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Abstract.

Young O stars are strong, hard, and variable X-ray sources;properties that strongly a®ect
their circumstellar and galactic environments. After % 1 Myr, these stars settle down to become
steady sourcesof soft X-rays. | will use high-resolution X-ray spectroscopy and MHD modeling
to show that young O stars like u* Ori C are well explained by the magnetically channeled wind
shock scenario. After their magnetic “elds dissipate, older O stars produce X-rays via shock
heating in their unstable stellar winds. Here too | will use X-ray spectroscopy and numerical
modeling to con rm this scenario. In addition to elucidating the nature and causeof the O star
X-ray emission, modeling of the high-resolution X-ray spectra of O supergiants provides strong
evidencethat mass-lossrates of these O stars have been overestimated.
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O stars dominate the X-ray emissionfrom young clusters, with X-ray luminosities up
to Ly = 10> ergss ! and emissionthat is hard (typically seweral keV) and often vari-
able. This strong X-ray emissionhas an e®ecton these O stars' environments, including
nearhby sitesof star formation and protoplanetary disks surrounding nearby low-masspre-
main-sequencestars. The X-ray emissionis also interesting in its own right, asit traces
important high-energy processesn the extended atmospheresof O stars. In this paper,
I will shav how the spectral properties of the X-rays from the prototypical young, mag-
netized O star, P! Ori C arein line with the predictions of the Magnetically Channeled
Wind Shock (MCWS) model, but how this processseemsto dissipate as O stars age,
with wealer line-driven instabilit y wind shocks explaining the X-ray emissionin older O
stars. | alsowill show how the X-ray emissioncan be usedas a probe of the conditions
in the bulk stellar winds of these objects. Speci cally, the resolved X-ray line proles
in normal O supergiants provide an independert line of evidencefor reduced mass-loss
rates.

Now, it is certainly the casethat many young O stars do not show the X-ray signatures
of the MCWS mecdhanism. And indeed, only a handful of O and early B stars have had
direct detections of magnetic “elds. Of course, highly structured, non-dipole "elds will
be very dizcult to detect on hot stars, even if their local strength is quite high. But one
should keepin mind that wind-wind interactions in closebinaries can also produce the
hard, strong, and variable X-rays seenin many young O stars.

Becausep! Ori C hasa well established,predominartly dipole eld, and becausemany
of its properties are explained by this “eld, | treat it hereasa potential prototype.| also
note that the incidence of hard, strong X-ray emissionfrom O stars diminishes rapidly
asonelooks from young (< 1 Myr) clustersto older (2 to 5 Myr) clusters. This fact can
be explained if the fossil "elds in young O stars dissipate as the stars age. If wind-wind
binaries accourt for many of these sources,then only the very earliest O stars with very
short lifetimes are involved.

We beginthe comparisonof young and old O stars and their X-rays by shawing in Fig.
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1 the Chandra MEG spectra of two represetativ e stars: pt Ori C (04-7 V), with an age
of ¥a1 Myr, and 3 Pup (O4 If), with an ageof sewral Myr, and already ewolved well o®
the main sequenceThe 3 Pup X-ray spectrum is typical of those measuredfor most O
stars.
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Figure 1. Chandra MEG spectra of p* Ori C (top) and 3 Pup (bottom). The hydro-
gen-like Lyman-alpha lines of Si and Mg are indicated in black, while the helium-lik e reso-
nance-intercombination-forbidden complexesof the sameelemerts are indicated in gray.

Two obvious di®erencesdhetweenthese spectra are the hardnessof the X-ray emission
from p! Ori C and the small line widths in that star's spectrum. The hardnessimplies a
much higher plasmatemperature in the young O star, and this is best seenin the data
when one comparesresonancelines of hydrogen-like and helium-like ionization states
of abundant elemerns. In Fig. 1 | have labeled theselines for silicon and magnesium.In
it Ori C the hydrogen-like lines are much stronger, whereasin 3 Pup the helium-like lines
are stronger. This re°ects a signi cantly di®erert ionization balancein thesetwo stars
which is a direct e®ectof their di®erent plasmatemperatures. The plasmatemperature
distribution, basedon the analysis of high-resolution Chandra spectra of seweral O stars,
hasbeendetermined by Wojdowski & Schulz (2005). Theseauthors assumea contin uous
Di®erertial Emission Measure (DEM), which can be thought of as a density-squared
weighting of the plasma temperature distribution. Their results are shown in Fig. 2,
whereit can easily be seenthat the DEM for u! Ori C is the only one (of seven O stars)
with a positive slope. Its peakis near T = 30 million K, whereasthe DEMs of the more
ewlved O stars (including 3 Pup) all peak near one or two million K.

We also shaw in Fig. 2 the DEM from a snapshot of an MHD simulation of the
magnetically con ned wind of pt Ori C. The agreemen is quite good, both in terms
of the overall emission measureand the shape of the DEM. The simulation shows a
peak at 15 to 20 million K, modestly lower than that seenin the data, but the main
property { arising DEM up to and beyond 10 million K { matchesthe data well. These
MHD simulations con'rm the predictions of Babel & Montmerle (1997) that strong
shock fronts near the magnetic equator where the wind from the northern and southern
hemispheresmeets can heat a signi cant amourt of wind plasmato the obsened high
temperatures. Snapshotsof temperature and emissionmeasurefrom an MHD simulation
are showvn in Fig. 3. It can be seenthat the bulk of the shock-heated plasmais in the
magnetically con ned region near r ¥ 2 R.. Due to this con nement, the speedand
line-of-sight velocity of this material is low, and thus the emissionlines from the thermal
X-ray emissionare relatively narrow.
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Figure 2. Di®erertial emissionmeasuresof seven O stars and two B stars, derived from thermal
spectral model ts to Chandra spectra (left; taken from Wojdowski & Schulz, 2005). u* Ori C is
the only star whose DEM has a positive slope. The panel on the right showvs a DEM predicted
by the MHD simulations of u* Ori C (taken from Gagn§ et al., 2005).
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Figure 3. Contour plots of temperature (left) and emission measure per unit volume (right)
from a 2-D MHD simulation of the magnetically con ned wind of p* Ori C (taken from Gagn et
al., 2005). Magnetic "eld lines are displayed as contours. The wind °ow up eac closed eld line
encourters a strong shock due to the ram pressureof the wind °ow from the opposite hemisphere,
which heats the plasma according to Tsnock ¥ 107 (Vshock =1000km s' 1)2 K. The head-on nature
of the wind shocks leads to high shock velocities and temperatures. In these MHD models,
the “eld con guration is self-consisterily solved for along with the wind dynamics. Note that
another di®erencebetweenthe MHD simulations of the MCWS model and the initial analysis
of Babel & Montmerle (1997) is the dynamical infall of material from the magnetic equator.
Evidence of this can be seenin the snake-like structure visible in the emission measure panel,
just above the star's surface, slightly below the equator.

In contrast, the X-ray emissionlines of mature O stars, like 3 Pup, are quite broad,
as can be seenin Fig. 4, where | show the neon Ly® lines for the two stars. The X-
ray spectrum of 3 Pup is also soft, as | have already showvn. The X-ray emissionfrom
these older, presumably non-magnetized, O stars is thought to arise in much milder
wind shocks, embeddedin the out®owing, highly supersonicline-driven winds. The Line-
Driven Instability (LDI) is generally thought to produce these shocks, although models
have dixcult y reproducing the overall level of X-ray emissionunlessthe instability is
seeded perhapsby soundwavesinjected at the baseof the wind (Feldmeieret al., 1997).
The softnessof the X-ray spectra, along with the large line widths from the high velocity
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of the shack-heated wind, is well explained by this LDI wind-shock scenario,as| show in
Fig. 5. This "gure shows a snapshotfrom a 1-D radiation hydrodynamics simulation of
the wind of an O supergiart like3 Pup, accounting for non-local line radiation transport.
The instabilit y grows rapidly beyond about half a stellar radius (in height; r = 1.5 Ry).
Shock fronts can be seenin this snapshot,but they typically have velocity jumps of only
afew hundred km si 1, leading to heating of only a few million K. The soft spectra seen
in Fig. 1 and the DEMs weighted to low plasma temperatures, shown in the left-hand
panel of Fig. 2, are in line with the results of this simulation.
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Figure 4. Ne X Lyman-alpha lines in the Chandra MEG spectra of u! Ori C (left) and 3 Pup
(right). The vertical dashedline represerts the laboratory rest wavelength of this transition, and
the vertical dotted lines represert the blue and red shifts assaiated with the UV wind terminal
velocity in each star. Note that the proTe in the 3 Pup spectrum is shifted and skewed as well
as being broadened. Error bars are from Poisson photon-counting statistics.
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Figure 5. A snapshot showing the velocity (red; left-hand axis) and density (blue; right-hand
axis) as a function of height above the photosphere in a radiation hydrodynamics simulation
of the wind of 3 Pup. Shock-heated plasma cools rapidly; the bulk of the wind in any given
snapshot is cold.

The predictions of this model can be further tested by examining the X-ray emission
line pro les, which have a characteristic asymmetric, skewed shape, as can be seenin
the right-hand panel of Fig. 4. This shape, with a decit of red-shifted photons, arises
in a spherically expanding wind with hot, line-emitting material intermixed with warm,
continuum-absorbing material, as motivated by the global structure seenin Fig. 5. If
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the wind is optically thick (in the continuum; - ¥ constart acrossa line), then there is
signi cantly more attenuation of emissionfrom the bad of the wind, which is the red
shifted portion. And there is comparatively more emissionfrom the front, blue shifted,
less attenuated, side. In Fig. 6 | shav a schematic demonstrating a simple, empirical
wind line proTe model that | useto 't the data.
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Figure 6. Schematic represertation (left) of the spherically symmetric stellar wind model un-
derlying the simple, empirical X-ray emissionline pro le modelsthat | 't to the data. Here the
emission measure of the hot, emitting component of the wind is indicated according to bright-
ness,while its line-of-sight velocity with respect to an observer on the left is indicated by color,
from blue on the front side to red on the back. The units of the axis labels are stellar radii. Note
that the emission starts half a stellar radius above the surface of the star (which can be seenas
a white circular outline), and its intensity falls o®with radius. The absorption properties of the
dominant, cool wind componert in this model are represerted by the three white contours of
constant optical depth (again, for an obsener on the left). The emissionline proTe that results
from this particular model realization is shown (at in"nite resolution) in the right-hand panel.
Negative values of the scaled wavelength correspond to blue shifts. The e®ectof the contin uum
opacity on the skewed line prole can be clearly seen.Note that most of the red-shifted, back
side of the stellar wind su®ersat least one optical depth of attenuation.

| "t an empirical model (Owocki & Cohen, 2001)to emissionlines in the spectrum of
3 Pup and get good ts by adjusting only three parameters:the normalization, the inner
radius below which there is assumedto be no emission(R,), and the wind optical depth
(parameterized by the quantity ¢» © M.-=4%¥Ryv; ). The 't to the Fe xvi i line at 15.014
A is typical and is shavn in Fig. 7 asthe red dashedhistogram. The t is formally good,
and the best-t valueswith joint 68% parameter con dencelimits are R, = 1:53;'00;1% Ra
and ¢z = 2.08 0:4.

The R, derivedfrom the pro Ie is consistert with the onsetof the self-excitedinstabilit y
seenin the hydrodynamics simulation shown in Fig. 5. The optical depth consistert with
the data is actually quite small, which can be seenqualitativ ely in the relatively modest
asymmetry. The mass-lossrate of 6 £ 10 & M- yri ! derived from H® emission (Puls
et al., 1996) implies ¢ = 8. The best-t model with that value "xed is shawn in Fig.
7 as the blue solid histogram. The 't is formally very poor. Thus it would appear that
the X-ray line pro les provide independen evidencethat mass-losgates of O stars must
be revised downward by a factor of seweral; a factor of 4 for this star, accordingto this
particular line (¢ = 2.08 0:4 vs. ¢» = 8).

It hasbeensuggestecthat porosity assaiated with large-scaleclumping { rather than
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Figure 7. Best-t wind prole model, for a non-porous wind, (red dashed histogram) t to
the Fe xvi i line in the Chandra spectrum of 3 Pup. The (blue) solid histogram is the best-t
non-porous model for which the optical depth parameter is xed at the value implied by the
literature mass-lossrate (¢ = 8). Fit residuals for the two models are shown in the lower panel,
with the red circles corresponding to the low optical depth model represerted by the dashed
histogram, and the blue squarescorresponding to the higher optical depth model.

reduced mass-lossrates { can accoun for the surprisingly small degreeof asymmetry in
the obsened X-ray emissionline proles in O stars (Oskinova et al., 2006). By tting
the line pro Te model, modi ed for the e®ectsof porosity produced by spherical clumps
(Owocki & Cohen,2006),I canquartify the trade-o®betweenatomic opacity and porosity
(seealso Cohenet al., 2008).In Fig. 8 1 shaw the best-t porous model with ¢, = 8, the
value implied by the literature mass-losgate, and with the porosity length, h = “=f , free
to vary. Here " is the clump sizeand f is the volume TTling factor of the clumps. The
porosity length, h, completely describesthe e®ectsof porosity on line proles and in the
limit of small clumpsit is equivalert to the interclump spacing.The best-t porousmodel
with the literature mass-losgate is nearly indistinguishable from the best-t non-porous
model, although the 't quality is formally not as good. More importantly, it requires
a terminal porosity length (the value of h in the outer portion of the wind) of at least
h; = 2:5R. (68% con dence), asshown in the right-hand panel of Fig. 8. Even ignoring
the worse quality of the porous model ts, the very high values of the porosity length
required to 't the data are vastly larger than the porosity lengths seenin state-of-the-art
2-D radiation hydrodynamics simulations, which shov LDI-induced structure down to
the grid scale(Dessart& Owocki, 2005). Therefore, | concludethat there is no compelling
evidencethat porosity explains the modestly asymmetric X-ray line proles in 3 Pup.
Rather, thesepro les provide independert evidencefor a reduced mass-lossate.

| adknowledge support from NASA/CX C grant AR7-8002X and from the Hungerford
Faculty Support Endowmernt of Swarthmore College'sprovost's otce.
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Discussion

Kudritzki: It is very important to repeat the observingexperimert that you have done
for u* Ori C for young O stars, which are more massive and luminous than p* Ori C. |
speculate that for those objects, the magnetic focusing of the stellar winds will be less
e®ectie, becausethe winds are stronger and the ratio of magnetic to mecanical wind
energyis lower. | think it is really crucial to do such obsenations.

Cohen: | agree.The degreeof channelingand con nemert, however, goesasB? but only
as 1/M-dot, sothe extent of channeling and con nemert in any given star is more likely
to be dominated by trends in magnetic "eld strength, which we don't understand, than
by trends in mass-lossrate ass@iated with stellar massand luminosity. | think the key
measuremets to make in order to test the idea that the MCWS medianism on pt Ori
C is a paradigm for X-ray emissionin young O stars would be Zeemanmeasuremets
of "elds on the massiw cluster stars that are known to be strong, hard X-ray sources.
High-resolution X-ray spectroscopy would also be very useful, obviously, if it's feasible.
As | discussedin my talk in the special sessionon magnetic massiwe stars on Sunday,
line widths and helium-like forbidden-to-intercombination line strength ratios provide
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information beyond what's provided by CCD-based(e.g. Chandra ACIS or XMM EPIC)
X-ray data.

Zinnecker: My questionrefersto ut Ori C and the origin of the obliquity betweenits ro-
tational axis and magnetic eld axis. From star formation theory it would seeman aligned
magnetic rotator would be expected. Any suggestionsto explain the misalignmert?

Cohen: | don't have any special expertise in star formation theory, but if models predict
aligned rotation and magnetic axes,then there must be someimportant physics missing
from them. Many of the magnetic massiwe stars have highly misaligned axes: ¢, Sco,
Cep, and %0ri E, for example,are all closeto = 90 degrees.

Skinner: A new paper appearing in the journal Sciene this week by M. GiAdel et
al. (2007) reports the “rst detections of hot (1 to 2 MK) di®useX-ray emissionin the
extended Orion Nebula. This article arguesthat massive Trapezium O stars (and their
shocked winds) are ultimately responsible for the di®use X-ray emission detected by
XMM-Newton.

Cohen: | think that the problem of heating the di®use, X-ray emitting plasmain massiwe
star clustersis a hard one. The shocked wind (such as? Pup's) will adiabatically cool
over distancesmuch lessthan 1 pc. And the morphology of the X-rays isn't what you'd
expect from the wind slamming into denseinterstellar gas at the boundaries of these
cavities.

Walborn:  There are currently only two O stars with obsened magnetic “elds, p* Ori
C and HD 191612.The latter can be understood as a spun-down version of the former,
with a rotational period of 538d (vs. 15 d for p! Ori C), a soft X-ray spectrum, and
an age of 3 to 4 Myr. Nevertheless,it is a very unusual object, with a very peculiar
spectrum and extreme, periodic spectral variations. So thesetwo stars are inconsistert
with your hypothesisthat u* Ori C is a typical very young O star, and that magnetic
“elds have disappearedat » 5 Myr. | think that both of theseobjects are unusual areas
of large fossil "elds. An alternate interpretation of your cluster X-ray di®erencegmight
be di®eren frequenciesof wind-wind collision binaries.

Cohen: While | agreethan wind-wind collision binaries may make a signi cant cortri-

bution to the obsened population of hard, strong X-ray sourcesin young clusters, | think

we needmore information about the highly unusual O star, HD 191612,not to mertion

more positive detections or strong upper limits to magnetic eld strengths in other O
stars, both young and old. The X-ray spectrum of HD 191612looks like that of a typical,
older O star, with very broad lines and an SED that is quite soft. Perhapsthe “elds of
young O stars like p* Ori C becomemore spatially structured asthey ewlve. It's possible
that HD 191612hasa eld that looks more like that of ¢ Scoand is not dominated by a
large scaledipole. If that's the case,then there may not be any large-scalecon nement

and channeling of the stellar wind, and no substartial MCWS mecanism. The X-ray
emissionmay instead arisein open eld regions,in a looseanalogyto the solar wind and
coronal holes.



