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Although the environments of star and planet formation are thermodynamically cold,
substantial X-ray emission from0 — 100 MK plasmas is present. In low mass pre-main
sequence stars, X-rays are produced by violent magnetic reconnection flares. In high mass O
stars, they are produced by wind shocks on both stellar and parsec scales. Th€renwira
Orion Ultradeep ProjectXMM-NewtonExtended Survey of Taurus, ai@handrastudies of
more distant high-mass star forming regions reveal a wealth of X-ray phenomenology and
astrophysics. X-ray flares mostly resemble solar-like magnetic activity from multipolar surface
fields, although extreme flares may arise in field lines extending to the protoplanetary disk.
Accretion plays a secondary role. Fluorescent iron line emission and absorption in inclined disks
demonstrate that X-rays can efficiently illuminate disk material. The consequent ionization of
disk gas and irradiation of disk solids addresses a variety of important astrophysical issues of
disk dynamics, planet formation, and meteoritics. New observations of massive star forming
environments such as M 17, the Carina Nebula and 30 Doradus show remarkably complex
X-ray morphologies including the low-mass stellar population, diffuse X-ray flows from blister
HIl regions, and inhomogeneous superbubbles. X-ray astronomy is thus providing qualitatively
new insights into star and planet formation.

1. INTRODUCTION stars prolifically accelerate particles to relativistic energies.

Star and planet formation is generally viewed as a hyin rich young stellar clusters, X-rays are also produced by
drodynamic process involving gravitational collapse of inshocks in O star winds, on both smak (10 R,) and
terstellar material at low temperatures, 10—-100 K in moledarge (parsec) scales. If the region has been producing rich
ular cloud cores and 100—1500 K in protoplanetary disks. Hlusters for a sufficiently long time, the resulting supernova
thermodynamical equilibrium holds, this material should beemnants will dominate the X-ray properties.
neutral except in localized HIl regions where the bolomet- X-ray studies with th&€handraandXMM-Newtorspace
ric ultraviolet emission from massive O star photoionizatiorobservatories are propelling advances of our knowledge and
is present. However, stars have turned out to be sourcesderstanding of high energy processes during the earli-
of intense X-rays at almost every stage of early formatiorst phases of stellar evolution. In the nearest young stars
and evolution, from low-mass brown dwarfs to massive @nd clustersd < 500 pc), they provide detailed informa-
stars, to an extent that the stellar environment is ionized attidn about magnetic reconnection processes. In the more
heated (beyond effects due to ultraviolet radiation) out tdistant and richer regions, the X-ray images are amaz-
considerable distances and thus made accessible to magly complex with diffuse plasma surrounding hundreds
netic fields. of stars exhibiting a wide range of absorptions. We con-

X-ray observations reveal the presence of highly-ionizedentrate here on results from three recent large surveys:
plasma with temperatures @0” — 10® K. In lower-mass the Chandra Orion Ultradeep ProjediCOUP) based on a
stars, the X-ray emission is reminiscent of X-rays observetkarly-continuous 13-day observation of the Orion Nebula
on the Sun, particularly the plasma explosively heated andgion in 2003, theXMM-Newton Extended Survey of Tau-
confined in magnetic loops following magnetic reconnecrus (XEST) that mapsv 5 square degrees of the Taurus
tion events. X-ray flares with luminosities orders of magniMolecular Cloud (TMC), and an on-goir@handrasurvey
tude more powerful than seen in the contemporary Sun aoéhigh mass star formation regions across the Galactic disk.
frequently seen in young stars. Evidence for an impulsivBecause the XEST study is discussed in specific detail in a
phase is seen in radio bursts and in U band enhancemeditssely related chaptefs(idel et al, this volume) together
preceding X-ray flares, thought to be due to the bombardvith optical and infrared surveys, we present only selected
ment of the stellar surface by electron beams. Thus, yourXEST results. This volume has another closely related



chapter: Bally et al. discuss X-ray emission from high- variables, and tidally spun-up RS CVn post-main sequence
velocity protostellar Herbig-Haro outflows. The reader inbinaries. These systems have geometrically complex mul-
terested in earlier X-ray studies is referred to reviews btipolar magnetic fields in arcades of loops rooted in the
Feigelson and Montmerl€1999),Glassgold et al.(2000) stellar photospheres and extending into the coronae. The
in Protostars and Planets I¥avata and Micela(2003), field lines become twisted and tangled by gas convection
Paerels and Kahi(2003), andsudel (2004). and undergo explosive magnetic reconnection. The recon-
The COUP is particularly valuable in establishing a comnection immediately accelerates a population of particles
prehensive observational basis for describing the physicaith energies tens of keV to several MeV;, this is the "im-
characteristics of flaring phenomena and elucidating thaulsive phase” manifested by gyrosynchrotron radio contin-
mechanisms of X-ray production. The central portion ofium emission, blue optical/UV continuum and, in the Sun,
the COUP image, showing the PMS population around th@gh gamma-ray and energetic particle fluences. These par-
bright Trapezium stars and the embedded OMC-1 populéeles impact the stellar surface at the magnetic footprints,
tions, is shown in Plate 1Getman et al.2005a). X-rays immediately heating gas which flows upward to fill coronal
are detected from nearly all known optical members excefops with X-ray emitting plasma. It is this "gradual phase”
for many of the bolometrically fainter M stars and brownof the flare which is seen with X-ray telescop&hrijver
dwarfs. Conversely, 1315 of 1616 COUP sources (81%&) Zwaan(2000) andPriest & Forbes(2002) review the ob-
have clear cluster member counterparts a7 (5%) are servations and physics of solar and stellar flares.
new obscured cloud members; most of the remaining X-ray Extensive multiwavelength properties of PMS stars in-
sources are extragalactic background sources seen throulitate they are highly magnetically active stdfsigelson
the cloud Getman et al.2005b). and Montmerle1999). Hundreds of Orion stars, and many
X-ray emission and flaring is thus ubiquitous in PMSin other young stellar populations, have periodic photomet-
stars across the Initial Mass Function (IMF). The X-ic variations from rotationally modulated starspots cover-
ray luminosity function (XLF) is broad, spannitp < ing 10 — 50% of the surfaceHerbst et al, 2002). A few of
log L.[erg/s] < 32 (0.5 — 8 keV), with a peak around these have been subject to detailed Doppler mapping show-
log L.[erg/s] ~ 29 (Feigelson et al.2005). For compari- ing spot structure. Radio gyrosynchrotron emission from
son, the contemporary Sun eniits< log L, [erg/s] < 27, flare electrons spiraling in magnetic loops has been detected
with flares up tal0%2 erg/s, in the same spectral band. Rein several dozen PMS star&ifdel 2002). A few nearby
sults from the more distributed star formation clouds sufPMS stars have Zeeman measurements indicating that kilo-
veyed by XEST reveal a very similar X-ray population assauss fields cover much of the surfadel{ns-Krull et al,
in the rich cluster of the Orion Nebula, although confine@004). In the COUP and XEST studies, temperatures in-
to stars with masses mostly below2, (see the chapter ferred from time-averaged spectra extendsithg — Thot
by Gudel et al), although there is some evidence the XLFandT — L, trends found in the Sun and older stars to higher
is not identical in all regions (Section 4.1). There is ndevels Preibisch et al. 2005; Telleschi et al. in prepara-
evidence for an X-ray-quiet, non-flaring PMS population. tion). X-ray spectra also show plasma abundance anoma-
The empirical findings generate discussion on a varieties that are virtually identical to those seen in older mag-
of astrophysical implications including: the nature of magnetically active starsScelsi et al. 2005;Maggio et al, in
netic fields in young stellar systems; the role of accretiopreparation).
in X-ray emission; the effects of X-ray irradiation of pro- Taking advantage of the unprecedented length of the
toplanetary disks and molecular clouds; and the discoveOUP observatiorklaccomio et al.(2005) find rotational
of X-ray flows from HIl regions. A number of important modulation of X-ray emission in at least 10% of Orion PMS
related issues are not discussed here including: discovestars with previously determined rotation periods from op-
of heavily obscured X-ray populations; X-ray identificationtical monitoring. An example is shown in Fig. 1a. Ampli-
of older PMS stars; the X-ray emission of intermediatetudes of variability range from 20-70% and X-ray periods
mass Herbig Ae/Be stars; the enigmatic X-ray spectra afenerally agree with the optical periods. In a few cases, it
some O stars; the generation of superbubbles by OB cluis- half the optical value, implying X-ray—emitting regions
ters and their multiple supernova remnants; and the largen opposite hemispheres. This result indicates that in at
scale starburst conditions in the Galactic Center region atelast some PMS stars, the X-rays are emitting from rela-
other galactic nuclei. tively long-lived structures lying low in the corona that are
inhomogeneously distributed around the star. Similar X-ray
2. FLARING IN PRE-MAIN SEQUENCE STARS rotational modulations are seen in the Sun and a few older
stars.
Wolk et al. (2005) examined the flaring behavior of a
2.1 The solar model complete sample of solar analogsy{ < M/Mg < 1.2)in
the Orion Nebula Cluster. The lightcurve in Fig. 1b show-
Many lines of evidence link the PMS X-ray propertiesing one of the more spectacular flares in this subsample
to magnetic activity on the Sun and other late-type magneteachinglog L,.(peak)[erg/s] = 32.2. Most flares show
ically active stars such as dMe flare stars, spotted BY Drsolar-type rapid rise and slower decay; the decay phase can
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Fig. 1.—Two of 1400+ X-ray lightcurves from thEhandraOrion Ultradeep Project. The abscissa is time spanning 13.2 days, and
the ordinate gives X-ray count rate in thé — 8 keV band. (a) An Orion star showing typical PMS flaring behavior superposed on a
rotational modulation of the ‘characteristic’ emissioRlaccomio et al. 2005) (b) COUP #1343 = JW 793, a poorly-characterized PMS
star in the Orion Nebula, showing a spectacular solar-type fldfelk(et al, 2005;Favata et al, 2005a)

last from <1 hour to>3 days. The brightness and spec-acteristic’ X-ray level about three-fourths of their time (see
tral variations during the decay phases of this and similarllig. 1). The X-ray spectrum of this characteristic state can
powerful Orion flares have been analyzedHaywata et al. be modeled as a two-temperature plasma with one compo-
(2005a) using a loop model previously applied to "gradualhentT.,, ~ 10 MK and the other componefit,.; ~ 30
(i.e., powerful events spanning several hours) solar and st&K. These temperatures are much higher than the quiescent
lar flares. The result for COUP #1343 and other morphologolar corona. The concept of “microflaring” or “nanoflar-
ically simple cases is clear: the drop in X-ray emission anthg” for the Sun has been widely discuss&uker 1988)
plasma temperature seen in PMS stellar flares is completelpd has gained favor in studies of older magnetically active
compatible with that of older stars. In some COUP flaresstars based on light curve and spectral analy&skyap et
the decay shows evidence of continued or episodic reheat-, 2002;Gudel et al, 2003,Arzner & Gidel 2004). These
ing after the flare peak, a phenomenon also seen in solatter studies of dMe flare stars indicate that a power-law
flares and in older stars. distribution of flare energiesiN/dE « E~<, is present
The intensity of PMS flaring is remarkably high. Inwith o ~ 2.0 — 2.7. The energetics is clearly dominated
the solar analog sample, flares brighter tHaripeak) > by smaller flares. The COUP lightcurves vary widely in ap-
2 x 103Y erg/s occur roughly once a weeWglk et al, pearance, but collectively can also be roughly simulated by
2005). The most powerful flares have peak luminosities ugp powerlaw witha = 2.0 — 2.5 without a truly quiescent
to several timeg03? erg/s Favata et al, 2005a). The peak componentElaccomio et al, 2005). Thus, when reference
plasma temperature are typically{peak) ~ 100 MK but is made to the more easily studied superflares, one must al-
sometimes appear much higher. The time-integrated energiays remember that many more weaker flares are present
emitted in the X-ray band during flares in solar-mass COUBnd may have comparable or greater astrophysical effects.
stars islog E,[erg] ~ 34 — 36. An even more remarkable Not infrequently, secondary flares and reheating events are
flare withlog E,[erg] ~ 37 was seen by ROSAT from the seen superposed on the decay phase of powerful flares (e.g.,
non-accreting Orion star Parenago 1724 in 19®2ipisch Gagre et al, 2004;Favata et al, 2005a).
etal, 1995). These values are far above solar flaring levels: One puzzle with a solar model for PMS flares is that
the COUP flares ar0? times stronger antl0? times more  some show unusually slow rises. The non-accreting star
frequent than the most powerful flares seen in the conterhkHa 312 exhibited a 2-hour fast rise with peak temper-
porary Sun; the implied fluence of energetic particles magtureT ~ 88 MK, followed by a 6 hour slower rise to
be10° times above solar level&¢igelson et al.2002). log L, (peak)[erg/s] = 32.0 (Grosso et al. 2004). The
The Orion solar analogs emit a relatively constant ‘charflare from the Class | protostar YLW 16A in the dense core



of the p Ophiuchi cloud showed a remarkable morphologyike flares. Note that the very young accreting star XZ Tau
with two rise phases and similar temperature structure (Fighows unusual temporal variations in X-ray absorption that
3; Imanishi et al.2001). Other flares seen with COUP showcan be attributed to eclipses by the accretion strdzawdta
roughly symmetrical rise and fall morphologies, sometimest al,, 2003).
extending over 1-2 daydNolk et al, 2005). It is possible The optical observations conducted simultaneous with
that some of these variations are due to the stellar rotatithe COUP X-ray observations give conclusive evidence that
where X-ray structures emerging from eclipse, but they ar@ccretion does not produce or suppress flaring in the great
currently poorly understood. majority of PMS stars$tassun et al.in preparation). Of
By monitoring young stars with optical telescopes simulthe 278 Orion stars exhibiting variations in both optical and
taneous with X-ray observations, the early impulsive phase-ray bands, not a single case is found where optical varia-
of PMS flares can be revealed. This has been achievédns (attributable to either rotationally modulated starspots
with distributed ground-based telescopes and in spaocea: to changes in accretion) have an evident effect on the
the XMM-Newtonsatellite has an optical-band telescopexX-ray flaring or characteristic emission.
coaligned with the X-ray telescope. During the impulsive An example from the XEST survey is shown in Fig. 2a
phase, electron beams accelerated after the reconnectwamere the slow modulation seen in the first half is too rapid
event bombard the stellar chromosphere which produceda effects due to rotation, but on the other hand shows no
burst of short-wavelength optical and UV radiatiotMM-  equivalent signatures in X-rays. The optical fluctuations are
Newtonobservation of the Taurus PMS star GK Tau showtherefore unrelated to flare processes and, in this case, are
both uncorrelated modulations as well as a strong U bari#tely due to variable accretiorA(dard et al, in prepara-
burst preceding an X-ray flare in good analogy with solation). Similarly, a Taurus brown dwarf with no X-ray emis-
events Audard et al, in preparation; Fig. 2a). Ground- sion detected in XEST showed a slow rise by a factor of six
based optical and &d monitoring of the Orion Nebula dur- over eight hours in th&’-band flux Grosso et al.in prepa-
ing the COUP campaign revealed one case ofdrand ration). Such behavioris uncommon for a flare, and because
spike simultaneous with a very short X-ray flare of interthis brown dwarf is accreting, mass streams may again be
mediate brightnessSfassun et alin preparation; Fig. 2b). responsible for producing the excess ultraviolet flux.
The simplest interpretation of the absence of statistical
2.2 The role of accretion links between accretion and X-ray luminosities and the ab-
sence of simultaneous optical/X-ray variability is that dif-
It was established in the 1980-90s that elevated levelsrent magnetic field lines are involved with funneling gas
of X-ray emission in PMS stars appears in both ‘classicafrom the disk and with reconnection events producing X-
T Tauri stars, with optical/infrared signatures of accretiomay plasma. There is no evidence that the expected shock at
from a protoplanetary disk, and ‘weak-lined’ T Tauri starghe base of the accretion column produces the X-rays seen
without these signatures. This basic result is confirmed but COUP and XEST.
with some important refinements — and controversy — from There are some counterindications to these conclu-
recent studies. sions. A huge increase in X-ray emission was seen on
While the presence or absence ofkaband emitting long timescales from the star illuminating McNeil's Neb-
inner disk does not appear to influence X-ray emissiomla which exhibited an optical/infrared outburst attributed
the presence of accretion hasiegativeimpact on X-ray to the onset of rapid accretioiKdstner et al. 2004). In
production Flaccomio et al. 2003; Stassun et al.2004; contrast, however, X-rays are seen before, during and after
Preibisch et al. 2005;Telleschi et al.in preparation). This outburst of the EXOR star V1118 Ori, with a lower tem-
is manifested as a statistical decrease in X-rays by a factperature seen when accretion was strongestiérd et al,
of 2 — 3 in accretingus. non-accreting PMS stars, even af-2005). These findings suggest that accretion, and perhaps
ter dependencies on mass and age are taken into accotiné inner disk structure, might sometimes affect magnetic
The effect does not appear to arise from absorption by afield configurations and flaring in complicated ways.
creting gas; e.g., the offset appears in the Iard8 keV The biggest challenge comes from TW Hya, the nearest
band where absorption is negligible. The offset is relativelgnd brightest accreting PMS star. It has an X-ray spectrum
small compared to th&0* range in the PMS X-ray lumi- much softer than most COUP or other PMS sources (Fig.
nosity function, and flaring behavior is not affected in any). Due to its proximity to the Sun, TW Hya is sufficiently
obvious way. One possible explanation is that mass-loadédight in X-rays to be subject to detailed high-resolution
accreting field lines cannot emit X-rayBreibisch et al.  spectroscopy using transmission gratings onG@handra
2005). If a magnetic reconnection event liberates a certaand XMM-NewtortelescopesKastner et al. 2002;Stelzer
amount of energy, this energy would heat the low-densitgnd Schmitt 2004; Ness and Schmjt2005). According
plasma of non-accretors to X-ray emitting temperature$p the magnetospheric accretion scenario, accreted mate-
while the denser plasma in the mass-loaded magnetic figlidl crashes onto the stellar surface with velocities of up
lines would be heated to much lower temperatures. The rés several hundred km/sec, which should cansa0° K
maining field lines which are not linked to the disk wouldshocks in which strong optical and UV excess emission
have low coronal densities and continue to produce solaand perhaps also soft X-ray emission is produdedh(zin
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(Stassun et alin preparation)
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Fig. 3.—X-ray flare from Class | protostar YLW 16A in the Ophiuchi cloud, observed witGhandra The flare has an unusual
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Fig. 4.—High-resolution transmission grating spectrum of the nearest classical T Tauri star, TW Hya. The spectrum is softer than
other PMS stars, and the triplet line ratios imply either X-ray production in a high-density accretion shock or irradiation by ultraviolet
radiation. Kastner et al. 2002)

1999). Density-sensitive triplet line ratios of Ne 1X and Omost of the X-rays seen wit@handraand XMM-Newton
VIl are saturated indicating either that the emitting plasmare generated by magnetic reconnection flaring rather than
has densitietog n.[cm~—3]~ 13, considerably higher than the accretion process.
log n.[cm~3]~ 10 characteristic of low-level coronal emis-
sion although reminiscent of densities in flares. HoweveR.3 The role of disks
these densities were measured during an observation dom-
inated by relative quiescence with no hot plasma present. There are strong reasons from theoretical models to be-
Alternatively, the high triplet ratios might be induced bylieve that PMS stars are magnetically coupled to their disks
plasma subject to strong ultraviolet irradiation. A similarat the corotation radii typicallyy — 10 R, from the stel-
weak forbidden line in the O VI triplet is seen in the ac-lar surface (e.g.Hartmann1998; Shu et al. 2000). This
creting PMS star BP Tausgchmitt et al.2005), and similar hypothesis unifies such diverse phenomena as the self-
soft X-ray emission is seen from the Herbig Ae star HDabsorbed optical emission lines, the slow rotation of accret-
163296 Gwartz et al.2005). ing PMS stars, and the magneto-centrifugal acceleration of
If the plasma material in TW Hya is drawn from theHerbig-Haro jets. However, there is littidirect evidence
disk rather than the stellar surface, one must explain the ofar magnetic field lines connecting the star and the disk.
served high Ne/Fe abundance ratio which is similar to thdirect imaging of large-scale magnetic fields in PMS stars
seen in flare plasmas. One possibility is that the abundaniseonly possible today using Very Long Baseline Interfer-
anomalies do not arise from the coronal First lonization P@metry at radio wavelengths where an angular resolution of
tential effect, but rather from the depletion of refractory elL mas corresponds to 0.14 AU at the distance of the Tau-
ements into disk solidBfinkman et al.2001;Drake etal, rus or Ophiuchus clouds. But only a few PMS stars are
2005). This model, however, must confront models of theufficiently bright in radio continuum for such study. One
infrared disk indicating that grains have sublimated in thef the components of T Tau S has consistently shown ev-
disk around 4 AU, returning refractory elements back intadence of magnetic field extensions to several stellar radii,
the gas phas&Calvet et al, 2002). perhaps connecting to the inner border of the accretion disk
Finally, we note that current X-ray instrumentation usedLoinard et al.2005).
for PMS imaging studies is not very sensitive to the cooler But X-ray flares can provide supporting evidence for
plasma expected from accretion shocks, and that much star-disk magnetic coupling. An early report of star-disk
this emission may be attenuated by line-of-sight interstefields arose from a sequence of three powerful flares with
lar material. The possibility that some soft accretion X-rageparations of- 20 hr from the Class | protostar YLW 15
emission is present in addition to the hard flare emissian the p Oph cloud Tsuboi et al. 2000). Standard flare
is difficult to firmly exclude. But there is little doubt that plasma models indicated loop lengths around 14 Bnd



periodicity might arise from incomplete rotational star-diskay emission is the only magnetic indicator which can be
coupling Montmerle et al.2000). However, it is also pos- traced in stellar populations from®® to 10'° yr. The result
sible that the YLA 15 flaring is not truly periodic; many from the PMS to the gigayear-old disk population is shown
cases of multiple flares without periodicities are seen in thia Fig. 5a Preibisch and Feigelsqr2005). The two criti-
COUP lightcurves. cal advantages here over other measures of magnetic activ-
Analysis of the most luminous X-ray flares in the COUFRity evolution are the complete samples (and correct treat-
study also indicates that huge magnetic structures can beent of nondetections) and stratification by mass. The lat-
present.Favata et al. (2005a) reports analysis of the flareter is important because the mass-dependence of X-ray lu-
decay phases in sources such as COUP #1343 (Fig. 1) usmgnosities (for unknown reasons) differs in PMS and main
models that account for reheating processes, which otheequence starf(eibisch et al. 2005).
wise can lead to overestimation of loop lengths. The com- If one approximates the decay of magnetic activity as a
bination of very high luminositieddg L. (peak)[erg/s] ~  powerlaw, then evolution in theé5 < M < 1.2 Mg mass
31 — 32), peak temperatures in excess of 100 MK, and versange is approximately power-law with, o 7—3/* over
slow decays appears to require loops much larger than ttiee wide range of ages < log r[yr] < 9.5. Other X-ray
star, up to several0'? cm or 5-20 R. Recall that these studies of older disk stars suggest that the decay rate steep-
flares represent only the strongest1% of all flares ob- ens:L, « 773/2 or 7=2 over8 < log 7[yr] < 10 (Gudel et
served by COUP; most flares from PMS stars are mud., 1997;Feigelson et a].2004). Note, however, th&#ace
weaker and likely arise from smaller loops. This is clearhand Pasquin{2004) find no decay in chromospheric activ-
shown in some stars by the rotational modulation of théy in a sample of solar mass stars after 3 Gyr. These results
non-flaring component in the COUP studylgccomio et are similar to, but show more rapid decay than, the classical
al., 2005). Skumaniclf1972)r /2 relation which had been measured
Given the typical2 — 10 day rotation periods of PMS for main sequence stars only over the limited age range
stars, is seems very doubtful such long flaring loops would.5 < log[yr] < 9.5. The COUP sample also exhibits a
be stable if both footpoints were anchored to the photanild decay in magnetic activity for agés< log 7[yr] < 7
sphere. Even if MHD instabilities are not important, gasvithin the PMS phase, although the trend is dominated by
pressure and centrifugal forces from the embedded plasrstar-to-star scattePgeibisch and FeigelsoB005).
may be sufficient to destroy such enormous coronal loops While these results would appear to confirm and elabo-
(Jardine and Unruh1999).Jardine et al.(2006) develop a rate the long-standing rotation-age-activity relationship of
model of magnetically-confined multipolar coronae of PMSolar-type stars, the data paint a more complex picture.
stars where accretion follows some field lines while others§he ChandraOrion studies show that the rotation-activity
contain X-ray emitting plasma; the model also accounts faelation is largely absent at 1 MyS{assun et al.2004;
observed statistical relations between X-ray properties arrteibisch et al. 2005). This finding suggests the some-
stellar mass. what surprising result that the activity-age decay is strong
The magnetospheres of PMS stars are thus likely to @eross the entire history of solar-type stars but is not en-
quite complex. Unlike the Sun where only a tiny fractiontirely attributable to rotational deceleration. The PMS mag-
of the photosphere has active regions, intense multipolaetic fields may either be generated by a solar-type dynamo
fields cover much of the surface in extremely young starshat is completely saturated, or by a qualitatively different
Continuous microflaring is likely responsible for the ubig-dynamo powered by turbulence distributed throughout the
uitous strongl0 — 30 MK plasma emission. Other field convective interior rather than by rotational shear at the
lines extend several stellar radii: some are mass-loaded witlichocline. At the same time, the Orion studies show a
gas accreting from the circumstellar disk, while others magmall positive correlation between rotation period and X-
undergo reconnection producing the most X-ray-luminousy activity, similar to that seen in the “super-saturated”
flares. regime of main sequence stars. It is also possible that this
effect is due to a sample bias against slowly rotating, X-ray-
3. THE EVOLUTION OF MAGNETIC ACTIVITY weak Orion stars§tassun et al2004).
The XEST findings in the Taurus PMS population give
a different result suggesting that an unsaturated solar-type
The COUP observation provides the most sensitive, unitynamo may in fact be present in PMS stars when rotation
form and complete study of X-ray properties for a PMS stelperiods are longer than a few dagriggs et al, 2006, in
lar population available to date. When combined with studsreparation). It is possible that the somewhat more evolved
ies of older stellar clusters, such as the Pleiades and Hyad&aurus sample, compared to the Orion Nebula Cluster stars,
and of volume-limited samples in the solar neighborhoodas produced sufficiently prominent radiative zones in some
evolutionary trends in X-ray emission can be traced. Sinoaf these late-type PMS stars to put a solar-type dynamo into
chromospheric indicators of magnetic activity (such as Caperation.
Il line emission) are confused by accretion, and photo- The origins of magnetic fields in PMS stars are thus still
spheric variations from rotationally modulated starspots ameot well established. It is possible that both tachoclinal and
too faint to be generally measured in most older stars, Xconvective dynamos are involved, as discussedasnes
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inclination is the first measurement of gas column densities in irradiated digkstner et al. 2005)

(2003a,b). There is a hint of a transition between convectivat al, 2003). An X-ray emitting protostar deeply embed-
and rotational dynamos in the plot bf./ L;,; against mass ded in the R Corona Australis cloud core has a similarly
in Orion stars. The X-ray emissivity for many stars dropsincertain Class 0 or | statusl@émaguchi et al.2005). In
precipitously for masses abo%e— 3 My, which is also contrast, a considerable number of well-established Class 0
the boundary between lower-mass convective and highgrrotostars appear i@handraimages and are not detected,
mass radiative interiord€igelson et al.2003). Another for example, inthe NGC 1333 and Serpens embedded clus-
possible influence is that accretion in younger PMS staters Getman et al.2002;Preibisch 2004). However, be-
alters convection and thereby influences the magnetic fietdhuse Class 0 stars are typically surrounded by very dense
generation proces$Siess et a).1999;Stassun et al2004). gaseous envelopes, it is possible that the X-ray nondetec-
The magnetic activity history for M stars with massedions arise from absorption rather than an absence of emis-
0.1 to 0.4 M, appears to be different than more massivesion. An interesting new case is an intermediate-mass Class
PMS stars (Fig. 5a). Only a mild decrease in X-ray lumiQ system in the IC 1396N region which exhibits extremely
nosity, and even a mild increase in, /Ly, and Fx, is  strong soft X-ray absorptioiSetman et al.in preparation).
seen over thé < log7[yr] < 8 range, though the X-ray
emission does decay over gigayear timescales. This result 4. X-RAY STARS AND HOT GAS IN
may be related to the well-established fact that the low-mas4ASSIVE STAR-FORMING REGIONS
M stars have much longer rotational slow-down times than
solar-type stars. But the difference in behavior compared to Most stars are born in massive star-forming regions (MS-
higher mass stars could support the idea that the dynamBRs) where rich clusters containing thousands of stars are
in PMS and dM stars both arise from a convective turbuproduced in molecular cloud cores. Yet, surprisingly lit-
lent dynamo. These issues are further discussédultan tle is known about the lower mass populations of these
and MacDonald(2001), Feigelson et al. (2003), Barnes rich clusters. Beyond the Orion Molecular Clouds, near-
(2003a), andPreibisch et al.(2005). infrared surveys like 2MASS are dominated by foreground
An unresolved debate has emerged concerning the onsetackground stars, and the Initial Mass Functions are typ-
of X-ray emission in PMS stars. There is no question thdtally measured statistically rather than by identification of
magnetic activity with violent flaring is common amongindividual cluster members. X-ray surveys of MSFRs are
Class | protostars with ages 10° yr (Imanishi et al, 2001; important in this respect because they readily discriminate
Preibisch 2004; Fig. 3). The question is whether X-rayyoung stars from unrelated objects that often contaminate
emission is present in Class 0 protostars with agé®* yr. JHK images of such fields, especially for those young
There is one report of hard X-rays from two Class 0 protostars no longer surrounded by a dusty circumstellar disk.
stars in the OMC 2/3 regioéuboi et al. 2001); however, Furthermore, modern X-ray telescopes penetrate heavy ob-
other researchers classify the systems as Claskelbpck scuration (routinelyd,, ~ 10 — 100 mag, occasionally up



to 1000 mag) with little source confusion or contaminatiomay flux limit of a MSFR observation roughly has a corre-
from unrelated objects to reveal the young stellar populaponding limit in K-band magnitude and mass. Day-long
tions in MSFRs. exposures of regiong ~ 2 kpc away are typically com-

The O and Wolf-Rayet (WR) members of MSFRs havelete tolog L.[erg/s] ~ 29.5 which gives nearly complete
been catalogued, and the extent of their UV ionization isamples down td/ ~ 1 M, with little contamination. We
known through HIl region studies. But often little is knownoutline two recent studies of this type.
about the fate of their powerful winds. The kinetic power A 27 hr Chandraexposure of the stellar cluster illumi-
of a massive O-star’s winds injected into its stellar neighnating the HIl region RCW 38d( ~ 1.7 kpc) reveals 461
borhood over its lifetime is comparable to the input of itsX-ray sources, of which 360 are confirmed cluster mem-
supernova explosion. Theorists calculate that wind-blowbers Wolk et al, in preparation). Half have near-infrared
bubbles of coronal-temperature gas should be present, maunterparts of which 20% hav€-band excesses associ-
no clear measurement of this diffuse plasma had been maalked with optically thick disks. The cluster is centrally con-
in HIl regions prior toChandra X-ray studies also detect centrated with a half-width of 0.2 pc and a central density
the presence of earlier generations of OB stars through té 100 X-ray stars/pt Obscuration of the cluster mem-
shocks of their supernova remnants (SNRs). In very richers, seen both in the soft X-ray absorption column and
and long-lived star forming cloud complexes, SNRs comnear-infrared photometry, is typically) < Ay < 20 mag.
bine with massive stellar winds to form superbubbles antdihe X-ray stars are mostly unstudied; particular noteworthy
chimneys extending over hundreds of parsecs and often ireoe 31 X-ray stars which may be new obscured OB stars.
the Galactic halo. O stars are thus the principal drivers &gssuming a standard IMF, the total cluster membership is
the interstellar medium. estimated to exceed 2000 stars. About 15% of the X-ray

The MSFR X-ray investigations discussed here represesurces are variable, and several show plasma temperatures
only a fraction of this rapidly growing field. A dozen early exceeding 100 MK.
observations of MSFRs bg§handraand XMM-Newtonare A recentChandrastudy was made of the Sharpless 155
summarized byfownsley et al(2003). Since thenChan- HIl region on the interface where stars from the Cep OB3b
dra has performed observations of many other regions, tymgssociationd = 725 pc) illuminates the Cepheus B molec-
ically revealing hundreds of low-mass PMS stars, knowanlar cloud core Getman et al. 2006). Earlier, a few ul-
and new high-mass OB stars, and occasionally diffuse Xracompact HIl regions inside the cloud indicated an em-
ray emission from stellar winds or SNRs. In addition tdbedded cluster is present, but little was known about the
those discussed below, these include NGC 2024 in trembedded population. The 8 hr exposure shows 431 X-
Orion B molecular cloud$kinner et al.2003), NGC 6193 ray sources of which 89% are identified wihband stars.
in Ara OB1 (Skinner et al. 2005), NGC 6334 Ezoe et Sixty-four highly-absorbed X-ray stars inside the cloud pro-
al., 2006), NGC 6530 ionizing Messier ®amiani et al, vide the best census of the embedded cluster, while the 321
2004), the Arches and Quintuplet Galactic Center clustepé-ray stars outside the cloud provide the best census of this
(Law and Yusef-ZadeR004;Rockefeller et a).2005), and portion of the Cep OB3b cluster. Surprisingly, the XLF of
Westerlund 1 which has an X-ray pulsMyno et al, 2006; the unobscured sample has a different shape from that seen
Skinner et al.2006).Chandrastudies of NGC 6357, M 16, in the Orion Nebula Cluster, with an excess of stars around
RCW 49, W 51A, W 3 and other regions are also undeftog L,[erg/s] ~ 29.7 or M ~ 0.3 Mg. It is not clear
way. BothXMM-NewtonandChandrahave examined rich whether this arises from a deviation in the IMF or some
clusters in the Carina Nebul&yans et al.2003, 2004Al-  other cause, such as sequential star formation generating a
bacete Colombo et al2003), NGC 6231 at the core of the non-coeval population. The diffuse X-rays in this region,
Sco OB1 association, and portions of Cyg OB2. which has only one known O star, are entirely attributable

to the integrated contribution of fainter PMS stars.
4.1 Cepheus B, RCW 38, and stellar populations
4.2 M 17 and X-ray flows in HIl regions

EachChandraimage of a MSFR shows hundreds, some-
times over a thousand, unresolved sources. For regions atFor OB stars excavating an HIl region within their
distances around ~ 1 — 3 kpc, only a small fraction (typ- nascent molecular cloud, diffuse X-rays may be generated
ically 3 — 10%) of these sources are background quasaes fast winds shock the surrounding mediéeéver et al.
or field Galactic stars. The stellar contamination is low be1977).Chandrahas clearly discriminated this diffuse emis-
cause PMS stars are typically 100-fold more X-ray lumision from the hundreds of X-ray-emitting young stars in
nous thanl — 10 Gyr old main sequence stars (Fig. 5a)M 17 and the Rosette Nebul&gwnsley et a).2003).
SinceChandrasource positions are accuratedte” —0.4", Perhaps the clearest example of diffuse X-ray emission
identifications have little ambiguity except for componentin MSFRs is theChandra observation of M17, a bright
of multiple systems. The XLF of a stellar population spanblown-out blister HIl region on the edge of a massive
4 orders of magnitude; 2 orders of magnitude of this rangaolecular cloudd{ ~ 1.6 kpc). The expansion of the blis-
arises from a correlation with stellar mass and bolometri@r HIl region is triggering star formation in its associated
magnitude Preibisch et al. 2005). This means that the X- giant molecular cloud which contains an ultracompact Hll



region, water masers, and the dense core M17SW. M17 helsister, it has the highest concentration of O3 stars known
100 stars earlier than B9 (for comparison, the Orion Nebn the Galaxy. Over 20 years ago, Bmstein Observatory
ula Cluster has 8), with 14 O stars. TGhandraimage is X-ray study of the Carina star-forming complex detected a
shown in Plate 3, along with an earlier, wider-field imagdew dozen high-mass stars and diffuse emission attributed
from the ROSATsatellite. Over 900 point sources in theto O star winds $eward and Chlebowski982). Chandra
~ 17" x 17’ field are found Broos et al, in preparation).  studies show that thousands of the lower-mass stars in these
The diffuse emission of M 17 is spatially concentratedoung clusters were likely to be contributing to this diffuse
eastward of the stellar cluster and fills the region delineatdtlix; a major goal is to determine the relative contributions
by the photodissociation region and the molecular clouaf stars, winds and SNRs to the extended emission in the
The X-ray spectrum can be modeled as a two-temperatu@arina Nebula.
plasma withT' = 1.5 MK and 7 MK, and a total intrinsic Plate 4a shows a 16 l@handraexposure centered on
X-ray luminosity (corrected for absorption) &k qifuse = HD 93129AB, the O21/03.5V binary at the center of Tr 14
3 x 1033 erg/s Townsley et a).2003). The X-ray plasma (Townsley et aJ.in preparation). Over 1600 members
has mass\/ ~ 0.1 M, and density 0.1-0.3 cni spread of the Tr 14 and Tr 16 clusters can be identified from
over several cubic parsecs. It represents enly0* yr of  the X-ray point sources and extensive diffuse emission is
recent O wind production; past wind material has alreadglearly present. The diffuse emission surrounding Tr 14
flowed eastward into the Galactic interstellar medium.  is quite soft with subsolar elemental abundances, similar
The diffuse emission produced by the M 17 cluster, antb the M 17 OB wind shocks. But the much brighter dif-
similar but less dramatic emission by the Rosette Nebufase emission seen far from the massive stellar clusters, is
cluster, gives new insight into HIl region physics. Thedess absorbed and requires enhanced abundances of Ne and
traditional HIl region model developed decades ago bife. This supports models involving old “cavity” supernova
Stromgren and others omitted the role of OB winds whichhemnants that exploded inside the Carina superbubble (e.g.
were not discovered until the 1960s. The winds play &hu et al, 1993).
small role in the overall energetics of HIl regions, but they Chandraresolves the two components of HD 93129AB
dominate the momentum and dynamics of the nebula witkeparated by~ 3”: HD 93129B shows a typical O-star
1Mv2 ~ 10%37 ergls for a typical early-O star. If soft X-ray spectrum® ~ 6 MK), while HD 93129A
completely surrounded by a cold cloud medium, an O stahows a similar soft component plusfa~ 35 MK com-
should create a “wind-swept bubble” with concentric zonegionent which dominates the total X-ray luminosity. This
afreely expanding wind, a wind termination shock followechard spectrum and high X-ray luminosity are indicative of
by an X-ray emitting zone, the stand&fd= 10* K Hll re-  a colliding-wind binary Pittard et al, 2001), in agreement
gion, the ionization front, and the interface with the coldwith the recent finding that HD 93129A is itself a binary
interstellar environmen{feaver et al.1977;Capriottiand  (Nelan et al, 2004). Other colliding wind binaries are sim-
Kozminski2001). ilarly identified in the cluster.
These early models predictdd, ~ 103° erg/s from a
single embedded O star, two orders of magnitude brightdr4 The starburst of 30 Doradus
than the emission produced by M 1Bynne et al. 2003).
Several explanations for this discrepancy can be envisioned: Plate 4b shows a 6 hChandraexposure of 30 Dor in
perhaps the wind energy is dissipated in a turbulent mixinthe Large Magellanic Cloud, the most luminous Giant Ex-
layer (Kahn and Breitschwerdtl990), or the wind termi- tragalactic HIl Region and “starburst cluster” in the Local
nal shock may be weakened by mass-loading of interstebroup. 30 Dor is the product of multiple epochs of star
lar material (e.g.Pittard et al, 2001). Winds from several formation, which have produced multiple SNRs seen with
OB stars may collide and shock before they hit the ambier®OS AT as elongated plasma-filled superbubbles-df0-
medium Canto et al, 2000). Finally, a simple explanation pc scales\(vang and Helfand1991).
may be that most of the kinetic energy of the O star winds The newChandraimage shows a bright concentration
remains in a bulk kinetic flow into the Galactic interstellarof X-rays associated with the R136 star cluster, the bright

medium {Townsley et aJ.2003). SNR N157B to the southwest, a number of new widely-
distributed compact X-ray sources, and diffuse structures
4.3 Trumpler 14 in the Carina Nebula which fill the superbubbles produced by the collective ef-

fects of massive stellar winds and their past supernova
The Carina complex at ~ 2.8 kpc, is a remarkably rich events Townsley et a).2006a). Some of these are center-
star-forming region containing 8 open clusters with at leadilled while others are edge-brightened, indicating a com-
64 O stars, several WR stars, and the luminous blue varialpécated mix of viewing angles and perhaps filling fac-
n Car. The presence of WR stars may indicate past supgors. Comparison of the morphologies of the diffuse X-ray
novae, although no well-defined remnant has been iden@émission with the photodissociation region revealed by H
fied. One of these clustersis Tr 14, an extremely rich, younignaging and cool dust revealed by infrared imaging with the
(~1 My), compact OB association witk30 previously Spitzer Space Telescosbows a remarkable association:
identified OB stars. Together with the nearby Trumpler 1@he hot plasma clearly fills the cavities outlined by ionized
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Fig. 6.—X-ray properties of two stars deeply embedded in the OMC-1 South molecular cloud core fromaiheraOrion Ultradeep
Project. (Left) Lightcurve of COUP 554 over 13.2 days where the histogram shows the integrated brightness (left-had vertical axis)

and the dots show the energies of individual photons (right-hand vertical axis). (Right) Spectrum of COUP 632 showing very strong
absorption at energies below 4 kel@rpsso et al.2005)

gas and warm dust. Spectral analysis of the superbubblés not have sharp edges like ultravioletdtigren Spheres,
reveals a range of absorption$i{ = 1 — 3 mag), plasma but rather extend to large distances with decreasing effect
temperaturesi{ = 3 — 9 MK), and abundances. About 100 (Hollenbach and Tielend.997).
X-ray sources are associated with the central massive clus- The COUP observation provides a unique opportunity
ter R136 Townsley et a).2006b). Some are bright, hard X- to calculate realistic XDRs in two molecular cloud cores:
ray point sources in the field likely to be colliding-wind bi- OMC-1 or the Becklin-Neugebauer region, and OMC-1
naries, while others are probably from ordinary O and WRSouth. Several dozen embedded X-ray stars are seen in
stellar winds. these clouds (Plate 1), and each can be characterized by
X-ray luminosity, spectrum and line-of-sight absorption
5. X-RAY EFFECTS ON STAR AND PLANET (Grosso et al. 2005). Fig. 6 illustrates the X-ray proper-
FORMATION ties of deeply embedded objects. COUP 554 is a young
star with a strong infrared-excess in the OMC-1 South
core. TheChandraspectrum shows soft X-ray absorption
5.1 X-ray ionization of molecular cloud cores of log Ny [em™2] = 22.7, equivalent tady- ~ 30 mag, and
the lightcurve exhibits many powerful flares at the top of the
One of the mysteries of Galactic astrophysics is whXLF with peak X-ray luminosities reaching 1032 erg/s.
most interstellar molecular material is not engaged in st&fOUP 632 has no optical df -band counterpart and its X-
formation. Large volumes of most molecular clouds are inray spectrum shows the strongest absorption of all COUP
active, and some clouds appear to be completely quiescesturcesiog Ng[em 2] ~ 23.9 or Ay ~ 500 mag.
A possible explanation is that star formation is suppressed Using the COUP source positions and absorptions, we
by ionization: stellar ultraviolet will ionize the outer edgescan roughly place each star into a simplified geometrical
of clouds, and Galactic cosmic rays may penetrate into theinodel of the molecular cloud gas, and calculate the region
cores Gtahler and Palla2005). Even very low levels of around each where the X-ray ionization exceeds the ex-
ionization will couple the mostly-neutral gas to magnetigected uniform cosmic ray ionization. Plate 2 shows the
fields, inhibiting gravitational collapse until sufficient am-resulting XDRs in OMC-1 from the embedded Becklin-
bipolar diffusion occurs. Neugebauer clustet¢renzani et al.in preparation). Here
The X-ray observations of star forming regions demonabout one-fourth of the volume is dominated by X-ray ion-
strate that a third source of ionization must be consideretation. In general, the ionization of cloud cores).1 pc
X-rays from the winds and flares of deeply embedded Xin size will be significantly altered if they contain clusters
ray sources. The X-ray ionization zones, sometimes calledth more than~ 50 members.
X-ray Dissociation Regions (XDRs) ordRtgen Spheres,
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Fig. 7.— Cartoon illustrating sources of energetic irradiation (Galactic cosmic rays, flare X-rays, flare particles) and their possible
effects on protoplanetary disks (ionization of gas and induction of MHD turbulence, layered accretion structure, spallation of solids).
(Feigelson 2005)

5.2 X-ray irradiation of protoplanetary disks (rather than dust) content of protoplanetary disks.
Having established that X-ray emission, particularly X-

The circumstellar disks around PMS stars where planeay flaring, is ubiguitous in PMS stars, and that at least some
tary systems form were generally considered to consist disks are efficiently irradiated by these X-rays, one can now
cool, neutral molecular material in thermodynamic equilibestimate the X-ray ionization rate throughout a disk. The re-
rium with ~ 100 — 1000 K temperatures. But there is a sult is that X-rays penetrate deeply towards the midplane in
growing understanding that they are not closed and isolatéide Jovian planet region, but leave a neutral ‘dead zone’ in
structures. A few years ago, discussion concentrated on tite terrestrial planet region (e.tgea and GlassgoldL999;
traviolet radiation from O stars which can photoevaporatEromang et al. 2002). The ionization effect of X-rays is
nearby disksKollenbach et al.2000). More recently, con- many orders of magnitude more important than that of cos-
siderable theoretical discussion has focused on X-ray irradinic rays. However, differing treatments of metal ions and
ation from the host star (Fig. 7). This is a rapidly evolvingdust leads to considerable differences in the inferred steady-
field and only a fraction of the studies can be mentionegtate ionization level of the diskigner and Nelson2006).
here. Readers are referred to reviewsHaygelson(2005) The theory of the X-ray ionizatiorate thus appears sat-
andGlassgold et al(2005) for more detail. isfactory, but calculations of the X-ray ionizatidraction

X-ray studies provide two lines of empirical evidencedepend on poorly established recombination rates.
that the X-rays seen with our telescopes actually do effi- X-ray ionization effects become important contributors
ciently irradiate protoplanetary disks. First, the 6.4 keMo the complex and nonlinear interplay between the ther-
fluorescent line of neutral iron is seen in several embednodynamics, dynamics, gas-phase chemistry and gas-grain
ded COUP stars with massive disks, as shown in Fig. iBiteractions in protoplanetary disks. One important conse-
(Imanishi et al, 2001). This line is only produced when quence may be the induction of the magnetorotational insta-
hard X-rays illuminate> 1 g/cn? of material; this is too bility which quickly develops into a full spectrum of MHD
great to be intervening material and must be reflection oftirbulence including both vertical and radial mixing. The
of a flattened structure surrounding the X-ray soufsa- radial viscosity associated with the active turbulent zone
jimoto et al, 2005; Favata et al, 2005b). Second, X-ray may cause the flow of material from the outer disk into
spectra of PMS stars with inclined disks show more alkthe inner disk, and thereby into the bipolar outflows and
sorption than spectra from stars with face-on disks. Thisnto the protostar. This may solve a long-standing problem
is most clearly seen in the COUP survey where columim young stellar studies: a completely neutral disk should
densitiedog Ny[cm~2]~ 23 are seen in edge-on proplydshave negligible viscosity and thus cannot efficiently be an
imaged with theHubble Space Telescof@astner et al. accretion disk. lonization-induced turbulence should af-
2005). This demonstrates the deposition of ionizing radfect planet formation and early evolution in complex ways:
ation in the disk and gives a rare measurement of the gas
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suppressing gravitational instabilities, concentrating solids, 3. Some meteoritic grains that were free-floating in the
producing density inhomogeneities which can inhibit Type solar nebula show high abundances of spallogenic

I migration of protoplanets, diminishing disk gaps involved 2INe excesses correlated with energetic particle track
in Type Il migration, and so forth. It is thus possible that X- densities YWoolum and Hohenberd 993). The only
ray emission plays an important role in regulating the struc- reasonable explanation is irradiation by high fluences

ture and dynamics of planetary systems, and the wide range  of MeV patrticles from early solar flares.

in X-ray luminosities may be relevant to the diversity of ex- i ) )
trasolar planetary systems. We thus find that X-ray astronomical studies of PMS

PMS X-rays are also a major source of ionization at th&ars have a wide variety of potentially powerful effects on

base of outflows from protostellar disks which produce th&® Physics, chemistry and mineralogy of protoplanetary

emission line Herbig-Haro objects and molecular bipolafiSkS and the environment of planet formation. These in-

outflows Ghang et al.2002). This is a profound result: vestigations are still in early stages, and it is quite possible

if low-mass PMS stars were not magnetically active anf'at Some of these proposed effects may prove to be unin-
profusely emitting penetrating photoionizing radiation, thef€resting while others prove to be important.

the coupling between the Keplerian orbits in the disk and
the magnetocentrifugal orbits spiralling outward perpendic-

ular to the disks might be much less efficient than we see. ,
X-ray ionization of a molecular environment will induce The fundamental result of X-ray studies of young stars

a complex series of molecular-ion and radical chemical ré"d star formation regions is that material with character-
actions (e.g.Aikawa and Herbst1999; Semenov et al. istic energies of keV (or even MeV) per particle is present

2004). CN, HCO+ and §H abundances may be good trac-in environments where the equilibrium energies of the bulk
ers of photoionization effects, though it is often difficultmaterial are meV. Magnetic reconnection flares in lower
to distinguish X-ray and ultraviolet irradiation from global M&ss PMS stars, and wind shocks on different scales in O

disk observations. X-ray heating may also lead to ice evapdte's Produce these hot gases. Although the X-ray lumi-
ration and enhanced gaseous abundances of molecules sighities are relatively small, the radiation effectively pen-
as methanol. X-ray absorption also contributes to the warnrates and ionizes otherwise neutral molecular gases and
ing of outer molecular layers of the disk. In the outermosf@ €ven melt solids. X-rays from PMS stars may thus
layer, the gas is heated to 5000 K, far above the equilibriuff2Ve Profound effects on the astrophysics of star and planet
dust temperature3lassgold et al.2004). This may be re- formation. o .
sponsible for the strong rovibrational CO and Hifrared The recent investigations outlined here from Gfean-
bands seen from several young disks. dra andXMM-Newtonobservatories paint a rich picture of
Finally, PMS flaring may address several Iong-standiné'ray emission in young stallrs.. Both the ensemble statistics
characteristics of ancient meteorites which are difficult t&"d the characteristics of individual X-ray flares strongly

explain within the context of a quiescent solar nebula if€Semble the flaring seen in the Sun and other magneti-
thermodynamic equilibrium: cally active stars. Astrophysical models of flare cooling

developed for solar flares fit many PMS flares well. PMS
1. Meteorites reveal an enormous quantity of flashspectra show the same abundance anomalies seen in older

melted chondrules. While many explanations havetars. Rotationally modulated X-ray variability of the non-
been proposed, many with little empirical support, itf|aring characteristic emission show that the X-ray emitting
is possible that they were melted by thel0® X-ray  structures lie close to the stellar surface and are inhomoge-
flares experienced by a protoplanetary disk duringeously distributed in longitude. This is a solid indication
the era of chondrule melting. Melting might eitherthat the X-ray emitting structures responsible for the ob-
be produced directly by the absorption of X-rays byserved modulation are in most cases multipolar magnetic
dustballs §hu et al. 2001), or by the passage of afie|ds as on the Sun.

shock along the outer dis@kamoto et a).2005). At the same time, the analysis of the most powerful

2. Certain meteoritic components, particularly the calcif|#fes indicates that very long magnetic structures are likely
aluminum-rich inclusions (CAls), exhibit high abun- presentin some of the most active PMS stars, quite possibly
dances of daughter nuclides of short-lived radioisctonnecting the star with its surrounding accretion disk. The
topic anomalies which must have been produced infEvidence suggests that both coronal-type and star-disk mag-
mediate before or during disk formation. Some ofetic field lines are present in PMS systems, in agreement
these may arise from the injection of recently syntheWith current theoretical models of magnetically funnelled
sized radionuclides from supernovae, but other ma§ccretion.
be produced by spallation from MeV particles asso- There_ is a controversy over the X-ray spectra of a few
ciated with the X-ray flaresFeigelson et al. 2002). of the brightest accreting PMS stars. TW Hya shows low

Radio gyrosynchrotron studies already demonstra@_as_ma temperatures and emission lines suggesting an ori-
that relativistic particles are frequently present irfinin accretion shocks rather than coronal loops. However,

it is a challenge to explain the elemental abundances and

6. SUMMARY

PMS systems.
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to exclude the role of ultraviolet irradiation. Simultane-ical work is urgently needed on a host of issues raised by the
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Fig. 8.—Plate 1. Inner region of the Orion Nebula viewed by €@tgandraOrion Ultradeep Project (COUP). The image is smoothed
and colors represent soft (re@l5 — 2 keV) and hard (blue2 — 8 keV) X-rays. The brightest sourced$C Orion (O7), and a group of
embedded sources in the Becklin-Neugebauer region can be seen 1’ to the nori@etsar et al.2005a)
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Fig. 9.—Plate 2. X-ray dissociation regions from X-ray stars embedded in the Orion Becklin-Neugebauer cloud core. Yellow-to-red
shows assumed three-dimensional structure of the molecular gas. Blue-to-green shows the inferred XDR stroctunzemi(et al.in
preparation)
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Fig. 10.—Plate 3. (a) SmootheBROSATPSPC (soft X-ray) image of M17%- 39’ x 42’, with the outline of theChandrapointing
overlaid in blue. (b) TheChandraobservation of M 17 showing hundreds of PMS stars and the soft X-ray flow from shocked O star
winds. Red intensity is scaled to the soft (0.5-2 keV) emission and blue intensity is scaled to the hard (2—8 keV) effogsistey(et

al., 2003)

Fig. 11.— Plate 4. (a) A smooth&handraimage (red = 0.5-2 keV, blue = 2—-8 keV) of Trumpler 14 in the Carina Nebula.

The field is17’ x 17/, or ~ 14 x 14 pc. About 1600 point sources plus extensive diffuse emission is s&ewnsley et

al., in preparation) (b) Smoothed soft-band image (red = 0.5-0.7 keV, green = 0.7-1.1 keV, blue = 1.1-2.3 keV) of the
30 Doradus starburst in the Large Magellanic Cloud. The image ceve¥®) pc on a side. R136a lies at the center; the
plerionic SNR N157B lies to the southwest; the superbubble 30 Dor C and the Honeycomb and SN1987A SNRs are seen in
the two off-axis CCDs. The colorful inhomogeneous diffuse structures are the superbubbles produced by past generations
of OB star winds and supernovagognsley et a).2005a)
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