray mpitere” (radius of optical
depth unity).

OO, WNPE

4.2.3 A new paradigm?

The characteristics of the X-ray lines enumerated above wet fully in agreement with
the expectations of the wind-shock model. Therefore, satpesaments of the models have
been proposed. They fall in five broad classes: resonantesieg, decrease of mass-loss
rate, porosity, combination corona+wind, and a completangk of concept.

In most cases, X-ray plasmas associated with hot stars astdesed to be optically
thin, hence the use of optically-thin thermal plasma maodefsace and Gayley (2002) rather
suggested that resonant scattering could play a significétespecially for the strongest
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lines. In fact, their detailed line profile modeling showdettan optically-thick line ap-
pears much more symmetric and less blueshifted than in tteatip-thin case. This arises
from the fact that the Sobolev line interaction region isiaig elongated and that X-rays
can thus escape more easily laterally than radially, redutfie strength of the blue/red
wings. Their calculations of line shift and width agreed weth those of Pup, but the
line profiles of¢ Ori and 81 Ori C were more difficult to reproduce. An evaluation of the
impact of resonance scattering for¥ei in d Ori A showed that some weak opacity effect
might affect the strongest X-ray lines but the opticallintbase was still well within the er-
ror bars|(Miller et al, 2002). Leutenegger etlal (2007) ipovated resonance scattering into
the models of Owocki and Cohen (2001). They showed thaf féup, including resonance
scattering provides a better fit, but that some discrepamei@ain. In addition, they showed
that resonance scattering only has a significant effectaagel filling factors & 10°3),
which could be a problem for winds of massive stars (see helewwvally, it should be noted
that in the above calculations including resonance sdagtereutenegger etlal (2007) were
able to fit the line profiles without any large reduction of thass-loss rate.

Reducing the mass-loss rates can naturally solve many afisiceepancies mentioned
above since it leads to more symmetric and less blueshiftegbtofiles (see Owocki and Cohen
2001) as well as reduced and less wavelength-dependeritiepaCohen et al (2006) strongly
advocate in favor of that solution following their analysis Ori. The trends detected by
Cohen et al (2009) and Wollman et al. (2009, in preparatiga)rafavor this scenario. Such
a reduction of the mass-loss rate was also envisaged framses other wavelengths (UV,
optical), some authors even proposing a decrease by onebasrtéers of magnitude (e.g.
Fullerton et al, 2006, see however remarks in Oskinoval|ed@l'R However, such a drastic
reduction of the mass-loss rates might be in conflict withethorption values measured for
high-mass X-ray binaries. Notably, to explain the X-rayefations, Watanabe et al (2006)
need a mass-loss rate of 1.5-2X0 %M, yr~! for the B0.5Ib primary of Vela X-1. More
reasonable decreases by a factor of a few (2—10) are now colyenvisaged, especially in
the context of (micro)clumping (see below and the outcomib@®®007 Potsdam meeting),
and they are compatible with fits to the X-ray lines - at least{fPup (Cohen etlal, 2009,
and Fig[26) and Ori (Wollman et al. 2009, in preparation).

Because of the unstable line-driving mechanism propelthey wind, it is expected
that the wind is not smooth. Indeed, evidence for clumping Ien found observation-
ally: stochastic variability of optical lines associateithwthe wind (e.g. Eversberg et al
1998; Markova et al 2005), model atmosphere fits of UV linesuit et al, 2005), temporal
and/or spectral properties of some high-mass X-ray bis@8eako et al, 2003; van der Meer et al,
2005). A wind composed of dense clumps in ararefied gas hastaresting consequences.
First, a reduction of the mass-loss rate by a fagtdr wheref is the volume filling factor
of these clumps. This reduction amounts to less than 10 atfdissnot as drastic as those
mentioned above. Second, the possibility of leakage, tiaguh reduced opacity and more
symmetric profiles, in the case of optically-thick clumpsg(23). In this case, X-rays can
avoid absorption by the dense clumps if the radiation pasgég (nearly) empty space be-
tween them. The wind is then said to be porous and the opaaity more atomic in nature,
i.e. determined by the plasma physical properties, buttlserajeometric i.e. it depends
only on the clump size and interclump distarice. Feldmeial (2003) and Oskinova et al
(2006) have envisaged the consequences of such a struetimdd Their model uses a
wind composed of hot parcels emitting X-rays and cool dersgnfients compressed ra-
dially and responsible for the absorption. The line profileséverely affected, being less
broad and less blueshifted as well as more symmetric thameilndmogeneous wind case
of equivalent mass-loss rate (Hig] 27). For optically thitknps, the resulting opacity is ef-
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Fig. 26 Variation with wavelength of the opacity, derived from line-profile models of Owocki and Cohen
(2001) for the sta Pup. The observations correspond to the dots, the daslirdotelpresents a constant
opacity, the dashed line the opacity variation expectech fitee literature mass-loss rate and the solid line the
opacity variation for a reduced mass-loss rate. (Figuretesy of D. Cohen)

fectively grey, and the line profile should thus be indepahdéwavelength. As the clumps
become more and more optically thin, the differences witlmdgeneous wind decrease
and finally disappear. Faf Pup, Oskinova etlal (2006) showed that using the strongly re-
duced mass-loss rate suggested by Fullerton et all(2006¢sde blueshift to be too small
compared to observations. However, a porous wind with ontgenate reduction of the
mass-loss provides good fits. Porosity can thus greatly imetpducing the opacity and
getting wavelength-independent properties without atidrasduction of the mass-loss rate
which could potentially be problematic. However, the arigind consequence of poros-
ity have been questioned by Owocki and Cohen (2006). Thebemsushowed that, for a
clumped wind, the opacity depends on the so-called portesitythl / f wherel is the size

of the clumps and the volume filling factor. For optically-thick clumps, theost favorable
case, getting symmetric lines requelst$ > r: either the clumps have large scales, or the
filling factor is small (hence the clump compression is hjgir)a combination of both is
needed. However, hydrodynamic simulations show that tiedriven instability leads to
small-scale (typically ~ 0.01R,) and moderately compressefi{ 0.1) clumps. A poros-
ity in agreement with the observations would thus have arothigin than the intrinsic
instabilities of the wind. In addition, large clumps sepaddby large distances might lead to
significant temporal variability in the X-ray light curve hich is not detected. Finally, the
grey opacity contradicts the shallow but non-zero wavelengpendence observed at least
in { Pup and{ Ori (Cohen et al 2009 and Wollman et al. 2009, in preparati®hgrefore,
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Fig. 27 Left: Sketch of a porous wind (see Feldmeier gt al 2003). Rigiray lines expected in a homoge-
neous wind and winds with optically-thick clumps (the fragmtation frequencyyg represents the number of
clumps passing through some reference radius per unit tala&a-courtesy L. Oskinova).

the presence of large, optically-thick clumps can most abbbbe discarded. However, we
cannot rule out that smaller, less opaque clumps exist istéiar winds.

Waldron and Cassinelli (2007) and Waldron and Cassin€l092 rather advocated for a
partial return of the magnetic corona hypothesis. Moreipety, they assumed a wind-shock
model in the outer wind regions, where lines associated lmithmass ions arise, combined
with a coronal model close to the star, which would producee lthes from the highly-
ionized high-mass species. As support for their combined|iValdron and Cassinelli (2007)
emphasized three annoying facts. First, the formation detived fromfir triplets agree
quite well with radii of optical depth unity, as could haveebeexpected. If a decrease of
the mass-loss rate is considered, then one would have taiexphy the formation region
lies much above the X-ray photosphere. Second, the radiiedkiromfir triplets indicate, at
least for Sixi1, formation regions very close to the photosphere. In sorees;dhe small es-
timated radii might even disagree with the typical onseiusd.5R, above photosphere, of
the wind-shock model. Third, the high-mass ions systeraliyiclisplay smaller formation
radii than their lower-mass counterparts. At these smadli,rthe wind velocity is too low
to get the observed broad lines and high post-shock tempesctWaldron and Cassinelli
(2009) proposed a theoretical model where plasmoids peatlbg magnetic reconnection
events are rapidly accelerated; they emphasized that thlasmoids are not clumps but
“isolated magnetic rarefactions”. However, as mentioniedve,| Leutenegger et al (2006),
Cohen et al (2006) and Oskinova etlal (2006) have challerfggdradius calculations. An-
other caveat can be noted: Waldron and Cassinelli (200yprethe wind opacity calculated
as in Waldron|(1984); in that model, the wind is supposed @ lretemperature of 08T
at any position in the wind, which leads to a high ionizatibrotighout the wind, thereby
strongly reducing the opacity at low energies. Howeverhdugh temperatures at any radii
might not be entirely physical (see e.g. Macfarlane!et al3)9B a different context, we
will come back to the impact of magnetic fields on stellar vgiiml Sectl 4.55.

A more radical shift in thought was proposed |by Pollock (200Fp to now, it was
considered that particle interactions in winds take pléweugh long-range Coulomb in-
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teractions. This explained the redistribution of momenfwom a minority of UV-driven
ions to the rest of the flow. However, it seems that the meangeth for ion-ion Coulomb
collisions is not small (Pollock, 2007): f@ Ori, it is 0.1R, at 3R, above the photosphere
and 1R, at 10R,. Therefore, Pollock (2007) proposes the shocks to be moilsss, like in
SNRs. Any dissipation of energy would occur through othezr@mena, probably linked
to magnetic fields. In addition, the time scale for post-&heguilibrium appears very long
(corresponding to a flow distance of a few stellar radii f@célons), thereby suggesting that
no full equilibrium is ever established. In this model, thea¢ lines would arise far from
the star, through ion-ion interactions such as ionizatimhharge exchange. Pollock (2007)
claims that this would explain the faint continuum emissibiX-ray wavelengths (the elec-
trons being too cold for a significant bremsstrahlung in tamain) and the observed line
profiles. As the author mentions in his paper, a more quairgtassessment of this idea
must await a detailed modeling. It is however worth notingt tbollisionless shocks and
non-equilibrium phenomena were also proposed, althoughtifferent context, by Zhekobv
(2007, see below).

At present, it is still difficult to assert which solution digs best, or which combination
of the above is closer to reality. Certainly, this will be akdor the next generation of X-ray
facilities.

4.3 The case of early B-stars

The previous section focused on results derived from obsiens of O-type stars. However,
a sample of early B-type stars was also observed at highutesolvith the current facilities.
In their case too, surprises are common and the overallrpicippears quite contrasted.

While the X-ray lines of the O-type stars often appear brasgecially for luminous
objects with strong winds, the X-ray lines of B-type starsevéound to be particularly
narrow, except for the BOI supergianOri (see Fig[2b and Tabld 5). These narrow lines
were reported to be symmetric and unshifted, with the exoe|off a possible asymmetry in
B Cen (Raassen et al, 2005). Thietriplets usually favored formation radii at distances of
1.5-5R, from the star.

The hardness of the spectrum and the overall emission lesel found to vary from star
to star (see Tab[d 5). On the one han8co emits hard X-rays and displays a clear overlumi-
nosity (Mewe et al, 2003; Cohen etlal, 2003). This seems albe the case &' Ori A and
E (Schulz et al, 2003). Note however that the presence of arlass companion t8! Ori E
(Herbig and Griffin, 2006) might lead to a revision of the abogsults for this star.

On the other hand, the X-ray emission from the B-type std@si, 6 Car, 8 Cru A,
Spica,8 Cen, and3 Cep appears much softer. For the first four stars, the disiwits of the
differential emission measure (DEM) as a function of terapee display peaks centered on
0.2-0.3 keV, with FWHMs of 0.1-0.3 keV, and without hardgtaizhekov and Palla, 2007;
Nazé and Rauw, 2008). Hottest thermal components (0.6 kefg detected fof3 Cen,

B Cep, andB Cru A but they are clearly not dominant (the main componerdtiabout

0.2keV for these objects, Raassen et al 2005; Favata et &||[2hen et 8l 2008). The X-
ray emission levels are also much more modest, Wwith- Lo ratios of about-7 dex (see

Table[B).

Amongst the investigated B-stars were three kn@Dephei pulsatorg3 Cru A, 8 Cen,
andp Cep (Cohen etlal, 2008; Raassen et al, 2005; Favata et al). 2088e no significant
variation of the flux was detected for the latter two objeBt€ru A displays some variability
of its hard emission at the primary and tertiary pulsatioriqais. However, as the maxima
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Table 5 Observed properties of the high-resolution X-ray spedteady B-type stars. An asterisk indicates
unresolved lines.

Name Sp. Type HWHM kT log(Lx  References
(kms1)  (keV) /Lbo)
€ Ori BOI ~1000 0.2-0.3 Zhekov and Palla (2007)
T Sco BO.2V 200-450 1.7 -6.3 Mewe et al (2003)
Cohen et al (2003)

6 Car B0.2V+late <400 0.2 -7.0 Nazé and Rauw (2008)
BCruA  BO.5II+B2V 140 0.2 -7.7 Cohen et al (2008)
B10riA  BO.5V+AO <160* >1.3 —6  Schulz et al (2003)

+lateB Stelzer et al (2005)
B Cep B1V <450 0.2 -7.2 Favata et al (2008)
B Cen B1ll <440 0.2 —-7.2 Raassen et al (2008)
Spica B1ll-IV 0.2-0.3 Zhekov and Palla (2007)

a70% of the X-ray flux come from hot plasma (i.e. witt>1.5x 10" K (Schulz et al_2003).
b Note that the flux values bf Stelzer €t/al (2005) do not agrék thibse of Schulz et|l (2003).

of the optical and X-ray light curves appear phase-shiftea louarter of a period and as
the variability is of very modest amplitude, these changssdrto be confirmed. The blue
stragglerf Car, which is not a known pulsator, displays some varigbiiit only on long-
term ranges (between ROSAT, Einstein and XMNédwtonobservations, Nazé and Rauw
2008).

While the soft character of the X-ray emission and the vabie¢ke formation radii are
compatible with the wind-whock model described in Sect, #heé narrow lines clearly con-
stitute a challenge for this scenario. Hard X-ray emisssoal$o a problem in such objects
since they possess much weaker winds than O stars. The eigictal the X-ray emission
of these B-type stars therefore remains a mystery up to negy &g., the extensive discus-
sion in.Cohen et al 2008) but some proposed explanationorethe possible impact of a
magnetic field (see Se€t. 4.6).

To conclude this section, a last comment on the peculiar oa8e stars should be
made. One such star was studied in detail withaARDRA: yCas (B0.51V, | Smith et al,
2004).yCas appears particularly bright in X-rays, although it ssl&uminous than X-ray
binaries. Its X-ray emission consists of a strong continanbremsstrahlung witkT =
11— 12 keV), some broad (HWHM600 kms1) and symmetric X-ray lines from ionized
metals (an optically thin plasma with 4 components, withgeratures ranging from 0.15
to 12 keV), and fluorescence K features from iron and siliéam.the photoionized plasma,
different iron abundances were found for the hot and the wasmponent, which might
indicate the presence of the FIP effect and at least poinardsvdifferent emission sites.
In addition, while the warm and most of the hot componentgldis similar absorption,
part of the hot component appears more strongly absorbeith 8tral (2004) suggest that
these hard X-rays are seen through the dense regions of tesIiBevhile most of the X-
ray emission (warm+most of the hot plasma) is only absorhethé stellar wind or the
outer, less dense regions of the disk. The presence of fleemes features indeed suggests
that some cold gas is present close to the X-ray emissioomnegLi et al [(2008) further
presented models for generating X-rays in Be stars. Acogrdi these authors, the collision
of the magnetically channeled wind (see Seci. 4.6) with Bedtould explain the emission
of B-stars down to types B8 without the need for a companion.
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4.4 Do Wolf-Rayet stars emit X-rays?

Wolf-Rayet stars (WRs) are the evolved descendants of ©@-¢yars. They come in three
“flavors”, WN, WC, and WO, which refer to spectra dominatecdhiiyogen, carbon, or oxy-
gen lines, respectively. In the evolutionary sequence bktars, WC and WO objects are
expected to correspond to later stages than WN stars, ekmglaheir metal-rich composi-
tion. Both types display mass-loss rates on average ters tianger than for their O-type
progenitors. These winds, denser and enriched in meta&snach more opaque to X-rays
than those of O stars, especially in the WC case. One may #ivslyexpect WRs stars to
be less X-ray bright than O stars.

The first X-ray observations of WRs indeed provided resultgegn contrast with those
of O-type stars. The detection fraction was much smalleMitits and noLx — Ly re-
lation was found for the detected objects (Wessolowski.6)98lthough the latter fact
could be explained theoretically by assuming a particié&tion of the X-ray flux on the
wind properties, and by taking into account the absorptiprihe dense, enriched winds
(lgnace and Oskinova, 1999). An overall view of the situatien years ago was presented
by Pollock (1995) and Pollock et al (1995): only 20 WRs werady detected by ROSAT
(i.e. detection statistid >10), which corresponds to about 10% of the WRs listed in the
VIlth catalog of Galactic WRs (van der Hucht, 2001). Using ttatalog, it appears that 7
of these stars belonged to the WC category, 12 were WN and MNG of these were
supposedly single (4WN+1Vﬁ}1WN/\N ), 4 were candidate binaries (3WN+1WC), and
10 were known binaries (SWN+5WC) at that time. As for O-typas, WR binaries appear
brighter than single objects, most probably because of wiimdl interactions (see Sect.
[4.5). In addition, WN stars were found to be on average fonesi brighter than WC stars.

With so few WRs detected, small number statistics could thiasesults; investigations
with higher sensitivity were thus crucially needed in orttesettle the question about the
intrinsic strength of the WR X-ray emission. About 20% of fhresumably single WCs
were observed using ASCA, XMMNlewton or CHANDRA: WR60, 111, 114, 118, 121, 144
(Oskinova et al, 2003) and WRS5, 57, 90, 135 (Skinner| et al6aD0rhese studies now place
stringent constraints on the intrinsic emission of WC otgjewith limits on lodLx /Lyl be-
tween—7.4 and-9.1 (Tabld®). This suggests that either there is no intrinsia)Xemission
in WRs of WC type, which would be surprising because of thegmee of radiatively-driven
winds similar to O-stars (see Selct.]4.2), or that the emistsikes place deep in the wind
and is then completely absorbed.

The case of single WN stars is less clear-cut (Table 6). Oarkenand, a few putatively
single WN-type objects were found to be clear X-ray emittenecent observations. WR6
and WR110 are rather brighty"aS~ 5 x 10°2 erg s'1) and display two main thermal
components at 0.5 and3 keV (Skinner et al, 2002b,a). For WR46, 3 temperaturesigeov
the best fit: 0.15, 0.6 and 2—3 keV (Gosset et al. 2009, in patipa). The high temperature
is quite unusual for single objects and is not predicted lmgkéd wind models - it is rather
reminiscent of X-ray emission from interacting winds. Theserved variations in the optical
(WR6 and WRA46) or in X-rays (WR46 and WR110) also suggest aiplesbinary nature
for these stars. However, WR147 displays hints of a non-Xeray emission associated
with the WR component (Pittard et al, 2002) and WR1 presestsftaspectrum, with little
emission above 4 keV, in contrast to the three previous tbjégnace et al, 2003). In the

6 This object is WR111, whose clear detection was subsequemllenged  (Oskinova e al. 2003). It now
appears that this old detection was a false alarm.

7 This object is WR20a, subsequently found to be a very madsivary of type WN6ha+WN6ha
(Rauw et al, 2004).
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Table 6 X-ray properties of suspected single Wolf-Rayet stars m&alaxy. Quoted luminosities correspond

to observed values, i.e. without dereddening, for deteotgdcts and to upper limits for undetected stars.
The letters H and P in the remarks column indicate the presef@ hard tail (or hot component) and

of periodicities (either in optical, X-rays, or both), restively. Note that the quoted limits correspond to
different significance levels (e.g. conservative estinfratm|Gosset et al 2005 vsd-in|Oskinova et &l 2003).

Name Sp. Type Lyx (ergs?)  log(Lx/Lhe)) Remarks References

Detected Wolf-Rayet starX/M-Newton and CHANDRA)

WR1 WN4 2.0¢10%? —6.6 P Ignace et al (2003)
WR3 WN3 2.5¢10%2 -6.8 Oskinova (2005)
WR6 WN4 1.7 10%2 —6.6 HP Skinner et al (2002b)
WR20b  WN6 1.6¢10%3 —6.2 H Nazé et al (2008a)
WR42d  WNS5 4.¢10%2 -6.7 Oskinova (2005)
WR44a  WN5 1.610% -81 Oskinova (2005)
WR46  WN3 2.4¢10%2 -7.0 P Gosset et al., in prep.
WR110 WNS5 7.%10% -71 HP Skinner et al (2002a)
WR136 WN6 7.%10% -88 Oskinova (2005)
WR152  WNS3 3.x10% -73 Oskinova (2005)
Other detected Wolf-Rayet staRQSAT)

WR2  WN2 7.9x10%1 -73 Oskinova (2005)
WR7 WN4 2.0<10%? —6.6 Oskinova (2005)
WR18  WN5 2.5¢10%? -6.9 Oskinova (2005)
WR78  WN7 1.3¢10%! -87 Oskinova (2005)
WR79a WN9 7.%10%1 -77 Oskinova (2005)
Undetected Wolf-Rayet stars

WR5 WC6 <93x10° < -77 Skinner et al (2006a)
WR16  WNS8 <1.0x10° < -89 Oskinova (2005)
WR40  WNS8 <40x10% <-76 Gosset et al (2005)
WR57  WCS8 <89x10° < -81 Skinner et al (2006a)
WR60 WC8 < -82 Oskinova et al (2003)
WR61  WNS5 <50x10° < -81 Oskinova (2005)
WR90  WC7 <19x10° < -87 Skinner et al (2006a)
WR111 WC5 <-78 Oskinova et al (2003)
WR114 WC5 <-92 Oskinova et al (2003)
WR118 WC9 <-74 Oskinova et al (2003)
WR121 WC9 <-74 Oskinova et al (2003)
WR124 WNS8 <20x10% < -66 P Oskinova (2005)
WR135 WC8 <66x107° <-91 Skinner et al (2006a)
WR144 WC4 <-74 Oskinova et al (2003)
WR157  WNS5 <40x10%0 <-79 Oskinova (2005)

2 In a recent poster_Skinner et al _(2008b) presented the festults from GIANDRA observations of WR2
(Lx=1.3x10%ergs?, log[Lx/Lo]=—6.9), but also of WR24 (WN6,Lx=9.5x10%%ergs?, log[Lx/Lbo]=—7.0),
and WR134 (WN6Lyx=2.7x10%ergs !, log|Lx /Lbo|=—6.8). As these authors consider their analysis preliminasy, w
prefer to include it only in a note.

latter case, the possible presence of an absorption edde iuézed sulfur further indicates
absorption unrelated to the neutral ISM and rather linketlédot wind: the X-ray emission
would thus occur at some depth inside the wind. Ignace e0@i3Ptherefore proposed that
the X-ray emission of WR1 would be typical of single WN obgeeind could explain the
soft part of the spectra of WR6 and 110. On the other hand, Wigdf&ined undetected
in a 20ks XMM-Newtonobservation| (Gosset et al, 2005). This was quite surprisinge
this object is strongly variable in the optical domain ane thhanges are attributed to the
unstable stellar wind: on the basis of the wind-shock mat&40 was thus expected to be a
moderate X-ray emitter. However, its non-detection yieldsery) conservative upper limit
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on its lodLx /Lpel] of —7.6, about one order of magnitude below that of O-type stars and
similar to the limits found for WCs. To reconcile the deteatiof WR1 and the invisibility
of WR40, one might have to consider the structure of theidwim detail. The ratio/ /v,
which intervenes in the estimation of the wind density, istit@es larger for WR40; this
difference is however slightly attenuated by the largeius@f WRA40. In addition, WR1
presents an earlier spectral type, and its wind is conséiguapre ionized, i.e. less opaque.
Indeed, WR1 and WR40 are not similar objects, as far as theu and stellar properties
are concerned, and their X-ray emission could thus welédiffinally, differences in wind
porosity/clumping might also impact the detection leveldiRs. Contrary to WCs, whose
winds invariably present large optical depths, the WN stiisplay a wider variety, in the
visible as well as in X-rays: individual modeling is thus pably necessary for each case.

The first detection of a WO star, WR142, revealed a rathet fainrce with an inferred
Lx /Lpol ratio of only 108 (e.g. similar to the upper limits on non-detections of otRs,
see above and Oskinova etlal, 2009). The faintness of theesquevented any detailed
spectral analysis but the hardness ratio clearly indicategh temperature for the X-ray
source which cannot be explained by the wind-shock moddbk phzzling result might
require to consider magnetic activity as a source of X-ray&/Rs (Oskinova et al, 2009).

While most of the studies have been performed for galactieotd Guerrero and Chu
(2008&.b) as well as Guerrero etlal (2008) presented a fabtsis of the X-ray emission of
WRs belonging to the LMC. From the available ROSATHANDRA, and XMM-Newton
observations, which cover more than 90% of the known WRsen_.iC, only 32 objects
(out of 125) were detected. They are mostly binaries: abalftdf the known WR bina-
ries were observed as X-ray sources whereas the detect®is @nly 10% for supposedly
single objects. Many similarities with the Galactic caseevfleund: non-detection of single
WC stars, preferential detection of binaries. However, esctear differences were also dis-
covered: larger values for the X-ray luminosities ang/Lpo ratios. While more sensitive
data are certainly needed to confirm these trends, it renains seen whether these obser-
vations could be linked to the lower opacity of the winds ia kbw-metallicity environment
of the LMC.

4.5 Interacting winds in hot binaries

It is well established that hot massive stars possess stafigr winds. Therefore, if two
such stars form a close pair, an interaction between thesaéad be expected. The inter-
action region is likely to be planar if the winds are of equatsgth or it will rather appear
cone-like if the winds are different (with the weaker windgiite the cone, Fig. 28). As the
winds flow at tremendous speeds before colliding, the gasaseld to high temperatures:
KT = (3/16)mV?, which is about 4.7 keV assuming a wind of solar compositioe a typi-

cal wind velocity of 2000 kms! (Stevens et al, 1992). Plasma with such temperatures can
only be observed in the high-energy domain, and X-rays tloastitute the best means to
study this phenomenon. It must be noted that before the ad¥sensitive X-ray facilities,
only a handful of wind-wind interactions had been investigan depth.

Theoretically, the wind-wind interactions introduced @baan be separated in two
classes, depending on the importance of cooling in the glustk gas. To quantify this,
one introduces the cooling parameferdefined as the ratio between the cooling time of the
post-shock gas and the typical escape time from the shod&rely can be expressed as
X = V*D/M where the wind velocity is in units of 1000 kms!, the distancd® from the
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Fig. 28 Shape of the wind-wind interaction region derived from puee equilibrium, for different wind
momentum ratioR. For two winds of equal strengthR & 1), the equilibrium occurs in a plane in-between
the two stars; when the winds differ, the interaction redimkes a more conical shape and begins to fold
around the star with the weaker wind.

star to the shokin 10" km, and the mass-loss ralté in 107 M. yr—1. For x < 1, the
gas cools rapidly and the collision is to be considered astigd. This situation generally
occurs in short-period binaries. In this case, hydrodycamdels predict that instabilities
arise in the interaction region, making the collision gtitdoulent, and the X-ray luminosity
then follows a relation of the forrhx 0 M2 (Stevens et al, 1992). Fgr> 1, the collision
is adiabatic, the interaction thus appears smoother ang-thg luminosity rather scales as
Lx O M2v—3/2D~1, This behaviour is preferentially expected for long-périonaries.
According to the above considerations, several obsenaitinints for the presence of a
wind-wind interaction can be expected. First, this phenuonerovides an additional source
of X-rays, on top of the intrinsic stellar contributionschusystems should thus appear over-
luminous. Indeed, the first X-ray observations showed thabmaries are on average more
luminous than single stars (e.g. Pollack 1987; ChlebowsHi@armany 1991). There are
indications that this overluminosity might increase witle tombined bolometric luminos-
ity of the systemi(Linder etlal, 2006). This could be readitplained if one considers that
the winds are radiatively-driven: larger luminosities mestronger winds, hence stronger
wind-wind interactions. Second, because of the high speftiese winds which are collid-
ing face-on, the X-ray emission should appear harder thatyfiical emission from O-type

8 This distance can be found by considering the ram presswibeiym between the two flows. Con-
sidering the wind properties of the two stars (noted 1 andtBerfollowing for the primary and secondary,
respectively), the ratio of the separations between thekshnd the star, measured along the binary axis, is

% = % = R (the wind momentum ratio, see Fig.28, Stevens et al,|1992).
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stars kT of 1-10 keV vs 0.3-0.7 keV). However, it should be noted thase first two cri-
teria are not sufficient for ascertaining the presence ofralwiind interaction in a given
system, as other phenomena also produce additional haagt ¥mnission (e.g. magnetically
channeled winds, see S€ct.14.6). Finally, further eviddacéhe presence of a wind-wind
interaction comes from the detection of modulations of tigh{energy emission with or-
bital phase. These phase-locked variations are producetidnyging absorption along the
line-of-sight and/or changing separation in eccentri@bés.

Absorption changes occur as the interaction region isradtarely observed through the
wind of one or the other star. These variations are indeetdaes in systems containing
two very different winds, e.g. WR+O binaries. The most fameystem in this category is
definitely y2Vel (WC8+07.5111,P=78.5 d)| Willis et all(1995) reported on multiple ROSAT
observations of the system: they observed a recurrentgsirmmease of the observed X-
ray emission when the O-type companion was in front of the WAR $his increase was
detected in the “hard” ROSAT band, i.e. O.5—2.5ela(nd was interpreted as due to re-
duced absorption when the interaction region is seen thrthegless dense and less metal-
rich (thus less opaque) O-star wind. The width of the liginve peak was further related
to an opening angle of about Sfor the shock cone. Short-term variations, detected by
ASCA (Stevens etlal, 1996), provide evidence for instaeditinked to the interaction re-
gion. Using high-resolution spectra, Schild et al (2004)|Henley et al (2005) showed that
the X-ray emission was produced far from the UV sources (btioes, largéf/i ratio). The
spectrum of the hot plasma was fitted with 3 temperaturesigreted as coming from dif-
ferent regions|(Schild et/ al, 2004): 0.25 keV (with constaogorption, this flux should be
emitted far in the winds), 0.65 and 1.8 keV (both along theckhumne, the observed absorp-
tion decreasing when the line-of-sight lies inside the &lgame). For the latter components,
reproducing exactly the change in the absorbing columnguteather difficult: either a de-
crease of a factor of four in the mass-loss rate is neededdaohirnping, porosity?), or a
change in the abundances (hints of a neon enrichment, girggasmix of O and WR ma-
terial for the emitting plasma). Regarding the overall @mies of the spectra, it must be
noted that different metals sometimes yield different plagemperatures, suggesting that
non-equilibrium ionization could be presentyifiel (Henley et al, 2005).

Similar effects are seen in a few other systems. In the edceystem WR22 (WN+O7-
9, P=80.3d), no emission is present at soft energies, but theaflmxedium energies (0.7—
2keV) varies strongly due to changes in absorption (Gossat €009, submitted). The
minimum absorption occurs when the O-type star is in fronthef WR: as for/®Vel, the
interaction region is then seen through the less opaque wfiride companion. The be-
haviour of the absorption at other phases can be qualitativederstood if one considers
the interaction region to dive deeper and deeper inside tReviivid, as seen from Earth.
Outside our Galaxy, a similar phenomenon might occur in theufiar system HD 5980
(WR+WR,|Nazé et £l 2007a). Binaries composed of two O stansatso undergo similar
absorption changes, although of smaller amplitude. Thdlstaeerease of the soft X-ray
flux of Plaskett’s star (O7.51+O6P = 14.4d) and HD 93403 (O5.51+O7\P = 15.1d)
can be explained by the optically thicker wind of the primatgr obscuring our view to
the interaction region_(Linder et al 2006; Rauw et al 2002spectively). Absorption ef-
fects have also been proposed for HD 165052 (06.5V+06/5Vicdtan, 1996) and 29
CMa (08.51+09.7V, Berghofer and Schmitt 1995 - althoughhiis case it should concern

9 Quite surprisingly, very soft (0.1-0.5 keV) emission wasoalletected in/2Vel but, as it seems stable
with phase, it must be produced quite far in the winds, whieeeabsorption is low. Since no single WC star
was ever detected in X-rays (see SEci] 4.4), this soft fluxpcabably not be considered as intrinsic to the
WR star.
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Fig. 29 Left: X-ray light curves of WR 25 in different energy bandd.mAinimum separationg=0) the hard
and medium fluxes are maximum, while the soft flux is minimumtife@ absorption is maximum) when the
Wolf-Rayet star is in front. Right: The observed hard X-raxfhs a function of the inverse of the relative
separation between the stargl{vided by the semi-major ax&). Figures adapted from Gosset (2007), which
rely on XMM-Newtondata.

the intrinsic emission of the stars, since there is appraotoverluminosity typical of an
interacting region).

A changing separation in eccentric systems can also benstge for a phase-locked
modulation of the wind-wind X-ray emission. In adiabatitations (wheréx 0 M2v-3/2D~1),
the stars are rather distant from one another and the stéiids have plenty of time to reach
their terminal velocity before interacting. Therefore, vayiation in the wind speed is ex-
pected and changes in the X-ray luminosity can be attribiatéte varying distance between
the stars and the shock zone. As theory predictdaeffect (see equation above), the intrin-
sic X-ray flux is expected to be maximum at periastron, whieeeplasma density is higher.
Such a variation has now been observed in several system25\WiRN+0O4,P = 208 d, see
Fig.[29, Gossgt 2007), HD 93205 (03.5V+0O®/= 6.1 d, Antokhin et al 2003), HD 93403
(O5.51+07V,P = 15.1d,|Rauw et al 2002b). However, it must be noted that in otler e
centric systems, likg?Vel and WR22, the hard X-ray flux is found to be constant, witho
evidence for a AD variation (Rauw et gl 2000, Gosset et al. 2009, submittelog. flux of
the long-period binary WR140 (WC7+04-8=7.94 yr,e= 0.88) rises towards periastron
but then decreases suddenly as the WR star passes in frdm GFtype star and its dense
wind occults both the companion and the wind-wind inteaciiCorcorar, 2003). However,
the flux does not follow perfectly the expectedDlvariation (Pollock et al, 2002), maybe
because the collision becomes radiative near pariastrbeaause of the energy lost to ac-
celerate non-thermal particles at that time (Pittard anddberty, 2006). Interestingly, this
system is one of the few where changes of the profiles of theyXines have been detected.
Pollock et al|(2005) report broad and blueshifted00 km s 1) lines before periastron and
even wider but slightly redshifted lines just after petiast Such line profile changes clearly
deserve an in-depth study: future X-ray facilities mighipteietect them for a wide range of
interacting wind systems and the observations might thexobgared to model predictions,
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see e.g. those of Henley et al (2003). It is worth noting thiatshof a collisionless nature
of the wind-wind shock as well as evidence for non-equilibriionization were reported
for WR140 by Pollock et al (2005) and Zhekov and Skinner (308@milar clues were also
found for WR147\(Zhekov, 2007).

In the case of a radiative interactioby(C] MVv2), the stars are closer to each other and
the stellar winds are still in the acceleration zone wheg thieract. Therefore, the interac-
tion occurs at lower speeds at periastron than at apastltiowing the equation above, the
X-ray flux should thus be minimum at periastron. A good exagflthis case is Cyg OB2
#8A (06If+05.511I(f), P=21.9d,[De Becker et al 2006) where the flux and plasma temper-
ature present a minimum close to periastron. This is prgbalsb the case of HD 152248
(O7.511(H+O71I(f), P=5.8d, Sana etial 2004). Note that this idea can be applied on a
more global scale, with longer-period systems permittirayeracceleration for the wind
thereby explaining their larger X-ray overluminositiesnder et al| 2006) - of course, this
is valid only in the radiative regime (i.e. up ®~ 10-20 d): for longer periods, the/D
effect dominates.

A last case of wind interaction occurs when one of the stallittbs if any, mass-loss
rate. In this case, the wind of one star crashes onto the gpia¢oe of its companion (or
close to it): the X-ray emitting region thus roughly corresgs to the hemisphere facing the
primary star. Such a possibility was envisaged to explapttuliar shape of the light curve
of CPD-41°7742 (O9V+B1-1.5VP = 2.4d,|Sana et al 2005). From a non-zero value, the
count rate smoothly increases during a quarter of the diog;is followed by an equally
smooth decrease during the next quarter of the orbit; whermthximum flux should be
reached, a narrow dip makes the light curve come back toigimat level. This level cor-
responds to the intrinsic emission of the two stars; the dmeak occurs when the X-ray
emitting hemisphere comes slowly into view as the systertest(an effect analogous to
the lunar phases); the narrow drop corresponds to an X-tggseavhen the primary occults
the secondary (with an inclination of 7,2he system is seen nearly edge-on). Such a phe-
nomenon can be expected for other O+B systems, but has no¢getspecifically searched
for.

Further evidence for X-rays associated with a wind-wineriattion is the spatial ex-
tension of the high-energy source. Indeed, the X-ray eonissinot point-like but occurs in
an extended region close to the stagnation point (the ed@on of the shock with the bi-
nary axis). Unfortunately, spatial resolution is still Ited and one did not expect any direct
evidence of this extension to be found with either X M&wtonor CHANDRA. However,
an indirect signature for the source extension was detactadew systems. For example,
in WR22, it is necessary to take extension into account teetjomodel the absorption at
the most absorbed phase (Gosset et al. 2009, submitted).aBueffect could also help for
a better modeling of absorption jfVel (Schild et all 2004). In the very massive eclipsing
binary WR20a (WN6ha+WN6hd&=3.7 d/Nazé et al 2008a), the X-ray emission brightens
during the optical eclipse: the lack of an X-ray eclipse igdily related to a non-zero ex-
tension of the X-ray emission; furthermore, the brightgniaquires the collision zone to
be rather opaque when seen edge-on (which happens a quapiease after/before the
eclipse). Finallydirectevidence for source extension was found inABIDRA observations
of WR147 (WN8+0OB, sege Pittard etlal 2002 and Fig. 30). Thimsdalosest WR system
(the closest one being’Vel) has been resolved at both radio and IR wavelengths:dhe n
thermal radio source corresponding to the wind-wind irtoa lies 0.58 north of the WR
star and the OB companion is located 0.06” further away. The af the observed X-ray
emission is about 70% larger than the ANDRA point spread function and its position does
not correspond to that of the WR star. No other possibiligntivind-wind collision can
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Fig. 30 The emission from WR147, with X-ray contours (thick linegpsrimposed on radio contours (thin
lines, figure reprinted from_Pittard etlal 2002). The two sessgive the positions of the stars: the WR star
is to the south, the O star to the north. The WR star is assakiaith the southern radio source, while the
elongated radio source to the north is non-thermal radicgon from the wind-wind collision. The X-ray
emission, which is extended, is not co-spatial with the W& btit is likely associated with the wind-wind
interaction.

explain such observations and these data thus constityteriamt evidence showing the
reality of the phenomenon. It should be noted that the betst fite observations considers
a main component associated with the extended interactine glus weaker contributions
from the point-like stars: in this case, the WR star shouls tave intrinsic, non-zero X-ray
emission (see Set. 4.4 for further discussion on this st)bje

A strange feature discovered in two interacting systemgasf YWC+0O 2 Vel,|Schild et al
2004, and Mus,|Sugawara et|al 2008) must also be mentioned: the presémarrow ra-
diative recombination continua (RRC) associated with lyigbnized carbon. It indicates
that cool gasKT = a few eV) is present not far from the X-ray sources. Its origimot
yet clear: because of the lack of phase-locked variatioctsil$et al (2004) favor recombi-
nation occurring far in the winds or far out in the post-&tin flow while Sugawara et al
(2008) suggest that the RRC feature displays a similar akithe X-ray lines arising from
the hot plasma of the wind-wind interaction.
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Once that clear evidence was found for wind-wind interatj@ better modeling was at-
tempted. Indeed, when well understood, such interactian$elp probe the stellar wind pa-
rameters, which are notoriously difficult to estimate (éutokhin et ] 2004; De Becker et al
2006). However, one should not forget that there is more jiligtrone interaction in the sys-
tem: there are the stars. This has two consequences. Birst, heaningful comparison,
the modeled wind-wind contribution should always be addethé stars’ intrinsic high-
energy emissions. Indeed, the predicted changes are dgharger than the observed ones
since the stellar X-rays dilute the variations of the intéicm emission (e.g. HD 152248,
Sana et &l 2004). Second, wind acceleration needs to b@gslytimodeled. Indeed, in hot
stars, the winds are accelerated by UV radiation; in hotr@sathere are two sources of UV
photons: along the binary axis, the stellar winds might kemut be accelerated to their full
strength (a process called radiative inhibition) and, ymasetric systems (e.g. WR+0O), the
strongest wind might even suddenly decelerate as it appesaithe companion (a process
called sudden radiative braking). Such braking effecer dltte wind velocity, hence the X-
ray emission: the flux and plasma temperature will be lowan texpected. Observational
evidence for that process is still quite elusive in the X-daynain. Fory’Vel, Henley et al
(2005) used a geometrical model (with X-ray emission alorapme revolving with the
orbital period) to reproduce the observed unshifted lirdiles: they found that the latter
could only be fitted with a half-opening angle of°@he. much more than the 2®xpected
on the basis of the shape of the X-ray light curve. This resak interpreted as a possible
consequence of sudden radiative braking close to the O star.

Finally, a last remark must be made: not all hot binariesldisK-ray bright interactions
and this is not solely due to the type of performed obsermat{a short snapshot prohibiting
the production of light curves, contrary to a dedicated rwoitig). In NGC 6231, only
HD 152248 and CPB41°7742 present a clear overluminosity in thg — Ly, diagram,
although several other binary systems exist in the cluSend et al, 2006). In the case of
1 Orionis (Pittard et al, 2000), no significant variation oé th-ray emission was detected
between periastron and apastron observations, althowyhwkre eagerly expected. The
reasons for these differences are unclear, and definitglyreemore investigation.

4.6 Hot magnetic objects

Up to recent years, magnetic fields were quite an elusiveestifjr hot stars. Indeed, hot
stars lack outer convection zones, and there seemed to berr@ation between X-ray
emission and rotation rate (as seen in cool stars). Howmegnetism had been proposed
to explain the variability of some peculiar objects, @§0ri C, and it was also needed for
producing the non-thermal radio emission observed in a fesiistems. Direct evidence
for its presence is difficult to find as the broadening of trelat lines in the spectra of
hot stars prevents the direct observation of Zeeman syjittiowever, the Zeeman effect
also induces polarization of light and it was finally througgrectropolarimetric studies that
magnetic fields were first detected in 20@ Ori C, |Donati et al 2002). More efforts to
search for magnetic fields are currently under way (Bourat, 2008] Hubrig et al, 2008;
Petit et al, 2008; Schnerr et al, 2008). Table 7 summarizestirent status of magnetic
field detections in hot stars.

To study the impact of a magnetic field on the stellar windgirbgtynamical model-
ing was undertaken (ud-Doula and Owocki, 2002). It reveéhad the crucial factor is the
importance of magnetic energy relative to the kinetic ep@fgthe wind, better evaluated
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Table 7 Properties of magnetic stars earlier than B1 (a '+’ in thecpétype indicates the presence of companions). The aligild strength is quoted when available; if
absent, the values af were calculated by assuming the observed field strength tioebdipolar one. Quoted X-ray temperatures corresponcetaidin component.

Name Sp. Type Bobs Bgip  Vvsini Voo R, M kT HWHM log(Lx n Ref.
(©) (G) (kms?) (Ro) Mg yr 1) (kev)  (kms) /Lbol)
9Sgr O4Vv+ 21%57 128 2950 16.0 241076 0.26 500-1600 —6.4 0.3 1,2
HD 148937 0O5.5f?p —276+88 45 2600 15.0 < 1077 0.2 873 —6.0 13 2,3
plorict 05.5V+ 106@-90 24 2980 8.3 14106 2.5-3 300 -6.0 3.6 4
O7V+ 2760 9.1 551077 12
HD 191612 06.5f?p— 1500 45 2700 14.5 1186 0.2-0.3 900 -6.1..2 21 5
—-O8fp+
HD 36879 orv 18652 163 2170-2400 10 4107 0.6-0.7 6
HD 155806 O7.5Ve —115+37 91 2390 8.9 21077 soft —6.7* 0.4 7
HD 152408 O8I —89+29 85 955-2200 31 5-1210°6 < -7.3" 0.05-0.3 8
{OriA 09.71 61+10 110 2100 250 1.4-190° 0.2 850 -71 0.11-0.15 9
TSco B0.2v 300 everywhere 5 2000 5.2 x P08 0.6 200-450 —6.5 12 10
NU Ori BO.5V+ 650200 225 0.2 —6.7 551 11
&lCMa B0.5-1111 306 20 1518 7.1 1:010°8 0.3 —-6.6* 31 12
B Cep B1V+ 360-40 27 800-1500 6.9 18 0.2 <450 -7.2 790-1481 13

*ROSAT observations (froin Berghofer et al 1996).
T The two lines correspond respectively to the hot and coaletsool Gagné etlal (2005b).
¥ Assuming the same values of radius, mass-loss rate anth&elocity as forr Sco.

References: (1) Rauw ef al (2002a), (2) Hubrig et al (2008),Nazé et al [(2008h,c), (4) Donati et al_(2002). Gaané €2an5b), (5) Donati et al (2006a). Nazé et al
(2007b, | 200&€b)| Howarth et al (2007), (5) Hubrig et al (200BYinja et al [(1990), Vilkoviskii and Tambovtseva (1992Y,) (Hubrig et al [(2008), Prinja efal (1990),

Chlebowski and Garmany| (1991).

Berghofer et al_(1996). tMsuet &l

(2005), (8)|_Hubrig etal| (2008).

Prinja et al__(1990vilkoviskii and Tambovtseva | (1992),

Chlebowski and Garmany (1991), Berghofer etlal (1996),[R@assen etlal (2008), Bouret etal (2008), (10) Mewe et al R00chen et all (2003), Donati et al (2006b),
(11)IStelzer et al (2005), Petit et al (2008), (12) Casdieelhl (1994), Hubrig et al (2006), (18) Henrichs ét al (ZQFavata et al (2008)
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through the use of a wind confinement parameter

B3R
MV

If n <1, the field is weak and the outflowing wind remains rather tenedl; ifn >1, the
field is strong enough to channel the wind towards the steliaator. In the latter case, it
must be noted that no stable disk forms. The head-on cailisidhe two channeled wind
streams at the equator heats the gas to high temperatures:iateracting wind binaries,
hard X-ray emission should thus be produced. In additiam;esthe phenomenon occurs
quite close to the photosphere, in shocked plasma with li#itlial velocity, the lines of the
emitting hot plasma are expected to be narrow<@50 km s'1) and only slightly blueshifted
(—100 to 0km s, |Gagné et al 2005b). Finally, if the magnetic and rotafiexas differ, a
periodic modulation of the X-ray emission should be obs@ras the region of magnetically
confined wind is alternatively observed edge-on/face-baugh this modulation can be of
limited amplitude depending on the characteristics of ftstesn, see e.q. Favata et al 2008).

01 Ori C was observed at four phases with ANDRA gratings and also at medium reso-
lution in the framework of the COUP campaign (Gagné et abPOBee errata in Gagné €t al
2005a). The observed spectrum is indeed quite hard, witmardmt temperature at 2.5—
3keV, and a second, much weaker component at 0.7 keV. Fliaticars of about 30% are
detected, with a simultaneous maximum of X-ray and kmissions when the “disk” is
seen face-on; a slightly larger absorption column is alseoled when the “disk” is seen
edge-on. Most X-ray lines are narrow (350 kmi sslightly larger than predicted) but the
broader lines (e.g. @i11) correspond to a cooler plasma and their formation could thu
be explained by the “usual” wind-shock model. Moreover, lthe centroids are on aver-
age close to 0 kns, though slightly variable (from a small blueshift f75 km st when
seen face-on to a redshift #f125 km s 'when edge-on). Finally, the comparison of the line
triplets from He-like ions suggests a formation region velgse to the stellar surface, at
radial distances = 1.6 — 2.1R.. All in all, the case of91 Ori C is well explained by the
hydrodynamical models.

This is also the case farSco, whose magnetic field was detected by Donati et al (2006b)
shortly after high-resolution X-ray spectroscopy had adé its striking similarities to
61 Ori C: narrow (HWHM of 200-450 kms!) and unshifted lines, hard emission (strong
component akT = 1.7 keV), clear overluminosity, X-ray formation region et1-3R,
(Mewe et al, 2003; Cohen et al, 2003). The magnetic field gégnieehowever much more
complex than a simple dipole, and MHD simulations still néetde performed to check if
the agreement is also quantitative.

One can now easily imagine a whole continuum of magneticeffen massive stars.
On the one hand, strong magnetic confinemant 1) will produce hard X-rays, narrow
lines, a large overluminosity, and a clear periodic modaatas exemplified by? Ori C.
On the other hand, small magnetic confinement will not affeetX-ray emission, which
keeps its usual properties from the wind-shock model (sefay§, broader lines, constant
emission, and lod1x /Lol ~ —7, see Seck.4.2). This other extreme would be represented
by ¢ Ori A, whose magnetic field is very weak (Bouret etial, 2008) arich displays a
“normal” X-ray emission (see Se¢t. 4.2.2). In between thwae extreme cases, a whole
range of possibilities opens up, which still needs to bestest

In view of the surprising spectra of early B-type stars, whi@annot be explained by
the current wind-shock model (see Séct] 4.3), magneticsfigie often seen as a potential
solution. Indeed, B-type stars possess weaker stellarsvtirach O-stars and even small mag-
netic fields can produce large magnetic confinements, aspifienh by 8 Cep (Tablé 7 and

(21)
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Favata et al 2008). Magnetically channeled winds natugadbduce the observed narrow
X-ray lines and the observed formation radii are compatitith this scenario. However,
detailed MHD simulations are still missing, as well as s&évesipolarimetric observations
of problematic B-starsf Car, 8 Cru). It remains to be seen if the variety of temperatures
and luminosities can also be reproduced by such modelshatd.and bright X-rays for

7 Sco (withn ~ 10) vs. soft emission without overluminosity fBrCep (which has a larger

n ~ 1000).

The magnetic models were, however, less successful in sasescFor example, the
non-thermal radio emitter 9 Sgr, discussed above, dism@alygh-resolution X-ray spec-
trum quite typical of “normal” O-type stars (lowT, broad and slightly blueshifted lines,
see Rauw etlal 2002a) although its magnetic field is signifi@idobrig et &, 2008). In-
deed, wind-wind interactions most probably play a role is #ystem, and a full modeling
taking into account both magnetic fields and colliding wirstiould help understand the
high-energy characteristics of 9 Sgr. The problems are writieal for the Of?p stars. This
category gathers at least three peculiar Galactic starst®G8DHD 191612, and HD 148937
(Walborn, 1972| 1973). To explain their cyclic variability the optical domain, a mag-
netic oblique rotator model was proposed. Indeed, a magfietd has been detected for
HD 191612 (Donati et al, 2006a) and HD 148937 (Hubrig et &b&Pand the derived con-
finement parameters are large, with values similar to oelatigan for81 Ori C (Table[T).
In the X-ray domain, all three stars present similar spdmiitetheir properties do not fully
agree with the predictions of the magnetic models (Nazé 2084, 2007a, 2008b,c). On
the positive side, two similarities witB* Ori C can be underlined: a large overluminosity
(an order of magnitude compared to the “canonical” relgtiand the flux variations of
HD 191612, in phase with those of the optical emissions. Hitegh, although the overall
flux is soft, a second thermal component at 1-3 keV is presdrit I3 of reduced intensity
(it only accounts for 30% of the intrinsic flux) and it can @énly not explain the overlumi-
nosity. On the negative side, these stars display soft gpeith a dominant component at
0.2-0.3 keV, as expected for “typical” O-type stars (see.8e&.2), and broad X-ray lines
(HWHM ~ 900 km s'1). For these Of?p stars, it thus seems that an additionalophemon
must be at work to explain the characteristics observed r@y>energies.

As spectropolarimetric analyses are still on-going, itifSallt to assess at the present
time the overall validity of the magnetically-channelechdimodel at high-energies. Sen-
sitive magnetic detections and high-resolution X-ray spscopy of OB-stars need first to
be accumulated. Once definitive values for the physicalgnt@s of the magnetic systems
will become available, statistical analyses will be perfed to test whether significant dif-
ferences between magnetic and non-magnetic systems eglistetiailed modeling will be
able to check if their X-ray emission follows the expectasi@r not. Until then, hard X-ray
emission with narrow unshifted lines might certainly be sidered as a typical signature
of strong magnetic fields. This result, at least valid f@co andg Ori C, was also used
to explain the observations of numerous X-ray bright O-tgfas in very young clusters.
Following some authors (e.d._Schulz etlal, 2003), the nurobéright, hard sources as-
sociated with O-type objects increases as the cluster ageakes. This result was linked
to observational hints that magnetic field strength deesasth agel (Donati etlal, 2006a).
However, the impact of binarity (and associated intergctiind emission) was not fully
assessed. In this context, it should be remembered thagydusters still harbor the most
massive stars: these objects, displaying the strongesisywame the most susceptible to pro-
duce strong wind-wind interactions. Decreasing magnegid finight thus not be the only
cause for the smaller number of X-ray bright sources observelder clusters.
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5 Conclusions

XMM -Newtonand CHANDRA have provided entirely new views of stellar X-rays, in par-
ticular through high-resolution grating spectroscopyenffg a resolving power of several
hundred. Stellar X-ray sources are rich in emission linesfwhich information on physical
conditions and processes can be extracted.

Coronae of cool stars reveal standard thermal spectra #ivat hevertheless, offered a
number of surprises, such as previously unknown systeswtielement abundances. Subtle
effects related to line broadening, optical depths, resoseattering, and fluorescence have
been crucial to develop models of the emitting sources adiated surfaces. Much attention
has also been paid to the unique methodology of measurimggeeoronal densities that
are pivotal for the construction of coronal models.

Density measurements were at the origin of new hypothedatedeto pre-main se-
guence stars. Soft X-ray emission revealing very high diesshas been interpreted as a
signature of accretion shocks near the stellar surfacdldustor jets are also X-ray sources,
perhaps related to the same physical mechanisms alsoiogeratvinds of massive stars.

The current X-ray observatories have also clearly proviter insight into the proper-
ties of hot, massive stars. In particular, high-resoluspectra have proved a crucial tool to
test the proposed models in detail: the new observationstiilty agree with expectations
and require a change of paradigm.

Continuing investigations in the domain of high-resolatispectroscopy are clearly
needed. The higher-sensitivity facilities of the next gatien should notably be able to
resolve the profile variations of X-ray lines, which are estpd in various contexts (wind-
wind interaction in binaries, channeled wind in magnetigots, and even in winds of single
stars, rotating coronal plasma, plasma flows in magnetidsaitc). Studies of X-ray emis-
sion in different metallicity environments, e.g. the Mdagric Clouds, should also provide
crucial information since the stellar wind strength andospson depend on the metal con-
tent. In this context, it must be noted that high sensitigitgl high spectral resolution must
be complemented by a high spatial resolution - it is of liitleerest to get a well-exposed
spectrum of a whole cluster!
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