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Abstract

X-ray emissionfrom hot (O- and B-type) stars is a long-standing astrophysical
puzzle. High-resolution x-ray spectroscopy of hot stars resolves emissionline pro-
�le shapes, o�ering direct insight into the dynamics and spatial distribution of the
x-ray-emitting plasma. The O supergiant � Puppis shows broad, blueshifted, and
asymmetric line pro�les, generallyconsistent with the wind-shock picture of OB star
X-ray production. Here, for the �rst time, this is demonstratedquantitativ ely by �t-
ting a spherically-symmetricphenomenologicalwind model to a Chandra spectrum of
� Puppis. The results of the �ts to eight lines are presented here. Statistically good
�ts to sevenof the linesareachieved,with extractedparametersproviding constraints
on the amount of absorption in the wind and the minimum radius of x-ray emission.
The results indicate that a modest amount of wind attenuation is required, which is
inconsistent with previoustheoretical calculationsof continuum optical depths. The
implications of theseresults are discussedin light of other recent observational and
theoretical work.
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1. In tro duction to hot star winds

All stars exchangematerial with their environments through accretion disks, supernovae,
masstransfer in closebinaries, stellar winds and other processes.In most stars, at least until
the end stagesof stellar evolution, a wind is the predominant mass-lossprocess,and can remove
enoughmaterial to signi�cantly decreasethe massof the star. O stars,though relatively rare, play
an important role in star-forming regions,being the �rst to form, and the fastest-evolving and
most luminousobjects in such regions.O-star windscanhavehigh kinetic energyand momentum

uxes and may play important roles in shock formation, turbulence in, and enrichment and
dispersalof, star-forming clouds,and triggered star formation.

This thesiswill detail the �rst e�ort to perform quantitativ e, statistical �ts on x-ray emission
line pro�les from hot star winds. This work involves�tting a simple,spherically-symmetricwind
model and extracting the valuesof three model parameterswith important physical implications.

1.1. Radiation-driv en winds

All O stars (and early B stars) have radiatively-driven winds, meaningthe wind is propelled
primarily by radiation pressurerather than by a gaspressuregradient as in the winds of cooler
stars like the sun. To acceleratea massive wind out of the gravitational potential well, energy
and momentum must be e�cien tly transferedfrom the star's radiation �eld to the wind material.
This type of out
o w is often referred to as a \line-driv en wind" becauseline opacity dominates
the absorption and scattering processesthat e�ect the transfer.

The basic processof momentum transfer is bound absorption followed by spontaneous
emission. Consider an atom of mass m with a transition at rest frequency � 0, and a mo-
mentum component along a particular direction mvr . The atom can absorb a photon moving
in that direction if it is of frequency � 1 = � 0(1 + vr =c), changing the atom's momentum to
mv0

r = mvr + h� 1=c= mvr + (h� 0=c)(1 + vr =c). If the subsequent emissionis isotropic, we would
expect that, on average,it will not changethe atom's momentum. This can easily be shown by
consideringa photon emitted at an arbitrary angle � to the original direction with frequency
� 2 = � 0(1 + v0

r =c) and momentum along the original direction cos� (h� 2=c). For vr � c and
h� 0 � mc, the total changein the component of momentum along the direction of the incident
photon is then

� mvr = (h� 0=c)(1 � cos� ) . (1-1)

Assumingisotropic emission,the averagechangein momentum is then

h� mvi = (1=4� )
Z � =2

� � =2
(h� 0=mc)(1 � cos� )2� sin�d� = h� 0=c, (1-2)

which is the sameas for the initial absorption event (with vr � c), aspredicted (this derivation
closelyfollows Lamers& Cassinelli1999).
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The ions in the wind that will interact most strongly with the radiation �eld will obviously
bethosewith the strongestand most numeroustransitions nearthe peakwavelengthof the stellar
spectrum. If the bulk of the wind material is to be accelerated,these ions will have to share
momentum with the rest of the wind through Coulomb interactions. In somestars with very
low-density winds the momentum sharingmay be ine�cien t, in which casethe wind would alter
photospheric abundancesby selectively removing certain elements (Babel 1995). This paper,
however, will focuson high-density, O-star winds, in which momentum sharing is quite e�cien t.

An acceleratingwind, by de�nition, consistsof material at a rangeof velocities. The velocity
dispersionin the wind increasesthe e�ciency of the momentum transfer for optically thick lines
by Doppler broadeningthe lines, which makes more of the stellar continuum available for line
driving. Velocity dispersioncan also increasethe likelihood of \m ultiple scattering", whereby a
photon which hasscatteredo� a particular line in oneregionof the wind may scattero� a di�eren t
line in a di�eren t region of the wind if the relative velocity of the wind regionscorresponds to
the di�erence in wavelength of the two lines. This can be an important processin the winds of
Wolf-Rayet stars (Owocki 2001).

Calculating the total accelerationof a wind is complicated by the sheernumber of ions
and transitions involved in the processand the interaction betweenthe kinematics of the wind
and the wavelength-spacedistribution of its opacity. Sobolev (1960) showed how to simplify the
problem dramatically for a single line. Consider the referenceframe of a particular comoving
point in an expanding,acceleratingwind. In this comoving frame all of the wind is moving away
from the referencepoint, with increasingvelocity farther from the point. Thus a photon emitted
at the central frequencyof a spectral line can only be absorbed in a limited region of the wind.
As the photon travels farther from the emissionpoint, the relative Doppler shift of the wind
increases,shifting the line away from the photon's frequency. If the width of the line can be
characterizedby a velocity vline (which might be the thermal velocity, or include contributions
from micro-turbulent broadening), the characteristic length beyond which a photon is unlikely
to be absorbed is

lSob � vline=(dv=dr) , (1-3)

wheredv=dr is the velocity gradient of the wind. This is much smaller than the length scaleof
the velocity or density gradients v=(dv=dr) � j�= (d�=dr )j, sincewe expect v � vline . This allows
us to localize the problem of determining the optical depth � � for a path from the photosphere
to a point in the wind:

� � �� lSob = �� vline=(dv=dr) , (1-4)

where� is the line opacity or massabsorption coe�cien t (which hasdimensionsof areaper unit
mass)and � the local massdensity. It can then be shown usingsimilar arguments (Owocki 2001)
that the radiative accelerationdue to scattering in a single line is simply

gline �
�v line � 0L �

4� r 2c2

�
1 � e� �

�

�
. (1-5)
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Assumingeach photon will scatter only once,the total accelerationof the wind is the sum
of the contribution from each independent line in the wind,

vdv=dr =
X

lines

gline �
GM (1 � � e)

r 2
where � e =

� eL
4� GM c

. (1-6)

The last term accounts for gravit y and accelerationdue to free-electronscattering (� e is the
free-electronopacity) (Owocki 2001). Solving this equation is complicated, since terms in the
sum depend on the accelerationitself through the optical depth (Eqns. 1-4 and 1-5).

Castor, Abbott, & Klein (1975b) developed method for �nding self-consistent solutions to
this equation by treating the number of lines per unit opacity as a power law in the opacity
dN=d� / � � � 2. This givesthe solution

v(r ) = vesc

r
�

1 � �

�
1 �

R�

r

� 1=2

, (1-7)

wherevesc is the surfaceescape velocity and R� is the stellar radius. Taking the angular extent
of the stellar disk into account yields the more generalform

v(r ) = v1

�
1 �

R�

r

� �

, (1-8)

with � (which is typically found, theoretically and observationally, to have a value � � 0:8) de-
scribinghow quickly the wind acceleratesto its terminal velocity v1 (Owocki 2001; Lamers& Cassinelli
1999).

If we assumea constant mass-lossrate, _M , and a radially expandingwind, conservation of
massgivesthe following condition at all points in the wind:

_M �
dm
dt

=
dm
dr

dr
dt

= 4� r 2� (r )v(r ). (1-9)

Assuminga velocity law with the form of Equation 1-8, we get density as a function of radius:

� (r ) =
_M

4� r 2v1
�
1 � R �

r

� � . (1-10)

Modernradiation-drivenwind theory is generallyconsideredquite successful(Howarth & Prinja
1996; Kudritzki & Puls 2000), though somecomparisonswith observationally determinedmass-
lossrates and terminal velocities have reveleddiscrepancies,particularly for densewinds
(Leitherer & Lamers1993; Lamers& Leitherer 1993). The next two subsectionsdiscusssomeof
the observational techniquesusedto study hot star windsand test the limits of current theoretical
understanding.
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1.2. Spectral wind diagnostics

The complicatedinteraction of the wind andstellar radiation leavesits signaturein the stellar
spectrum from the radio to the x-ray. The spectra can be usedto determinemany properties of
the wind, the two most fundamental global properties being the mass-lossrate and the terminal
velocity. Other important properties with spectroscopicsignaturesinclude wind variabilit y, and
density, velocity, and shock structure.

In the radio and IR, free-freeemissionin the wind forms a continuum excesssuperimposed
on the photosphericspectrum. Mass-lossrate determinations from the free-freecontinuum rely
on simpler models than other methods, so this is often consideredthe most reliable diagnostic
of massloss(Bieging, Abbott, & Churchwell 1989; Leitherer, Chapman,& Koribalski 1995). At
shorter wavelengths,H� line emissioncan also usedto derive mass-lossrates (Puls et al. 1996).
Sincefree-freeemissionis a two-body processand the H� emissionarisesprimarily from recom-
bination { alsoa two-body process,theseare both \density-squared" diagnostics,depending on
the product of electron and ion number densities. Thus, in the presenceof clumping or other
density inhomogeneities,systematic errors may be introduced into mass-lossrates determined
using thesemethods (Lamers& Leitherer 1993).

Perhaps the most studied wind diagnostic is the \P-Cygni pro�le". This distinctive line
shape, usually seenin the UV, consistsof a blue-shifted absorption trough blendedsteeply into
a red-shiftedemissionline. The absorption trough, in particular, is usedasa diagnosticof wind
velocity structure (Prinja, Barlow, & Howarth 1990), ionization structure (Lamerset al. 1999),
and mass-lossrate (Howarth & Prinja 1989). The depth of the absorption trough dependson
column density, sothis diagnosticis not asa�ected by density inhomogeneitiesasdeterminations
that make use of density-squared processes. For massive winds, though, the trough can be
saturated, which decreasesthe sensitivity to column density, but can actually be helpful in the
determination of terminal velocities (Prinja et al. 1990).

This paper will focus on the O4f supergiant � Puppis, located 0:45 kpc away in the Gum
Nebula OB association. Basic stellar parameters are summarized in Table 1. Bieging et al.
(1989) and Lamers& Leitherer (1993) usedradio free-freeemissionto determinemass-lossrates,
while Prinja, Barlow, & Howarth (1991) �t a model to the H� line pro�le. The x-ray luminosity
determined by Sciortino et al. (1990) was basedon Einstein Observatory data. The terminal
velocity determination of Prinja et al. (1990) was basedon observations of saturated P-Cygni
pro�les.

1.3. X-ra y emission and absorption

When it was �rst observed that x-ray emission is commonly associated with hot stars
(Seward et al. 1979; Harnden et al. 1979) there wasno agreement on what mechanism produces
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the emission. Somemodels invoked a corona as the repository of the hot, x-ray-emitting gas
(Cassinelli& Olson 1979). Radiatively-driven, supersonicwind models had already beendevel-
oped to explain the observed massive, high-speed winds of such stars (Lucy & Solomon1970;
Castor et al. 1975b). It was immediately recognizedthat the presenceof wind material would
a�ect the observedx-ray 
ux and spectral distribution, and the observed level of wind absorption
madeit di�cult to explain the observed x-ray 
ux with a corona. Instead it wassuggestedthat
the largekinetic-energy
ux carried by the wind might be able to generatethe high-temperature
gasnecessaryto explain the observed emission.Castor, McCray, & Weaver (1975a) had already
proposedthat winds from early-type stars could create\in terstellar bubbles" boundedby an in-
teraction regionwherethe wind encounters the interstellar medium(a similar model of planetary
nebulaeformation was proposedby Kwok, Purton, & Fitzgerald 1978). Harnden et al. (1979),
however, concludedthat their observations required too low a wind column density for a coronal
model and too high a sourcetemperature for a wind interaction model.

Lucy & White (1980) were the �rst to suggestthat shocks could be produced within the
wind itself by instabilities in the line-driving force. Such instabilities would create numerous
shock zonesthroughout the wind capableof explaining the observed x-ray 
ux. Variations on
the wind-shock theme,invoking a variety of shock-generationmechanismhave subsequently been
developed (Lucy 1982; Mullan 1984; Owocki, Castor, & Rybicki 1988; MacFarlane & Cassinelli
1989; Chen & White 1991; Feldmeier,Puls, & Pauldrach 1997). The most recent variants of the
wind-shock model invoke magnetic �elds to channel ionized wind material into collisional shock
zones(Gagn�e et al. 1997; Babel & Montmerle 1997; ud-Doula & Owocki 2002).

X-ray spectral resolution available before Chandra and XMM was not high enough to
distinguish individual lines, so modeling focusedon explaining the total x-ray luminosity and
broadspectral distribution. Chlebowski, Harnden, & Sciortino (1989) and Sciortino et al. (1990)
studied x-ray spectra of O stars observed by the Einstein X-Ray Observatory. They found
that the x-ray luminosity L x scalesroughly with bolometric luminosity L bol, with an aver-
age value of log10 (L x=Lbol) = � 6:46, closeto the previously establishedvalue for O stars of
log10 (L x=Lbol) � � 7. Sciortino et al. also found correlation betweenL x and the wind momen-
tum 
ux _M v1 and wind kinetic energy
ux (1=2) _M v2

1 . This is not surprising sinceboth these
quantities correlatewith L bol, but the authors suggestthesemay be more fundamental, physical
relationships.

In an attempt to �nd an additional correlation to explain the residualscatter in the L x-Lbol

correlation, Kudritzki et al. (1996) studied ROSAT PSPC observations of 42 O stars. With no
additional correlations, they found log10 (L x=Lbol) = � 6:7 � 0:35. They were able to reduce
the scatter using L x / L1:34

bol ( _M =v1 )� 0:38, and suggestthis is due to a correlation between the
quantit y _M =v1 and the volume �lling factor of x-ray emitting gas in the wind, which in turn
directly correlateswith x-ray luminosity.

Owocki & Cohen(1999) useda seriesof simpleanalytical arguments about radiation trans-
port in constant-velocity winds to derive the linear relationship betweenL x and Lbol. They found
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that L x � ( _M =v1 )2 for optically thin lines and L x � ( _M =v1 )1+ s for optically thick lines where
the x-ray-emitting-gas volume �lling factor f � r s. From this relationship they could obtain the
observed L x � Lbol dependenceonly if � 0:4 . s . � 0:25.

Hillier et al. (1993) reported on a ROSAT spectrum of � Puppis, testing the predictions
of wind-shock models against the observations. Their model was basedprimarily on that of
Owocki et al. (1988). Only a small fraction of the wind is assumedto be hot enoughto emit
x-rays. Most of the x-ray opacity comesfrom the cooler bulk of the wind, whereinarisethe lower
energy spectral signaturesof the wind. Therefore, in order to model the observed spectrum,
Hillier et al. calculatedx-ray opacity in the wind from atmosphericmodels. They assumedx-ray
emissivity scaledlike density squaredmultiplied by a constant �lling factor and useda slightly
modi�ed � -velocity law with � = 1. They also assumedthat x-ray emissiononly \turns on"
above a certain minimum radius Rmin , basedon line-driving models that suggestinstabilities
don't develop immediately above the photosphere.By �tting one-and two-temperature models
to the spectrum, they derived shock temperaturesfor the emission,and concludedthat the best
�ts wereachieved with Rmin valueslessthan about 2R� and with wind absorption included. The
authors state that their �ts are insensitive to changesin Rmin for Rmin . 2R� becausethe radius
of radial optical depth unity R(� = 1) � R1 � 2R� for most of the wavelength range of the
spectrum.

By combining ROSAT x-ray observations with EUVE EUV observations of the B bright
giant � Canis Majoris, Cohenet al. (1996) were able to place constraints on wind attenuation
and temperature distribution. This was the �rst analysisof high-energyhot-star spectra with
high enoughresolution to resolve individual lines. Exploring one- and two-temperature models
similar to thoseof Hillier et al. (1993) with and without absorption, they achieved their best �ts
using a power law temperature distribution including absorption. They suggestthat their upper
boundson absorptionaretoo low to beconsistent with a coronalmodel, giventhe observedmass-
lossrate, but are consistent with wind-shock models. Cohen,Cassinelli,& MacFarlane (1997a)
also found evidencefor wind attenuation in early-type, near-main-sequenceB stars, but could
not explain the observed x-ray luminosity with purely line-force-instability-driven shocks. With
slightly higher resolution ASCA data, Cohen,Cassinelli,& Waldron (1997b) came to similar
conclusionsabout the B0 V star � Scorpii. In general it seemsthat B star x-ray emission,
particularly from the later types, may not �t in to the wind-shock scenariosproposed for O
stars.

Berghoefer et al. (1996) usedROSAT observations of � Puppis looking for variabilit y. They
identi�ed a periodic 
uctuation of � 6% in an otherwisequite constant x-ray 
ux with a period
of 0.7 days and correlatedit with H� line pro�le variabilit y. The low level of observed variabilit y
has important implications for wind-shock models. The x-ray 
ux from an individual shock
would be highly variable, as the shock arises,propagatesthrough regionsof varying density, and
decays. A large number of shocks must, therefore,be continually arising to explain the low level
of variabilit y in � Puppis.
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The latest generationof x-ray observatories,XMM and Chandra, havevastly improvedspec-
tral resolution comparedto earlier telescopes. Chandra providesspectra with resolution exceed-
ing �= � � � 1000at somewavelengths,corresponding to a Doppler velocity of v = c(� �=� ) �
300km s� 1, where� � is the full width at half maximum (FWHM) of the instrumental response.
X-ray emissionlines formed in material embeddedin the wind should extend to Doppler shifts
of v � � v1 . Observed wind terminal velocities approach v1 = 3000 km s� 1, implying � 20
resolution elements for a velocity range of 2v1 . Chandra and XMM spectra of O stars do, in
fact, reveal broad, resolved line pro�les (Schulz et al. 2000; Kahn et al. 2001; Cassinelliet al.
2001; Waldron & Cassinelli2001).

The x-ray line emissioncomesprimarily from highly ionizedhelium- and hydrogen-likeatoms
of heavy elements. Cassinelliet al. (2001) report strong He-� complexesfrom the helium-like
ions S XV , Si XI I I, Mg XI , Ne IX , and O VI I, and strong isolated lines of Mg XI I, Ne X, Fe XVI I,
O VI I I, and N VI I in Chandra observation of � Puppis. Essentially the samelines are seenin the
XMM spectrum (Kahn et al. 2001), and in a Chandra spectra of other stars (Schulz et al. 2000;
Waldron & Cassinelli2001).

There are two typesof diagnosticsthat have beenapplied to high-resolution x-ray spectra
of hot stars: line ratios, and line pro�le shapesand widths.

Line ratios (often betweenlines in He-� complexesof helium-like ions) provide information
about the density, temperature and ultraviolet 
ux conditions where the lines are formed. In
general,it is not possibleto separatethe e�ects of density and UV 
ux usingline ratios alone,but
modeling, plausibility arguments, and independent diagnosticscan separatelyplace constraints
on the density and UV 
ux. Line ratios have beenusedto estimateUV 
ux in the regionwhere
the lines are formed, which in turn can be usedto determine the radius at which the lines arise
when combined with an assumedvalue for the photosphericluminosity in the UV (Schulz et al.
2000; Waldron & Cassinelli2001; Cassinelliet al. 2001; Cohenet al. 2003).

Line pro�le widths and shapes carry information about the velocity distribution of x-ray
emitting material. At the most basic level, the width of a line should be related to the terminal
velocity of the wind. Since the wind may only reach its terminal velocity far from the star
wherewind density is low, however, there may be very little x-ray emitting material at velocities
approaching v1 . The exact relationship betweena measurement like the FWHM and v1 will
depend on the velocity distribution of hot gas, the wind attenuation, and the thermal and
turbulent contributions to the broadening. Observed line widths range from several hundred
to � 1000km s� 1 (HWHM), suggestingthat thermal broadening,at least, will be unimportant
(Schulz et al. 2000; Waldron & Cassinelli2001; Cassinelliet al. 2001).

Only recently have high-resolutionspectra openedup the possibility of exploring line pro�le
shapesfor their diagnosticpotential. Both XMM (Kahn et al. 2001) andChandra (Cassinelliet al.
2001) spectra of � Puppis are available, and the widths and centroid shifts of several line pro�les
from each have beenpublished. Presented hereis the �rst quantitativ e analysisof x-ray line pro-
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�les from a hot star (preliminary resultsfrom this work arereported in Kramer, Cohen,& Owocki
2003a1 and Kramer et al. 2003b2).

2. A spherically-symmetric wind mo del

Detailed modeling of line pro�le shapesrequiressolving the problem of radiation transport
in the wind. The luminosity at a wavelength � will be the spatial integral of the product of
volume emissivity � � (r; � ; � ) (which has dimensionsof energyper units time, volume and solid
angle and is assumedto be isotropic) and absorption e� � � (r ;� ;� ) (unitless) over the whole wind,
where � � (r; � ; � ) is the (unitless) optical depth along the observers line of sight to a given point
(r; � ; � ). Then

L � = 4�
Z 2�

� =0

Z �

� =0

Z 1

r = R �

� � (r; � ; � ) e� � (r ;� ;� )r 2 sin� drd� d� ; (2-1)

whereR� is the stellar radius. We choseto orient our coordinate systemso that the observer is
located far away at � = 0. The optical depth � must be found by evaluating a separateintegral
along the line of sight.

In this study, wehaveadoptedthe model developedby Owocki & Cohen(2001). This model
is a spherically-symmetricparameterizationof the wind geometryand kinematics. It is basedon
the predictions of wind-shock theory, but may be tuned to describe a variety of physical models
by varying its four parameters.Assumingsphericalsymmetry and expressingour polar integral
in terms of the direction cosine� , Equation 2-1 becomes

L � = 8� 2
Z 1

� = � 1

Z 1

r = R �

� � (�; r ) e� � (�;r )r 2drd� : (2-2)

As in many of the modelsdiscussingin section1.3, the emissionis assumedto be primarily
due to recombination and collisional processes,which scalelike density squared� 2. An extra
factor of r � q, with q being a tunable parameter, allows for spatial variation of the fraction of
the wind hot enoughto emit x-rays. Wind-shock theoriespredict that shock formation will not
begin immediately at the photosphere,but at someradius Ro > R� (Hillier et al. 1993), so we
also allow for that. The wind velocity is assumedto be purely radial and purely a function of
radius. The line, assumedto be of in�nitesimal width, is emitted at rest wavelength � 0, which
becomes� 0 [v(r ) cos(� )=c] in the observer's referenceframe. Combining theseassumptions,we

1Paper available from http://arxiv.org/abs/astro- ph/0211550.

2Paper available from http://arxiv.org/abs/astro- ph/0212313.

http://arxiv.org/abs/astro-ph/0211550
http://arxiv.org/abs/astro-ph/0212313
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obtain the volume emissivity

� � (�; r ) =

8
<

:

C� 2(r )r � q �
�

� � � 0

�
1 � �v (r )

c

��
if r � R0

0 if r < R0 ,
(2-3)

where C is an undetermined constant of proportionalit y. Owocki & Cohen adopt the velocity
given by Equation 1-8, with � becominganother model parameter. The density is then given by
Equation 1-10, and the emissivity becomes

� � (�; r ) =

 
C _M 2

16� 2v2
1

!
r � q� 4

�
1 � R �

r

� 2� �
�

� � � 0

�
1 �

�v (r )
c

� �
for r � R0 . (2-4)

The optical depth is found by integrating the massabsorptioncoe�cien t � times the density
alongthe line of sight: � =

R
��dl . It is assumedthat � is constant acrossthe line and throughout

the wind, though the value may vary with wavelength from line to line. The primary sourceof
x-ray opacity is photoionization of atoms in the cool component of the wind. Sincethe star is
opaqueto x-rays, lines of sight intersecting the star are assignedin�nite optical depths. The
optical depth becomes

� (�; r ) =

(
1 if p � 1 & z �

p
1 � p2;

� �
R1

z
dz0

r 02 (1� 1=r 0) � otherwise;
(2-5)

where the impact parameter is p � (r=R� )
p

1 � � 2, the line-of-sight distance is z � �r =R� ,
r 0 �

p
p2 + z02, and several constants have beencombined into

� � �
� _M

4� v1 R�
: (2-6)

This relatesto the commonly-quotedradius of optical depth unity R1 (for � = 1) by the equation

R1

R�
=

1
1 � exp(� 1=� � )

� � � + 0:5 for � � > 0:5. (2-7)

The error in the above approximation is lessthan 10%for � � > 0:67 (or R1=R� > 1:3).

The � function in Equation 2-4lets usevaluate the angular integral in Equation 2-2. De�ning

x �
c

v1

�
�
� 0

� 1
�

, (2-8)

the � function picks out the value of the integrand at � = x=(1 � R� =r)� :

L x /
Z 1

r = r x

r � (q+2)

�
1 � R �

r

� 3� exp[� � (� x ; r )] dr , (2-9)
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wherer x � max
�
Ro; R� =(1 � jxj(1=� ))

�
and � x � x=(1� R� =r)� . For a discussionof the singularity

at r = R� seeAppendix B.

The optical depth integral (eq. 2-5) may be solved analytically for integer valuesof � , but
Equation 2-9 must be integrated numerically to obtain the line pro�le, except in the caseof
� = 0 (constant velocity wind). In comparingthe calculatedpro�le to observations, determining
the valuesof C and _M may be avoided by normalizing the line pro�le to predict the observed
number of counts acrossthe samewavelength range. The dependenceon the value of R� can be
normalized out by expressingR0 in units of R� . The model then dependson four parameters:
� , q, R0, and � � .
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Inner shellsare slower

and more dense,
producing narrower,
taller line pro�les.

A seriesof shells,
added together,

produce a stepped
pro�le.

A continuous wind is
built by integrating

shells from some
minimum radius to

in�nit y.

Occultation by the star
removes light from the
red edgeof the pro�le.

Fig. 1.| Building a wind. Maps (top row): Line-of-sight component of wind velocity for
the observer to left of star (vz, indicated by hue), and x-ray volume emissivity (� , brightness)
is mapped in p-z coordinates (impact-parameter versusline-of-sight distance). Line pro�les
(b ottom row): Plots of 
ux (arbitrary scaling) versuswavelength (in velocity units scaledby
v1 ) correspond to above maps. Bluest wavelengthsare on the left, reddeston the right.

Without absorption, the pro�les are 
at-topp ed and symmetric (with sloping sides of a
shape determined by the velocity law). Figure 1 graphically illustrates the processof building
up a line pro�le from emissionin the wind, which can be envisionedas integrating over a series
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Fig. 2.| Con tin uum absoprtion. Contours of constant optical depth (integrated along the
observer's line of sight) overlay a wind map (left; see�gure 1). The observer is to the left. The
resulting line pro�le (right, not convolved with instrumental responsefunction) shows the e�ect
of an optically thick wind.

of in�nitesimally-thin shells,each of which producesa rectangular pro�le with its width set by
the shell velocity. Absorption (and occultation by the star) skewsthe line pro�le blueward by
preferentially removing redder photons (seeFigure 2).

Someother work has beendone in the past using similar but lessgeneral treatments. In
the context of EUV emissionlines, MacFarlane et al. (1991) calculatedthe pro�le resulting from
a single, thin spherical shock using similar arguments. He found that emissionfrom a single
shell producesa 
at-topp ed rectangular line pro�le in the absenceof absorption. Increasingthe
absorption (increasingthe � � parameter) preferentially decreasesthe 
ux at longer wavelengths,
becausethe red-shiftedphotonstend to comefrom the far sideof the star and passthrough more
wind material on the line of sight to the observer. Ignace(2001) found an analytic solution to
equation 2-9 with � = 0 (i.e. with a constant velocity wind v(r ) = v1 ). Waldron & Cassinelli
(2001) summedthe 
ux from 10sphericalshocks with a distribution of velocities and emissivities
to synthesizeline pro�les and comparedthem to Chandra observations of � Orionis (O9.7 Ib),
concluding that good correspondenceto the observed pro�les was only obtained in the limit of
very little absorption due to the symmetry of the pro�les.

The Owocki & Cohen (2001) treatment assumesopacity is constant acrossthe wavelength
range of the line. Opacity in the line itself has quite a di�eren t e�ect on the line pro�le.
Ignace& Gayley (2002) haveusedthe Sobolevapproximation to treat line opacity in the constant-
velocity case,deriving an analytical description of the pro�le shape in the high-� � , optically-
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thick-line limit. They predict that line opacity will reducethe blueward shift of the line centroid,
making it more symmetric.

We will primarily be exploring models in the optically-thin-line limit with integer, non-zero
values of � . � = 1 is consideredthe most appropriate value given the typical O star value
of � = 0:8 determined from UV observations (Groenewegen,Lamers,& Pauldrach 1989), the
determination by Puls et al. (1996) of the value � = 1:15 for � Puppis.

3. Line pro�le �tting

To accomplish the quantitativ e analysis of line pro�le shapes presented here, a suite of
original tools waswritten in the Mathematica3 programminglanguage.This sectionoutlines the
techniquesimplemented in this software.

3.1. The data set

The data set consistsof the � 1 order coaddedMEG spectrum from a 67 ks observation
of the O4f star � Puppis �rst reported on by Cassinelliet al. (2001). The FWHM of the MEG
spectral responseis � � MEG = 0:023 �A (Chandra X-Ray Center 2001)4. All the distinguishable
lines in this spectrum are many times more broad, allowing their pro�les to be well resolved.
For our purposesa more useful measureof instrumental broadeningis the width of a Gaussian
responsefunction scaledby the terminal velocity of the wind, � x .

� =
� �
2:35

(3-1)

� x =
�
� 0

c
v1

=
� �

2:35� 0

c
v1

(3-2)

All modelsare convolved with a Gaussianof standard deviation � x to simulate the instrumental
broadeningbeforebeing comparedto spectral data. Table 2 lists the valuesof � x for each �t.

A key assumptionof our �tting procedureis that the noisein the data set is described by a
pure Poissondistribution and that there is no signi�cant background 
ux. Visual inspection of
the spectrum indicates that there is no substantial continuum contribution to the 
ux, and we
expectno backgroundfor the sky or instrument. Global spectral modelingusingstandardthermal
plasmaemissioncodesby Raymond & Smith (1977) shows that the free-freeand recombination
continua are negligible for the plasmatemperaturesimplied by theselines.

3Mathematica is published by Wolfram Research, http://www.wolfram.com/ .

4The Chandra Proposers'Observatory Guide is available at http://cxc.harvard.edu/udocs/docs/ .
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3.2. Blends and limits

The breadth of the lines in this spectrum causesmany of them to be contaminated by emis-
sion from neighboring lines. After eliminating triplets as unsuitable for �tting due to excessive
blending, other potential blendswere identi�ed by visual inspection and by referring to the line
strengthscalculatedby Mewe, Gronenschild, & van den Oord (1985) and thosein the Astrophys-
ical PlasmaEmissionDatabase(APED, Smith et al. 2001)5. A line with rest wavelength � 0 is
consideredto extend over a wavelength rangede�ned by

� 0

�
1 +

v1

c

�
+ � � MEG � � � � 0

�
1 �

v1

c

�
� � � MEG : (3-3)

The widths of neighboring lines are calculated the sameway, and any overlap in the rangesis
excludedfrom the �t. SeeTable 2 for the wavelength rangeover which each �t was performed,
and appendix A for details of suspected blends. The terminal velocity value determined by
Prinja et al. (1990) v1 = 2485km s� 1 is adoptedhere.

3.3. Synthesizing line pro�les

For a quantitativ e comparison between a given model and an observed line pro�le, the
model must produce a predicted spectrum commensuratewith the observational data. This is
the algorithm implemented in Mathematica for this purpose:

1. Chosea set of valuesfor the model parameters,� , q, Ro, and � � . � must be an integer6

� 0. Symbolically evaluate the optical depth integral (equation 2-5) to obtain an analytic
expressionfor � as a function of � and r .

2. Chosea domain (a range of x values) over which to evaluate the line pro�le (seesection
3.2). At a seriesof x coordinates (equation 2-8) within the domain, numerically integrate
the radial integral in equation 2-9.

3. Convolve the resulting spectrum with a Gaussianof width � x (equation 3-2) which char-
acterizesthe instrumental broadening.

4. Normalize the convolved pro�le so it hasunit area in the desireddomain.

5. Integrate the normalizedpro�le function acrossthe wavelengthrangeof each observational
bin within the desireddomain. Multiply the resulting binned pro�le function by the total
number of counts observed within the domain to producea model spectrum that predicts
the sametotal number of counts.

5The Interactive GUIDE for ATOMDB is available at http://obsvis.harvard.edu/WebGUIDE/ .

6Mathematica is capableof symbolically integrating equation 2-5 for integer valuesof � .
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This predictedspectrum is a set of expectation valuesfor the number of photonscounted in each
bin, which may then be directly comparedwith the data using an appropriate �t statistic.

3.4. Parameter estimation and con�dence regions

3.4.1. The maximum likelihood statistic

The Poissondistribution governsthe probability of a photon arriving in a bin (spatial and/or
spectral) during a given time interval. If ei is the expectation value of the photon count in bin
i , the probability that the observed count will be n i is

Pei (ni ) =
en i

i e� ei

ni !
. (3-4)

The probability of observinga particular set of N photon-count valuesn i is the product of the
probability for each bin.

P =
NY

i =1

en i
i e� ei

ni !
. (3-5)

Cash(1979) showed that the likelihood ratio for this distribution generatesthe statistic

C = � 2ln P = � 2
X

i

(ni ln ei � ei � ln ni !) , (3-6)

which may be replacedwith

C = 2
X

i

(ei � ni ln ei ) . (3-7)

The set of model parametersa0 that minimizesC (so that C = Cmin at a0) obviously max-
imizes P, so it consideredthe most likely parameter set, or the best �t. � C = C � Cmin is
distributed like � 2 with M degreesof freedom,whereM is the number of free parameters,and
can be usedlike � � 2 to de�ne con�dence intervals (Cash1979). The region of parameterspace
in which � C is lessthan somevalue corresponding to the desiredcon�dence level de�nes the
con�denceregionof that probability. Tablesof � � 2 for di�eren t con�dencelevelsand degreesof
freedomare given in Press,Teukolsky, Vetterling, & Flannery (1992, x15.6). Numerical simula-
tions by Nousek& Shue (1989) and Yaqoob (1998) demonstratethe superiority of the C statistic
for performing �ts and determining con�dence intervals. We have chosenC as our �t statistic,
and determineour con�dence regionsusing � C. Figure 3 shows �ts to two representativ e lines.
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Table 1. Stellar properties determinedor adopted for � Puppis by various authors.

Reference M R L bol=1039 Te�
_M =10� 6 v1 L x=1032

(M � ) (R� ) (erg s� 1) (kK) (M � yr � 1) (km s� 1) (erg s� 1)

Bieging et al. (1989) (61) (18) (3:5) (42) 5:0 (2400) � � �
Sciortino et al. (1990) 52 17 2:63 41 (4:8) 2600 2:6
Prinja et al. (1991) � � � � � � � � � � � � � � � 2485 � � �
Lamers& Leitherer (1993) (59) (16) (3:9) (42) 2.4 (2200) � � �
Puls et al. (1996) 52:5 19 3:4 42 5:9 2250 � � �

Note. | Valuesin parentheseswerenot determinedin the cited paper.
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Fig. 3.| Two representativ e lines with best-�t models. Shown are Chandra MEG spectra of
(a) Fe XVI I at 15.01�A and (c) O VI I I at 18.97�A (in gray), with corresponding best-�t pro�les
(in black). Laboratory rest wavelengths are indicated by the vertical dashed lines. To the
right we show (b and d) contour plots representing the models. The observer is located at
(p=R� = 0; z=R� = 1 ). The inner circle is of radius R� , the outer circle of radius Ro. Gray
contours are curvesof constant line-of-sight velocity component in units of v1 . Dashedcontours
are curvesof constant optical depth (� = 0:5; 1; 2), integrated along the line of sight.
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3.4.2. Mapping the �t statistic in parameter space

We use brute-force mapping of our �t statistic in parameter spaceto determine best-�t
valuesand con�dence intervals for the �t parameters. Since� is constrainedto integer values,
it is held constant for each �t, resulting in a three-dimensionalparameter space. An inverted,
unitless parameter

uo � R� =Ro (3-8)

was used in place of Ro. The algorithm for �nding best-�t valuesand con�dence regionsis as
follows.

1. Set up a 3-dimensionalf q; uo; � � g grid in parameterspace,with a �xed value of � .

2. At each point, calculatea model pro�le and the value of the �t statistic C.

3. Takethe point with minimum valueof C = Cmin to bethe best-�t modela0 = f q; uo; � � gjC= Cmin
.

4. Subtract Cmin from the grid of C valuesto obtain a grid of � C values. All the points with
� C lessthan or equal to a given value are consideredto be within the con�dence region
corresponding to that value.

In practice, the processusually involved multiple iterations: one or more low-resolution maps
to get an approximate idea of the region of parameterspaceon which to focus followed by high
resolution mapping to de�ne con�denceregionsand identify the best-�t point. The step sizesof
the �nal, high-resolutionmapswerestandardizedacrossall the �ts for consistency. Somemapsof
small regionsaround the best-�t points weremadeat even higher resolutions,but C wasalways
found to be a very shallow function of the model parameters,sothis did not signi�cantly improve
the �ts or tighten the con�dence regions. This is not surprising, given that the model spectra
vary slowly and smoothly with changesin the model parameters. One dimensionalcon�dence
intervals are simply the projections of the 3-D con�denceregions.The validit y of the con�dence
levels assignedto the regionswas checked using Monte Carlo techniques.

Figure 4 shows a parameter-spacemap of con�dence regions for the �t to the N VI I line
at 24.78 �A in the � Puppis spectrum. Each row of the �gure consistsof two panels. The left
panelsis a two-dimensionalslice through the three-dimensionalparameterspace.Thesesplanes
of constant � � are color-coded to indicate which regionsin the plane are contained within the
3-D con�dence regions. The right panelsplots the observed spectrum with the best-�t model
from that plane in parameter space. Successive rows correspond to successive valuesof � � . To
demonstratethe typical rangeof models that can be �t to one line, Figure 5 shows the best-�t
and two extreme models for the Fe XVI I line at 17.05 �A. The two extreme models are for the
parametersetsthat have the largestand smallestvaluesof � � within the 95.4%con�denceregion.
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Fig. 4.| Projections of 3-D con�dence regionsand best-�t models in 2-D slicesof parameter
space.Redblocks in the grid arewithin the 68.3%con�denceregion,orangethe 95.4%region,and
yellow the 99.73%region. Valuesof � � are indicated above the left-hand panes.The annotations
above the right-hand panels indicate the valuesof the parametersf � ; q; u0; � � g for the best-�t
model within that plane. In the right-hand panesthe model is plotted in red and the data in
black. Note how the line pro�le changeswith � � : as the value increasesthe red side of the line
is suppressedmore and more. This �t is to the N VI I line at 24.78�A in the � Puppis spectrum.
The overall best-�t occurs in the secondrow at f 1; � 0:5; 0:5; 0:5g.
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3.5. Testing con�dence levels with Mon te Carlo simulations

Monte Carlo techniquescan be usedto test the validit y of the con�dence levelsassignedto
� C contours. By simulating many data setsbasedon a single \b est-�t" model, we can explore
the sensitivity of the model parametersto random variations about the underlying distribution
(Presset al. 1992, x15.6). The algorithm is outlined below:

1. Find set of parametersa0 that generatethe best-�t model DS
0 which minimizes the �t

statistic.

2. Simulate many data setsfD S
j g basedon the best-�t model:

(a) Synthesize an ideal spectrum (probabilit y curve p(x), where p(x)dx is the relative
probability of a photon in the line being emitted with a scaledwavelength between
x and x + dx) using a0 and convolve it with the instrumental responsefunction (a
Gaussianof width � x ).

(b) Calculate the expectation value of the photons count for each bin by multiplying the
total number of observed photons by the probability function integrated acrosseach
bin.

(c) Generatea set of N spectra DS
1 :::DS

N by randomizing the counts in each bin basedon
a Poissondistribution.

3. For each simulated spectrum DS
j calculate the value of the �t statistic (using DS

j as the
\data" and the best �t DS

0 as the \mo del") on a small grid centered on a0 and record the
coordinatesof the minimum, aS

j .

The result is a scatter of points in parameterspacef aS
j g representativ e of the distribution of pa-

rameter setsthat might have producedthe observed data. Arbitrarily-shap ed con�denceregions
may be drawn to include the desired fraction of the points, or con�dence regionsdetermined
by � C may be tested by calculating the fraction of Monte-Carlo points within them (this is
the technique usedhere). 1000Monte-Carlo simulations were run to test the con�dence regions
of each �t, and all of the results were consistent with the con�dence levels assignedusing � C.
At the 95.4%con�dence level, most of the con�dence regionscontained more than 96% of the
M-C points. In most caseslowering the � C value to tighten the con�denceregionsand bring the
percentageof M-C points contained closerto 95.4%would have minimal e�ects on the con�dence
intervals. Thereforethe � C con�dence regionsare used.

3.6. Hyp othesis testing and goodness-of-�t statistics

One disadvantage to using the C statistic is that there is no corresponding goodness-of-�t
statistic like reduced � 2. In fact, there is no standard goodness-of-�t statistic for data with
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Poissonnoise (Mighell 1999). One alternative is to employ a variant of the non-parametric
Kolmogorov-Smirnov test. The K-S statistic is calculated between the cumulative probability
distributions of the data and the model. This can be applied in this caseby consideringa line
pro�le (with areanormalizedto unity) to be a probability distribution governing the wavelengths
of incoming photons.

The statistics D+ and D � measurethe extremesof the di�erence between the empirical
cumulative distribution function (ECDF) E(x) and the predicted cumulative distribution Pc(x):

D+ � max[E(x) � Pc(x)] , (3-9)

D � � max[Pc(x) � E(x)] . (3-10)

The K-S statistic is

D � max[D+ ; D � ] . (3-11)

The K-S statistic has the disadvantage of deemphasizingvariation at the extremesrelative to
variation in the middle of the distribution (Presset al. 1992). This is becauseboth the ECDF and
the predicted cumulative distribution must convergeto 0 and 1 at either extreme. The Kuip er
statistic V avoids this problem, as it is unchangedby cyclic permutations of the distributions:

V � D+ + D � . (3-12)

SincePc is a monotonically increasingfunction and E(x) is an increasingstepped function, we
needonly comparethe distributions at the edgesof the steps. The procedureusedto calculate
thesestatistics is as follows:

1. From the data set D, form the empirical cumulative distribution function E(x). This is
a function of scaledwavelength x which steps up by a value n i =Nobs at the wavelength
of each bin x i (where ni is the number of photons counted in bin i and Nobs is the total
number of observed photons). E(x) is a normalized cumulative probability distribution.
Let E i = E(x i ).

2. Using the best-�t parameters,form the predicted cumulative distribution function Pc(x).
Let Pi = Pc(x i ).

3. Calculate

D+ = max[E i � Pi ] , (3-13)

D � = max[Pi � E i � 1] , (3-14)

and from them, V and D.
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There are approximate formulas (and tabulated values) for the signi�cance levels of the
Kuip er and K-S statistics under two conditions(Presset al. 1992; D'Agostino & Stephens1986):
(1) thereareno model parametersestimatedfrom the data, and (2) the distribution is continuous.
Neither condition is met here,since(1) three parametersare being estimated,and (2) the data
are binned by wavelength and so form a discrete distribution. For thesereasonsthe canonical
formulasvastly underestimatethe signi�cance of the observed variation from the best-�t models.
Thereforewe must resort to Monte-Carlo techniquesto estimatethe signi�canceof our statistical
values. By simulating a large number of data setswe may explore the frequencydistribution of
the Kuip er statistic. The signi�cance level � (V) is the probability that variations due to random
noisewill producea value of the Kuip er statistic greater than V, so larger valuesof V indicate a
\b etter" �t. Using Monte-Carlo simulations, we can estimate � (V) as the fraction of MC data
sets that give a value of the Kuip er statistic greater than V. There are actually two slightly
di�eren t V distributions that can be obtained using MC techniques. The di�eren t procedures
are outlines below:

Calculating � 0(V):

1. Generatea largenumber of MC simulated data setsfD S
j g basedon the best-�t parameters

a0 as described in x3.5.

2. GenerateE j (x) for each simulated data set and Pc0(x) from the a0 model and calculatethe
Kuip er statistic. This generatesa set of valuesof the Kuip er statistic V S0

j .

3. Let � 0(V) be the fraction of the valuesin the set V S0
j greater than V.

Calculating � RF (V):

1. Generatea largenumber of MC simulated data setsfD S
j g basedon the best-�t parameters

a0 as described in x3.5.

2. Perform the �tting procedureon each MC data set to yield a newset of best-�t parameters
for each MC set f aS

j g (also as described in x3.5).

3. GenerateE j (x) for each simulated data set and Pcj (x) from the corresponding aj model
(rather than a0) and calculate the Kuip er statistic. This generatesa set of valuesof the
Kuip er statistic V SRF

j .

4. Let � RF (V) be the fraction of the valuesin the set V SRF
j greater than V.

In general we expect � RF (V) � � 0(V), since the �tting procedure should �nd a model that
matchesthe simulated data setaswell asor better than a0. A model is rejectedif � � 0:05. High
valuesof the signi�cance � � 0:95 can indicate that the model is over-speci�ed, i.e. that there is
not enoughinformation in the data to reliably estimateall the model parameterssimultaneously.
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3.7. Go odness-of-�t results

The variation in spectral resolution as a function of wavelength and the needto truncate
the �t range to avoid blends can cause�ts to vary in quality and in the usefulnessof param-
eter constraints derived from them. Listed in Table 2 are the MEG instrumental resolution
� 0=� � , the ratio of the full terminal-velocity width to the FWHM of the instrumental broaden-
ing 2v1 =� v (which is a measureof how well-resolved a line is), the scaledwavelength rangeof
the �t f xmin , xmaxg (both of which should have absolutevaluesof slightly greater than unity for
an un-truncated �t), and the number of spectral bins within the rangeof the �t Nobs.

For each �t � 0 was calculated from the distribution of V values of 1000 Monte-Carlo
simulations, and � RF from the distribution of V valuesof 100 simulations with re�tting. The
results are reported in Table 3.

The lines at 18.97�A, 17.054�A, 15.013�A, 12.13�A, and 6.18 �A show a trend in �t quality
accordingto both Kuip er-statistic distributions. Linesat longerwavelengthsare better resolved,
are sampledby more bins, and yield higher-quality �ts than lines at shorter wavelengths.These
�ts are formally good, though the high signi�cance levels of the two longest-wavelength �ts
suggeststhat the model may be under-determined. Also, the results of the �t to the Si XIV

line at 6.18�A are somewhatsuspect becauseof the low resolution at that wavelength, the small
number of bins, and the failure to constrain the q parameter.

The lines at 24.78�A, 16.787�A, and 15.262�A yield anomalously-poor �ts whencomparedto
the lines listed above. The value of � 0 = 0:039 for the 15.262�A �t doesnot meet the criterion
� � 0:05 for a formally-good �t. This line may be contaminated by the Fe XIX lines at 15.198�A
and 15.3654�A (APED). The relatively-low signi�cance valuesfor the N VI I line may simply be
the result of random variation, or could be a sign that there are resolved spectral featuresnot
explainedby this simple model. In any case,the �t is formally good. The 16.787�A �t may also
be a�ected by a blend with an Fe XIX line, this oneat 16.718�A. This would add 
ux to the blue
edgeof the line, increasingits skew and explaining the relatively high valuesof � � and q.

3.8. E�ect of terminal velocit y uncertain ty on estimated parameters

To explorethe in
uence of uncertainty in the wind terminal velocity on the �t results, a �t
with v1 = 2200km s� 1 was performedon the Fe XVI I line at 15.013Angstroms. The changes
to the best-�t valuesare insigni�cant, and the changesin the con�denceregionsare quite small,
though the quality of the �t is worse for the lower value (seeTable 3). It is concludedthat
varying the terminal velocity value by lessthan 10%is unlikely to signi�cantly a�ect �t results.
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4. Results and Discussion

4.1. Summary

In all, �ts wereperformedon eight lines in the � Puppis spectrum between6.18 �A (Si XIV )
and 24.78�A (N VI I). Table 2 givesthe parametersof each �t. The �ts were all performedwith
a �xed value of � = 1. The estimatedvaluesof the parametersq, Ro, and � � are listed in Table
3, and shown in Figure 6 (the valuesfor the Si XIV line are not shown in the �gure becauseit is
at a much shorter wavelength and its parametervaluesare poorly constrained). The con�dence
limits given are at the 95.4%con�dence level (the \2 � " level for a Gaussiandistribution).

All the �ts but one (to the Fe XVI I line at 15.262�A) are formally good, accordingto both
of the Monte-Carlo-determined,Kuip er-statistic signi�cance levels. The �tting procedurealso
placeduseful constraints on the valuesof the estimated parameters. This leadsto the primary
conclusionof this work, that this simple, spherically-symmetricwind model can, in fact, �t line
pro�les in the � Puppis x-ray spectrum. The successof this model is an especially important
result sincethis is the �rst attempt at quantitativ e analysisof the information contained in x-ray
line pro�les from a hot star.

4.2. Estimated parameters

The determined amount of wind attenuation is signi�cantly smaller than what one might
expect from a spherically-symmetric,smooth wind, given what is known about this star's mass-
lossrate and wind opacity. There have beenvariouscalculationsof the wind optical depth (often
expressedas the radius of optical depth unity) as a function of wavelength for this star. They
rangefrom valuesmuch bigger than what we derive here(7 < � � < 30 calculatedby Hillier et al.
1993, using _M = 5:0 � 10� 6 M � yr � 1, R� = 19 R� , v1 = 2200 km s� 1), to values modestly
bigger (4 < � � < 8 calculated by Cassinelliet al. 2001, using values from Lamers& Leitherer
1993: _M = 2:4 � 10� 6 M � yr � 1, R� = 16 R� , v1 = 2200 km s� 1). Note that Hillier et al.
(1993) �nd di�eren t valuesfor R1 depending on whether helium recombines or remains ionized
in the outer wind, but at energiesabove 0.5 keV (where all of the lines presented here occur)
there is little di�erence betweenthe two scenarios.More recent stellar parametersdetermined
by Puls et al. (1996) ( _M = 5:9 � 10� 6 M � yr � 1, R� = 19 R� , and v1 = 2250km s� 1) agreewell
with the valuesused by Hillier et al. (1993), but would increasethe Cassinelliet al. (2001) � �

valuesby a factor of 2, given the sameopacity (seeeq. 2-6).

If we accept the � � values derived from our �ts, then the disparity between those values
and the onesmentioned above suggestthat either the mass-lossratesor wind opacitiesare being
overestimatedin previouscalculations. The mass-lossrate of � Puppis is by now quite well estab-
lished using UV absorption lines and H� , although improper ionization correctionsor clumping
could lead to systematic errors. The wind opacity determination seemsmuch more uncertain,
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Fig. 5.| Modelsat extremesof the con�denceregion. Shown arethe Chandra MEG spectrum of
the 17.054�A line of Fe XVI I (in gray), and (in black) the best-�t model (� � = 0:5), the �t with � �

held at its 95.4%con�denceupper limit (� � = 1:5) and the �t with � � held at its 95.4%con�dence
lower limit (� � = 0:0). The contour plots are the samestyle as in Figure 3 and correspond to (b)
the � � = 0:0 model, (c) the best-�t model, and (d) the � � = 1:5 model.

Table 2. Parametersof the line-pro�le �ts.

Ion � 0 v1 � 0=� � 2v1 =� v � x xmin xmax Nobs

(�A) (km s� 1)

N VI I 24:78 2485 1077 18 0:048 � 1:11 1:11 69
O VI I I 18:97 2485 825 14 0:062 � 1:04 1:14 92
Fe XVI I 17:054 2485 741 12 0:069 � 0:74 1:16 69
Fe XVI I 16:787 2485 730 12 0:07 � 1:16 0:74 54
Fe XVI I 15:262 2485 664 11 0:077 � 0:81 1:19 53
Fe XVI I 15:013 2485 653 11 0:079 � 1:19 0:79 50
Fe XVI I 15:013 2200 653 10 0:089 � 1:34 0:89 49
Ne X 12:13 2485 527 9 0:097 � 1:23 0:03 49
Si XIV 6:18 2485 269 4 0:191 � 0:98 0:59 26

Note. | The width of the instrumental response in wavelength units is
� � = � � MEG = 0:023 �A, or in velocity units � v = c� �=� 0. The scaled
wavelength x � (c=v1 )( � � � 0)=� 0. Nobs is the number of wavelength bins
included in the �t.
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Table 3. Estimated parametervalueswith 95.4%con�dence intervals and goodness-of-�t
calculations.

Ion � 0 v1 q Ro=R� � � V � 0 � RF

(�A) (km s� 1)

N VI I 24:78 2485 � 0:5+0 :6
� 0:3 2:0+1 :3

� 0:6 0:5+2 :0
� 0:5 0:073 0:667 0:356

O VI I I 18:97 2485 � 0:1+0 :6
� 0:4 1:2+2 :1

� 0:2 2:5+2 :5
� 1:5 0:066 0:941 0:790

Fe XVI I 17:054 2485 � 0:6+0 :4
� 0:2 1:4+0 :6

� 0:3 0:5+1 :0
� 0:5 0:059 0:971 0:950

Fe XVI Ia 16:787 2485 0:4+0 :6
� 0:6 1:0+2 :3

� 0:0 4:5+3 :5
� 2:5 0:087 0:517 0:490

Fe XVI Ia 15:262 2485 � 0:8+0 :2
� 0:2 1:4+1 :1

� 0:4 1:5+2 :5
� 1:5 0:095 0:039 0:151

Fe XVI I 15:013 2485 � 0:2+0 :4
� 0:3 1:4+0 :6

� 0:3 1:0+1 :0
� 0:5 0:067 0:887 0:800

Fe XVI I 15:013 2200 � 0:4+0 :4
� 0:2 1:4+0 :6

� 0:4 1:5+1 :5
� 1:0 0:078 0:562 0:370

Ne X 12:13 2485 � 0:4+0 :5
� 0:3 1:4+0 :6

� 0:4 1:0+1 :5
� 1:0 0:106 0:432 0:100

Si XIV b 6:18 2485 � 0:2+ ���
� 0:8 1:4+8 :6

� 0:4 1:5+5 :5
� 1:5 0:148 0:857 0:622

aThe anomalousresults for theselines may be due to contamination. Seex3.7.

bAt the 95.4%con�dence level upper limit, q is unconstrainedfor this �t.
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Fig. 6.| The best-�t values of (a) q, (b) Ro, and (c) � � for seven of the eight �tted lines in
the � Puppis spectrum (bullets), along with the range given by the 95.4% con�dence limits
(triangles). SeeTable 3.
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both becauseof the inconsistent values in the literature and becauseof the di�cult y in de-
termining the ionization state of the wind (Macfarlaneet al. 1993; Macfarlane,Cohen,& Wang
1994). Recent advancesin stellar atmospheremodeling may help to improve these determi-
nations (Pauldrach, Ho�mann, & Lennon 2001). Another meansof lowering the wind atten-
uation is to clump the wind into small clouds that are individually optically thick render-
ing the wind porous and enhancing the escape probability of x-ray photons, thus lowering
the mean wind opacity. This would also a�ect the mass-lossrate diagnostics, but is, itself,
an independent e�ect. Feldmeieret al. (2002b), Oskinova, Feldmeier,& Hamann (2002), and
Feldmeier,Oskinova, & Hamann (2002a)7 have done work on how such clumping might arise
and how it might a�ect observed x-ray spectra.

An even morecuriousresult of the � � �ts is that they are nearly independent of wavelength.
This is surprising becausephotoionization cross sectionsshould scale roughly as a power of
wavelengthbetween� 2 and � 3 (Hillier et al. 1993). It is possiblethat the distribution of ionization
edgescould conspireto make this relationship much 
atter over a small range of wavelengths
(as the calculationsfrom Cassinelliet al. 2001seemto indicate). But wind clumping might play
somerole, here too. If the wind opacity is dominated by clumps that are individually optically
thick acrossthe wavelength range, then the opacity ceasesto be a function of wavelength and
instead dependson the physical crosssectionsof the clumps themselves. Note that the UV line
opacity necessaryto explain the observed absorption line pro�les could, in principle, still be
provided by the tenuous inter-clump wind, as the line crosssectionsare much bigger than the
x-ray photoionization crosssections.

If R1 � Ro, the line pro�le is insensitive to changesin Ro, sinceemissionmuch below R1 is
largely absorbed by the wind. The valueswe �nd for Ro, though generallysmall, are comparable
to our valuesof R1 (from � � by eq. 2-7). It is hard to assesstheserelatively small onset radii in
the context of the small (sometimessurprisingly small) valuesclaimed on the basisof observed
f =i ratios in He-like ions (Cassinelliet al. 2001; Kahn et al. 2001; Waldron & Cassinelli 2001).
This is partially becausewe do not �t the pro�les of any He-like lines (they are too blended)and
partly becausethe most extremeresult (smallest value for R1) from the line ratios is for S XV ,
which is a higher ionization stagethan any of the lines we �t. The constraints we were able to
placeon R1, though, suggestthat the onsetof shock formation is fairly closeto the photosphere.

The �t results for the parameter q indicate that there is not a strong radial trend in the
�lling factor. One might expect somecompetition in a wind shock model betweenthe tendency
to have more and stronger shocks near the star, where the wind is still accelerating,and the
tendency for shock heated gas to cool lesse�cien tly in the far wind, where densitiesare low.
Perhapsthesetwo e�ects cancelto give the observed q � 0 relationship.

The radial variation of the emissivity is undoubtedly more complicated than is allowed for

7Thesepapersareavailable at http://auriga.astro.physik.uni- potsdam.de/~afeld/publications.html .
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by the simple assumptionsof this model, but in the absenceof additional empirical information
and in the interest of simplicity, the decisionwasmadeto attempt �ts usinga singleradial power
law. The quality of the �ts justi�es this choiceto someextent.

From a theoreticalpoint of view, wearealreadyassumingemissionarisesin a largenumber of
shocks which are, on somescale,distributed \smoothly" throughout the wind (this is supported
by the variabilit y observations of Berghoefer et al. 1996, as discussedin x1.3). We may then
regard the wind as a two-component 
uid, the bulk of which is cold X-ray absorbingmaterial
with a small fraction of embeddedX-ray emitting plasma. Each individual shock will contain
material at a rangeof temperaturescontrolled by the shock velocity and cooling structure, but
on the scaleat which the wind may be regardedas a two-component 
uid it does not seem
unreasonableto assumethat thesevariations will alsoblend into a smooth, radial distribution.

5. Conclusion

The primary result of the analysispresented here is that x-ray emissionlines in the proto-
typical O supergiant � Puppis, can be adequately�t with a spherically-symmetricwind model
having a small number of free parameters. The derived valuesof the parametersare quite rea-
sonablein the context of most wind-shock models, being consistent with hot plasmauniformly
distributed throughout the wind above a moderate onset radius, x-ray emissionextending out
to the wind terminal velocity, and the need for the inclusion of somewind attenuation. This
provides the most direct evidenceyet that sometype of wind-shock model applies to this hot
star. However, there are indications that the absorption properties of the wind of � Puppis, and
perhapsother hot stars, must be reconsidered.

In the future this model will be �t to Chandra spectra of other hot stars, but the lack of
strong line asymmetriesin stars such as � Ori and � Ori and the narrow lines in � 1 Ori C and �
Scoindicate that spherically-symmetricwind-shock modelswith absorptionmay not �t the data
from thesestars as well as they do � Puppis. The detection of a 1 kG magnetic �eld on � 1 Ori
C (Donati et al. 2002) and preliminary theoretical work on the e�ect of magneticcon�nement of
the wind on line pro�les (Kramer et al. 2003b) suggeststhat the presenceor absenceof a strong,
dipole magnetic �eld may separatehot stars into two classes:thosewithout a strong �eld would
have spherically symmetric winds and � Puppis-type x-ray line pro�les, while thosewith strong
�elds would have magnetically con�ned winds with narrower line pro�les (at least from some
viewing angles).
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A. Iden ti�ed blends

This appendix lists all the potential blends identi�ed in the lines consideredfor �tting in
the � Puppis spectrum (seeAPED).

Si XIV 6:18 �A (H lik e)

No blends.

Ne X 12:13 �A (H lik e)

Blend at � = 12:285 �A.
� (1 � v1

c ) = 12:156,� (1 � v1
c ) � � � MEG = 12:133

Fe XVI I 15:013 �A (Ne lik e)

Blend at � = 15:262 �A.
� (1 � v1

c ) = 15:135,� (1 � v1
c ) � � � MEG = 15:112

Fe XVI I 15:262 �A (Ne lik e)

Blend at � = 15:013 �A.
� (1 + v1

c ) = 15:137,� (1 + v1
c ) + � � MEG = 15:16

Possibleunaccounted-for blendsat 15.198�A and 15.3654�A.

Fe XVI I 16:787 �A (Ne lik e)

Blend at � = 17:054 �A.
� (1 � v1

c ) = 16:913,� (1 � v1
c ) � � � MEG = 16:89

Possibleunaccounted-for blend at 16.718�A.

Fe XVI I 17:054 �A (Ne lik e)

Blend at � = 16:787 �A.
� (1 + v1

c ) = 16:926,� (1 + v1
c ) + � � MEG = 16:949

0 VI I I 18:97 �A (H lik e)

Possibleblend at � = 18:63 �A.
� (1 + v1

c ) = 18:784,� (1 + v1
c ) + � � MEG = 18:807



{ 30 {

N VI I 24:780 �A (H lik e)

No blends.

B. Singularit y in line pro�le in tegral

Equation 2-9 has an obvious singularity at r = R� . This value only occurs at the low
endpoint of the integral when x = 0 and Ro = R� and thus r x = R� . The singularity does
not posea problem exceptwhen � � is lessthan about 1, and even so, the numerical integration
package in Mathematica still gives a value, but warns about the singularity. The value of the
integral at x = 0 as we approach R0 = R� from above convergessmoothly to the one returned
by Mathematica at R0 = R� , which makesphysical sense,sowe have not seenthe needfor more
formal exploration of the convergence.

References

In the online PDF version of this document, each reference is followed by a hyperlink to the
online version of the resource, if it exists. Links to the NASA AstrophysicsData System8 are
designated by \ [ADS]", other links by \ [LINK] ".

Babel, J. 1995,A&A, 301,823 [ADS]

Babel, J. & Montmerle, T. 1997,A&A, 323,121 [ADS]

Berghoefer, T. W., Baade,D., Schmitt, J. H. M. M., Kudritzki, R.-P., Puls, J., Hillier, D. J., &
Pauldrach, A. W. A. 1996,A&A, 306,899 [ADS]

Bieging, J. H., Abbott, D. C., & Churchwell, E. B. 1989,ApJ, 340,518 [ADS]

Cash,W. 1979,ApJ, 228,939 [ADS]

Cassinelli,J. P., Miller, N. A., Waldron, W. L., MacFarlane, J. J., & Cohen,D. H. 2001,Astro-
phys. J. Lett., 554,L55 [ADS]

Cassinelli,J. P. & Olson, G. L. 1979,ApJ, 229,304 [ADS]

Castor, J., McCray, R., & Weaver, R. 1975a,ApJ, 200,L107 [ADS]

Castor, J. I., Abbott, D. C., & Klein, R. I. 1975b,ApJ, 195,157 [ADS]

8The ADS is online at http://adswww.harvard.edu/ .



{ 31 {

Chandra X-Ray Center. 2001,The Chandra Proposers'Observatory Guide, v4.0edn.,The Chan-
dra X-Ray Center, Harvard-SmithsonianCenter for Astrophysics,60GardenStreet, Cam-
bridge, MA 02138USA [LINK]

Chen, W. & White, R. L. 1991,ApJ, 366,512 [ADS]

Chlebowski, T., Harnden, F. R., & Sciortino, S. 1989,ApJ, 341,427 [ADS]

Cohen,D. H., Cassinelli,J. P., & MacFarlane, J. J. 1997a,ApJ, 487,867 [ADS]

Cohen,D. H., Cassinelli,J. P., & Waldron, W. L. 1997b,ApJ, 488,397 [ADS]

Cohen, D. H., Cooper, R. G., MacFarlane, J. J., Owocki, S. P., Cassinelli, J. P., & Wang, P.
1996,ApJ, 460,506 [ADS]

Cohen, D. H., de Messi�eres,G. E., MacFarlane, J. J., Miller, N. A., Cassinelli, J. P., Owocki,
S. P., & Liedahl, D. A. 2003,ApJ, 586,495 [ADS]

D'Agostino, R. B. & Stephens,M. A. 1986, Goodness-of-�t techniques (New York: Marcel
Dekker) [ADS]

Donati, J.-F., Babel, J., Harries, T. J., Howarth, I. D., Petit, P., & Semel,M. 2002,Mon. Not.
R. Astron. Soc., 333,55

Feldmeier,A., Oskinova, L., & Hamann, W. R. 2002a,A&A, in press

Feldmeier,A., Oskinova, L., Hamann, W. R., & Owocki, S. 2002b, in A massive star odyssey,
IAU Symp. 212,ed. van der Hucht K., Herrero A., EstebanC. [LINK]

Feldmeier,A., Puls, J., & Pauldrach, A. W. A. 1997,A&A, 322,878 [ADS]

Gagn�e, M., Caillault, J., Stau�er, J. R., & Linsky, J. L. 1997,ApJ, 478,L87+ [ADS]

Groenewegen,M. A. T., Lamers, H. J. G. L. M., & Pauldrach, A. W. A. 1989,A&A, 221, 78
[ADS]

Harnden, F. R., Branduardi, G., Gorenstein,P., Grindlay, J., Rosner,R., Topka, K., Elvis, M.,
Pye, J. P., & Vaiana, G. S. 1979,ApJ, 234,L51 [ADS]

Hillier, D. J., Kudritzki, R. P., Pauldrach, A. W., Baade,D., Cassinelli,J. P., Puls, J., & Schmitt,
J. H. M. M. 1993,A&A, 276,117 [ADS]

Howarth, I. D. & Prinja, R. K. 1989,ApJS, 69, 527 [ADS]

|. 1996,Ap&SS, 237,125 [ADS]

Ignace,R. 2001,ApJ, 549,L119 [ADS]



{ 32 {

Ignace,R. & Gayley, K. G. 2002,ApJ, 568,954 [ADS]

Kahn, S. M., Leutenegger,M. A., Cottam, J., Rauw, G., Vreux, J.-M., den Boggende,A. J. F.,
Mewe, R., & G•udel, M. 2001,A&A, 365,L312 [ADS]

Kramer, R. H., Cohen,D. H., & Owocki, S. P. 2003a,Astrophys. J. Letters, submitted [LINK]

Kramer, R. H., Tonnesen,S. K., Cohen,D. H., Owocki, S. P., Ud-Doula, A., & Macfarlane,J. J.
2003b,Reviewof Scienti�c Instruments, 74, 1966[ADS]

Kudritzki, R. & Puls, J. 2000,ARA&A, 38, 613 [ADS]

Kudritzki, R. P., Palsa, R., Feldmeier, A., Puls, J., & Pauldrach, A. W. A. 1996, in Roent-
genstrahlung from the Universe, ed. Zimmermann, H. U., Tr•umper, J. and Yorke, H.
(Max-Planck-Institut f•ur extraterrestrische Physik, Report 263), 9{12 [ADS]

Kwok, S., Purton, C. R., & Fitzgerald, P. M. 1978,ApJ, 219,L125 [ADS]

Lamers, H. J. G. L. M. & Cassinelli, J. P. 1999, Introduction to stellar winds (Cambridge:
Cambridge University Press,1999. ISBN 0521593980)[ADS]

Lamers,H. J. G. L. M., Haser,S., de Koter, A., & Leitherer, C. 1999,ApJ, 516,872 [ADS]

Lamers,H. J. G. L. M. & Leitherer, C. 1993,ApJ, 412,771 [ADS]

Leitherer, C., Chapman,J. M., & Koribalski, B. 1995,ApJ, 450,289 [ADS]

Leitherer, C. & Lamers,H. 1993,SpaceScienceReviews,66, 153 [ADS]

Lucy, L. B. 1982,ApJ, 255,286 [ADS]

Lucy, L. B. & Solomon,P. M. 1970,ApJ, 159,879 [ADS]

Lucy, L. B. & White, R. L. 1980,ApJ, 241,300 [ADS]

MacFarlane, J. J. & Cassinelli,J. P. 1989,ApJ, 347,1090[ADS]

MacFarlane, J. J., Cassinelli, J. P., Welsh, B. Y., Vedder, P. W., Vallerga, J. V., & Waldron,
W. L. 1991,ApJ, 380,564 [ADS]

Macfarlane,J. J., Cohen,D. H., & Wang, P. 1994,ApJ, 437,351 [ADS]

Macfarlane,J. J., Waldron, W. L., Corcoran, M. F., Wol�, M. J., Wang, P., & Cassinelli,J. P.
1993,ApJ, 419,813 [ADS]

Mewe, R., Gronenschild, E. H. B. M., & van den Oord, G. H. J. 1985,A&AS, 62, 197 [ADS]

Mighell, K. J. 1999,ApJ, 518,380 [ADS]



{ 33 {

Mullan, D. J. 1984,ApJ, 283,303 [ADS]

Nousek,J. A. & Shue, D. R. 1989,ApJ, 342,1207[ADS]

Oskinova, L., Feldmeier,A., & Hamann,W. R. 2002,in A massive star odyssey, IAU Symp. 212,
ed. van der Hucht K., Herrero A., EstebanC. [LINK]

Owocki, S. P. 2001,in Encyclopedia of Astronomy and Astrophysics,ed. Murdin, Paul (London:
Nature Publishing Group), 2248{2256

Owocki, S. P., Castor, J. I., & Rybicki, G. B. 1988,ApJ, 335,914 [ADS]

Owocki, S. P. & Cohen,D. H. 1999,ApJ, 520,833 [ADS]

|. 2001,ApJ, 559,1108[ADS]

Pauldrach, A. W. A., Ho�mann, T. L., & Lennon, M. 2001,A&A, 375,161 [ADS]

Press,W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992,Numerical recipesin
C. The art of scienti�c computing (Cambridge: University Press,1992,2nd ed.) [ADS]

Prinja, R. K., Barlow, M. J., & Howarth, I. D. 1990,ApJ, 361,607 [ADS]

|. 1991,ApJ, 383,466 [ADS]

Puls, J., Kudritzki, R.-P., Herrero,A., Pauldrach, A. W. A., Haser,S.M., Lennon,D. J., Gabler,
R., Voels,S. A., Vilchez,J. M., Wachter, S., & Feldmeier,A. 1996,A&A, 305,171 [ADS]

Raymond, J. C. & Smith, B. W. 1977,ApJS, 35, 419 [ADS]

Schulz, N. S., Canizares,C. R., Huenemoerder, D., & Lee,J. C. 2000,ApJ, 545,L135 [ADS]

Sciortino, S., Vaiana, G. S., Harnden, F. R., Ramella, M., Morossi, C., Rosner,R., & Schmitt,
J. H. M. M. 1990,ApJ, 361,621 [ADS]

Seward, F. D., Forman, W. R., Giacconi,R., Gri�ths, R. E., Harnden, F. R., Jones,C., & Pye,
J. P. 1979,ApJ, 234,L55 [ADS]

Smith, R. K., Brickhouse,N. S., Liedahl, D. A., & Raymond, J. C. 2001,ApJ, 556,L91, APED
[ADS]

Sobolev, V. V. 1960, Moving envelopes of stars (Cambridge: Harvard University Press,1960)
[ADS]

ud-Doula, A. & Owocki, S. P. 2002,ApJ, 576,413 [ADS]

Waldron, W. L. & Cassinelli,J. P. 2001,ApJ, 548,L45 [ADS]

Yaqoob, T. 1998,ApJ, 500,893 [ADS]



{ 34 {

This thesis was prepared with the AAS LATEX macrosv5.0 (modi�ed by RHK).


	Introduction to hot star winds
	Radiation-driven winds
	Spectral wind diagnostics
	X-ray emission and absorption

	A spherically-symmetric wind model
	Line profile fitting
	The data set
	Blends and limits
	Synthesizing line profiles
	Parameter estimation and confidence regions
	The maximum likelihood statistic
	Mapping the fit statistic in parameter space

	Testing confidence levels with Monte Carlo simulations
	Hypothesis testing and goodness-of-fit statistics
	Goodness-of-fit results
	Effect of terminal velocity uncertainty on estimated parameters

	Results and Discussion
	Summary
	Estimated parameters

	Conclusion
	Identified blends

