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Abstract

X-ray emissionfrom hot (O- and B-type) stars is a long-standing astrophysical
puzzle. High-resolution x-ray spectroscoy of hot stars resoles emissionline pro-
le shapes, o ering direct insight into the dynamics and spatial distribution of the
x-ray-emitting plasma. The O supergiart  Puppis shows broad, blueshifted, and
asymmetricline pro les, generallyconsistet with the wind-shack picture of OB star
X-ray production. Here,for the rst time, this is demonstratedquartitativ ely by t-
ting a spherically-symmetricphenomenologicavind model to a Chandra spectrum of

Puppis. The results of the ts to eight lines are presened here. Statistically good
ts to sewenofthe linesareacdieved, with extracted parametersproviding constrains
on the amourt of absorptionin the wind and the minimum radius of x-ray emission.
The results indicate that a modest amourt of wind attenuation is required, which is
inconsistert with previoustheoretical calculationsof cortinuum optical depths. The
implications of theseresults are discussedn light of other recert obsenational and
theoretical work.



{34

1. Intro duction to hot star winds

All stars exchange material 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 ewlution, a wind is the predominart mass-losgrocess,and canremove
enoughmaterial to signi cantly decreasehe massofthe star. O stars,thoughrelatively rare, play
an important role in star-forming regions,being the rst to form, and the fastest-ewlving and
most luminous objectsin sud regions. O-star winds can have high kinetic energyand momertum
uxes and may play important rolesin shock formation, turbulence in, and enrichment and
dispersal of, star-forming clouds, and triggered star formation.

This thesiswill detail the rst e ort to perform quartitativ 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 physicalimplications.

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 gaspressuregradiert asin the winds of cooler
stars like the sun. To acceleratea massiwe wind out of the gravitational potertial well, energy
and momertum must be e cien tly transferedfrom the star's radiation eld to the wind material.
This type of out o w is often referredto asa \line-driven wind" becausdine opacity dominates
the absorption and scattering processeghat e ect the transfer.

The basic processof momertum transfer is bound absorption followed by spontaneous
emission. Consider an atom of massm with a transition at rest frequency o, and a mo-
mertum componert along a particular direction mv,. The atom can absorb a photon moving
in that direction if it is of frequency ; = o(1 + v,=0, changing the atom's momertum to
mv?= mv, + h ;=c= mv, + (h ,=9(1 + v,=0. If the subsequenemissionis isotropic, we would
expect that, on average,it will not changethe atom's momerium. This can easily be shovn by
consideringa photon emitted at an arbitrary angle to the original direction with frequency

» = o1+ vP=d and momerntum along the original direction cos (h ,=¢. For v, c and
h o mc, the total changein the componert of momertum along the direction of the incidert
photon is then

mv, = (h o=0(1 cos ). (1-1)
Assumingisotropic emission,the averagechangein momertum is then
Z

=2

h mvi=(1=4) ) (h o=mg(1 cos )2 sind = h o=¢ (1-2)
=2

which is the sameasfor the initial absorptionewert (with v,  ¢), aspredicted (this derivation
closelyfollows Lamers & Cassinelli1999.
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The ionsin 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,theseions will have to share
momertum with the rest of the wind through Coulomb interactions. In somestars with very
low-density winds the momertum sharingmay be ine cien t, in which casethe wind would alter
photospheric abundancesby selectively removing certain elemers (Babel 1995. This paper,
however, will focuson high-density, O-star winds, in which momenium sharingis quite e cien t.

An acceleratingwind, by de nition, consistsof material at a rangeof velocities. The velocity
dispersionin the wind increaseghe e ciency of the momertum transfer for optically thick lines
by Doppler broadeningthe lines, which makes more of the stellar cortinuum available for line
driving. Velocity dispersioncan alsoincreasethe likelihood of \m ultiple scattering”, wherely a
photon which hasscatteredo a particular line in oneregionof the wind may scattero adi erent
line in a di erent region of the wind if the relative velocity of the wind regionscorrespnds 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-spacedlistribution of its opacity. Sololev (1960 shoved how to simplify the
problem dramatically for a single line. Considerthe referenceframe of a particular comoving
point in an expanding,acceleratingwind. In this comaving frame all of the wind is moving away
from the referencepoint, with increasingvelocity farther from the point. Thus a photon emitted
at the certral frequencyof a spectral line can only be absorked 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 vine (Which might be the thermal velocity, or include cortributions
from micro-turbulent broadening), the characteristic length beyond which a photon is unlikely
to be absorked is

lsob  Vine=(dv=dr) , (1-3)

where dv=dr is the velocity gradiert of the wind. This is much smaller than the length scaleof
the velocity or density gradierts v=(dv=dr) | =(d =dr)j, sincewe expectVv  Vj. This allows
us to localizethe problem of determining the optical depth ~ for a path from the photosphere
to a point in the wind:

lsob = Viine=(dv=dr) , (1-4)

where s the line opacity or massabsorption coe cien t (which hasdimensionsof areaper unit
mass)and the local massdensity. It canthen be showvn using similar argumerts (Owocki 2007
that the radiative accelerationdue to scatteringin a singleline is simply

Viine OI— 1 €
4 r2c?

Jiine (1-5)
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Assuming ead photon will scatter only once,the total accelerationof the wind is the sum
of the cortribution from ead independert line in the wind,
X GM (1
vdv=dr= Qe cMd_ o

lines

L
h = e
2 WHETE e= 7 GMc

(1-6)

The last term accouns for gravity and accelerationdue to free-electronscattering ( . is the
free-electronopacity) (Owocki 200)). Solving this equation is complicated, sinceterms in the
sum depend on the accelerationitself through the optical depth (Eqns. 1-4 and/1-5).

Castor, Abbott, & Klein (19750 deweloped method for nding self-consistenh 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

r

V(r) = Vesc 1— 1

1=2
AR (17)

where Ve is the surfaceescae velocity and R is the stellar radius. Taking the angular extert
of the stellar disk into accourt yields the more generalform

vir)=v; 1 RT , (1-8)

with  (which is typically found, theoretically and obsenationally, to have a value 0:8) de-
scribing how quickly the wind acceleratego its terminal velocity v, (Owocki 2001, Lamers& Cassinelli
1999.

If we assumea constart mass-losgate, M., and a radially expandingwind, consenation of
massgivesthe following condition at all points in the wind:

dm _ dmdr _

Mo ST arat

4 r2 (r)v(r). (1-9)
Assuminga velocity law with the form of Equation|1-8 we get density asa function of radius:

M
(r) = : (1-10)
4 r2V1 1 RT

Modernradiation-drivenwind theory is generallyconsideredjuite successfu{Howarth & Prinja
1996 Kudritzki & Puls 2000, though somecomparisonswith obsenationally determined mass-
lossrates and terminal velocities have reveled discrepanciesparticularly for densewinds
(Leitherer & Lamers1993 Lamers& Leitherer 1993. The next two subsectiongdiscusssomeof
the obsenational techniquesusedto study hot star winds and test the limits of currert theoretical
understanding.
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1.2. Spectral wind diagnostics

The complicatedinteraction of the wind and stellar radiation leavesits signaturein the stellar
spectrum from the radio to the x-ray. The spectra can be usedto determine many properties of
the wind, the two most fundamertal global properties being the mass-losgate and the terminal
velocity. Other important properties with spectroscopicsignaturesinclude wind variability, and
density, velocity, and shock structure.

In the radio and IR, free-freeemissionin the wind forms a cortinuum excesssuperimposed
on the photosphericspectrum. Mass-lossrate determinations from the free-freecortinuum rely
on simpler models than other methods, so this is often consideredthe most reliable diagnostic
of massloss(Bieging, Abbott, & Churchwell 1989 Leitherer, Chapman, & Koribalski 19959. At
shorter wavelengths,H line emissioncan also usedto derive mass-losgates (Puls et al. 1999.
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.

Perhapsthe most studied wind diagnostic is the \P-Cygni prole". This distinctive line
shape, usually seenin the UV, consistsof a blue-shifted absorption trough blendedsteeplyinto
a red-shifted emissionline. The absorptiontrough, in particular, is usedas a diagnostic of wind
velocity structure (Prinja, Barlow, & Howarth 1990, ionization structure (Lamerset al. 1999,
and mass-losgate (Howarth & Prinja 1989. The depth of the absorption trough dependson
columndensity, 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 decreaseshe 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 supergiart  Puppis, located 0:45 kpc away in the Gum
Nebula OB asseiation. Basic stellar parametersare summarizedin Table 1. Bieginget al.
(1989 and Lamersé& Leitherer (1993 usedradio free-freeemissionto determinemass-lossates,
while Prinja, Barlow, & Howarth (199]) t a modelto the H line prole. 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 obsenations of saturated P-Cygni
pro les.

1.3. X-ray emission and absorption

When it was rst obsened that x-ray emissionis commonly assaiated with hot stars
(Sevard et al. 1979 Harndenet al. 1979 there was no agreemeh on what medanism produces
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the emission. Somemodels invoked a corona as the repository of the hot, x-ray-emitting gas
(Cassinelli& Olson1979. Radiatively-driven, supersonicwind models had already beendewel-
oped to explain the obsened massiwe, high-speed winds of sud stars (Lucy & Solomon197Q
Castor et al. 19750. It was immediately recognizedthat the presenceof wind material would
a ect the obsenedx-ray ux and spectral distribution, and the obsened level of wind absorption
madeit dicult to explainthe obsened x-ray ux with a corona. Instead it was suggestedhat
the large kinetic-energy ux carried by the wind might be ableto generatethe high-temperature
gasnecessaryto explain the obsened emission.Castor, McCray, & Weaver (19753 had already
proposedthat winds from early-type stars could create\in terstellar bubbles” boundedby an in-
teraction regionwherethe wind encourers the interstellar medium (a similar model of planetary
nebulaeformation was proposedby Kwok, Purton, & Fitzgerald 1979. Harndenet al. (1979,
howeer, concludedthat their obsenations requiredtoo 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. Sud instabilities would create numerous
shack zonesthroughout the wind capableof explaining the obsened x-ray ux. Variations on
the wind-shock theme, invoking a variety of shack-generationmedanismhave subsequetly been
deweloped (Lucy 1982 Mullan 1984 Owocki, Castor, & Rybicki 1988 MacFarlane & Cassinelli
1989 Chen & White 1991 Feldmeier,Puls, & Pauldrach 1997. The mostrecen variants of the
wind-shock model invoke magnetic elds to channelionized wind material into collisional shack
zones(Gagre et al. 1997 Babel & Montmerle 1997 ud-Doula & Owocki 2002).

X-ray spectral resolution available before Chandrma and XMM was not high enough to
distinguish individual lines, so modeling focusedon explaining the total x-ray luminosity and
broad spectral distribution. Chlebowski, Harnden, & Sciortino (1989 and Sciortino et al. (1990
studied x-ray spectra of O stars obsened by the Einstein X-Ray Observatory They found
that the x-ray luminosity Ly scalesroughly with bolometric luminosity Ly, with an aver-
age value of log,y(Lx=Lpe) = 6:46, closeto the previously establishedvalue for O stars of
09,0 (L x=Lpol) 7. Sciortino et al. also found correlation betweenL, and the wind momen-
tum ux Mv; andwind kinetic energy ux (1=2)M.vZ . This is not surprising sinceboth these
guartities correlatewith Ly, but the authors suggestthesemay be more fundamertal, physical
relationships.

In an attempt to nd an additional correlation to explain the residual scatterin the L-L
correlation, Kudritzki et al. (1999 studied ROSAT PSPC obsenations of 42 O stars. With no
additional correlations, they found log,,(Lx=Lpo) = 6:7 0:35. They were able to reduce
the scatter using Ly / L{34%(M=v; ) %38 and suggestthis is due to a correlation betweenthe
quartity M=v; and the volume lling factor of x-ray emitting gasin the wind, which in turn
directly correlateswith x-ray luminosity.

Owocki & Cohen (1999 useda seriesof simple analytical argumerts about radiation trans-
port in constart-velocity windsto derive the linear relationship betweenL, and L. They found
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that L, (M=w )2 for optically thin linesand L, (M=v )*S for optically thick lines where
the x-ray-emitting-gasvolume lling factorf  r°. From this relationship they could obtain the
obsenedL, Lpo dependenceonlyif 04. s. 0:25.

Hillier et al. (1993 reported on a ROSAT spectrum of  Puppis, testing the predictions
of wind-shack models against the obsenations. Their model was based primarily 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 obsened spectrum,
Hillier et al. calculatedx-ray opacity in the wind from atmosphericmodels. They assumedx-ray
emissivity scaledlike density squaredmultiplied by a constart lling factor and useda slightly
modi ed -velocity law with = 1. They also assumedthat x-ray emissiononly \turns on"
above a certain minimum radius R, basedon line-driving models that suggestinstabilities
don't dewelop immediately above the photosphere.By tting one-and two-temperature models
to the spectrum, they derived shack temperaturesfor the emission,and concludedthat the best
ts wereadhieved with R, valueslessthan about 2R and with wind absorptionincluded. The
authors state that their ts areinsensitive to changesin R,in for Rnin . 2R becausehe radius
of radial optical depth unity R( = 1) R; 2R for most of the wavelength range of the
spectrum.

By combining ROSAT x-ray obsenations with EUVE EUV obsenations 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 resole 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 be consiste with a coronalmodel, giventhe obsered mass-
lossrate, but are consistent with wind-shock models. Cohen, Cassinelli,& MacFarlane (19973
also found evidencefor wind attenuation in early-type, near-main-sequenc® stars, but could
not explain the obsened x-ray luminosity with purely line-force-instability-driven shocks. With
slightly higher resolution ASCA data, Cohen,Cassinelli,& Waldron (19970 cameto similar
conclusionsabout the BO V star  Scorpii. In generalit seemsthat B star x-ray emission,
particularly from the later types, may not t in to the wind-shack scenariosproposedfor O
stars.

Berghoeferet al. (1999 usedROSAT obsenationsof Puppislooking for variability. They
identi ed a periodic uctuation of 6% in an otherwisequite constart x-ray ux with a period
of 0.7 days and correlatedit with H line pro le variability. The low level of obsened variability
has important implications for wind-shack models. The x-ray ux from an individual shock
would be highly variable, asthe shack arises,propagatesthrough regionsof varying density, and
decass. A large number of shacks must, therefore,be cortinually arising to explain the low level
of variability in  Puppis.
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The latest generationof x-ray obsenatories, XMM and Chandr, have vastly improved spec-
tral resolution comparedto earlier telescops. Chandra provides spectra with resolution exceed-
ing = 1000at somewavelengths,correspnding to a Doppler velocity of v=¢( = )
300km s *, where s the full width at half maximum (FWHM) of the instrumental response.
X-ray emissionlines formed in material enmbeddedin the wind should extend to Doppler shifts
of v v, . Obsened wind terminal velocities approac v; = 3000km s !, implying 20
resolution elemets for a velocity range of 2v, . Chandma and XMM spectra of O stars do, in
fact, reveal broad, resolhed line proles (Sdulz et al. 200Q Kahn et al. 2001 Cassinelliet al.
2001 Waldron & Cassinelli2001).

The x-ray line emissioncomesprimarily from highly ionizedhelium- and hydrogen-like atoms
of heavy elemerts. Cassinelliet al. (200]) report strong He- complexesfrom the helium-like
ionsSXV, SiXlIIl, Mg X1, Ne IX, and O VI, and strong isolatedlines of Mg XI1, Ne X, Fe XVI I,
O VIIl, and N VII in Chandra obsenation of Puppis. Essenially the samelines are seenin the
XMM spectrum (Kahn et al. 200, and in a Chandra spectra of other stars (Schulz et al. 200Q
Waldron & Cassinelli2007).

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 betweenlinesin 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 argumerts, and independert diagnosticscan separatelyplace constrairts
on the density and UV ux. Line ratios have beenusedto estimate UV ux in the regionwhere
the lines are formed, which in turn can be usedto determinethe radius at which the lines arise
when conbined with an assumedvalue for the photosphericluminosity in the UV (Sdulz et al.
200Q 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 basiclevel, the width of a line should be related to the terminal
velocity of the wind. Sincethe wind may only read its terminal velocity far from the star
wherewind density is low, howewer, there may be very little x-ray emitting material at velocities
approading v; . The exact relationship betweena measuremen like the FWHM and v; will
depend on the velocity distribution of hot gas, the wind attenuation, and the thermal and
turbulent cortributions to the broadening. Obsened line widths range from seweral hundred
to 1000km s ' (HWHM), suggestingthat thermal broadening,at least, will be unimportant
(Sdwulz et al. 2000 Waldron & Cassinelli2001, Cassinelliet al. 2007).

Only recerly have high-resolutionspectra openedup the possibility of exploring line pro le
shapesfor their diagnosticpotential. Both XMM (Kahn et al. 200)) and Chandra (Cassinelliet al.
200) spectraof Puppis are available, and the widths and certroid shifts of seweral line pro les
from eat have beenpublished. Preserted hereis the rst quartitativ e analysisof x-ray line pro-
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les from a hot star (preliminary resultsfrom this work arereported in Kramer, Cohen, & Owocki
2003& and Kramer et al. 2003&).

2. A spherically-symmetric ~ wind model

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 energy per units time, volume and solid
angle and is assumedto be isotropic) and absorptione () (unitless) over the whole wind,
where (r; ; ) is the (unitless) optical depth alongthe obsenersline of sight to a given point
(r; ; ). Then

zZ, 272 Z,
L =4 (r; ; )e Cidr2gin drd d ; (2-1)
=0 =0 r=R
whereR is the stellar radius. We choseto orient our coordinate systemsothat the obsener is
located far away at = 0. The optical depth must be found by evaluating a separateintegral
alongthe line of sight.

In this study, we have adoptedthe model developed by Owocki & Cohen(200]). This model
is a spherically-symmetricparameterizationof the wind geometryand kinematics. It is basedon
the predictions of wind-shock theory, but may be tuned to descrike a variety of physical models
by varying its four parameters. Assuming sphericalsymmetry and expressingour polar integral
in terms of the direction cosine , Equation2-1 becomes

zZ, Z,
L =872 (: e Gridrd (2-2)

= 1 r=R

As in many of the modelsdiscussingin section1.3 the emissionis assumedo be primarily
due to reconbination and collisional processeswhich scalelike density squared 2. An extra
factor of r 9, with q being a tunable parameter, allows for spatial variation of the fraction of
the wind hot enoughto emit x-rays. Wind-shock theories predict that shock formation will not
begin immediately at the photosphere,but at someradius R, > R (Hillier et al. 1993, sowe
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 o, which
becomes ¢ [v(r) cos()=d in the obsener's referenceframe. Combining these assumptions,we

Ipaper available from http://arxiv.org/abs/astro- ph/0211550.
2Paper available from http://arxiv.org/abs/astro- ph/0212313.
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obtain the volume emissivity
8
_SC ¥y @ o 1+ ifr Ro

(;r)=. ¢ _ (2-3)
-0 ifr<Rg,

where C is an undetermined constart of proportionality. Owocki & Cohen adopt the velocity
given by Equation/1-8 with  becominganother model parameter. The density is then given by
Equation and the emissivity becomes

!
CM2 r a4 v (r)

16 2v¢ 1 R 2 o 1 c
r

(;r)= forr Rg. (2-4)

The optical depth is fo&nd by integrating the massabsorptioncoe cient timesthe density
alongthe line of sight: = dl . It isassumedhat isconstart acrosshe line andthroughout
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 componert of the wind. Sincethe star is
opaqueto x-rays, lines of sight intersecting the star are assignedin nite optical depths. The
optical depth becomes

1 ifp 1&z P 1 p%
Gn= R 4 herwi (2-5)
: @@ =9 Otherwise

. , p . . : .
Wherﬁ the impact parameterisp (r=R) 1 2, the line-of-sigh distanceis z r =R,
ro p? + z®, and sewral constarts have beencombined into

M.
4 vi R

(2-6)

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

Ri _ 1
R 1 exp( 1= )

+ 0:5for > 05. (2-7)

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

The function in Equation2-4lets usewaluate the angularintegral in Equation/2-2 De ning
X — — 1 | (2-8)

the function picks out the value of the integrandat = x=(1 R =r) :

Z, ¢ (@)
Ly / ———exp[  ( x; rldr, (2-9)

r=rx 1 RT
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wherer, max Ro;R =1 jxj?*)) and , x=(1 R =r) . Foradiscussiorofthe singularity
atr = R seeAppendixB.

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, exceptin the caseof

= 0 (constart velocity wind). In comparingthe calculatedpro le to obsenations, determining

the valuesof C and M. may be avoided by normalizing the line pro le to predict the obsened

number of courts acrossthe samewavelengthrange. The dependenceon the value of R canbe

normalized out by expressingR, in units of R . The model then dependson four parameters:
, 0, Ro, and

Color Scale

210

=

W} {
5 00

0.8 0.0 0.8
ValVeerm

- @ - o @

—~ 08 4 —~ 08F -total | —~ 08
7 7

b
b
b
flux (arbitrary units)

. fn . L L
-1.0 -0.5 10 -1.0 -0.5 1.0 -1.0 -0.5 10 -1.0 -0.5

00 05
Vivy = (eh)(DI 1)

0.0 0.5 0.0 05 0.0 0.5
vivy = (e )(DI 1) vivy = (chv)(DI ) vivy = (e )(DI 1)

Inner shellsare slowver A seriesof shells, A cortinuouswind is  Occultation by the star
and more dense, added together, built by integrating removeslight from the
producing narrower, produce a stepped shellsfrom some red edgeof the pro le.
taller line pro les. pro le. minimum radius to
in nit y.

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

Without absorption, the pro les are at-topp ed and symmetric (with sloping sidesof 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 ervisionedas integrating over a series
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Fig. 2. Contin uum absoprtion. Contours of constart optical depth (integrated along the
obsener's line of sight) overlay a wind map (left; see gure 1). The obsener is to the left. The
resulting line pro le (right, not corvolved with instrumental responsefunction) shows the e ect
of an optically thick wind.

of in nitesimally-thin shells,ead 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
prefererially removing redder photons (seeFigure 2).

Someother work has beendonein the past using similar but lessgeneraltreatments. In
the cortext of EUV emissionlines, MacFarlane et al. (199)) calculatedthe pro le resulting from
a single, thin spherical shack using similar argumens. He found that emissionfrom a single
shell producesa at-topp ed rectangularline pro le in the absenceof absorption. Increasingthe
absorption (increasingthe  parameter) prefererially decreaseshe ux at longerwavelengths,
becausehe red-shifted photonstend to comefrom the far sideof the star and passthrough more
wind material on the line of sight to the obsener. Ignace(200]) found an analytic solution to
equation 2-9 with = 0 (i.e. with a constant velocity wind v(r) = v; ). Waldron & Cassinelli
(2000 summedthe ux from 10sphericalshacks with a distribution of velocities and emissivities
to syrnthesizeline pro les and comparedthem to Chandma obsenations of  Orionis (09.7 Ib),
concludingthat good correspndenceto the obsened pro les was only obtained in the limit of
very little absorption due to the symmetry of the pro les.

The Owocki & Cohen (200) treatment assumesopacity is constart acrossthe wavelength
range of the line. Opacity in the line itself has quite a dierent e ect on the line pro le.
Ignace& Gayley (2002 have usedthe Sobolevapproximation to treat line opacity in the constart-
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 certroid,
making it more symmetric.

We will primarily be exploring modelsin 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 obsenations (Groenewegen,Lamers, & Pauldrach 1989, the
determination by Puls et al. (1999 of the value = 1:15for Puppis.

3. Line prole tting

To accomplishthe quartitativ e analysis of line prole shapes presened here, a suite of
original tools waswritten in the Mathematica® programminglanguage. This sectionoutlines the
techniquesimplemerted in this software.

3.1. The data set

The data set consistsof the 1 order coaddedMEG spectrum from a 67 ks obsenation
of the O4f star Puppis rst reported on by Cassinelliet al. (200). The FWHM of the MEG
spectral responseis  yeg = 0:023 A (Chandma X-Ray Certer 2000, All the distinguishable
lines in this spectrum are many times more broad, allowing their proles to be well resohed.
For our purposesa more useful measureof instrumental broadeningis the width of a Gaussian
responsefunction scaledby the terminal velocity of the wind, .

= 2—35 (3'1)
C C
T owr 235 4vp (3-2)

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

A key assumptionof our tting procedureis that the noisein the data setis descrited by a
pure Poissondistribution and that there is no signi cant badkground ux. Visual inspection of
the spectrum indicates that there is no substartial cortinuum cortribution to the ux, and we
expectno badkgroundfor the sky or instrument. Global spectral modelingusingstandardthermal
plasmaemissioncodesby Raymond & Smith (1977 shaws that the free-freeand reconbination
cortinua are negligible for the plasmatemperaturesimplied by theselines.

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

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

The breadth of the linesin this spectrum causesmarny of them to be contaminated by emis-
sion from neighboring lines. After eliminating triplets as unsuitable for tting dueto excessie
blending, other potential blendswereidenti ed by visual inspection and by referring to the line
strengthscalculatedby Mewe, Gronensaild, & van den Oord (1985 and thosein the Astrophys-
ical PlasmaEmission Database(APED, Smith et al. 2001°. A line with rest wavelength , is
consideredto extend over a wavelengthrangede ned by

V V
o 1+ % + MEG o1 % 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 wavelengthrange over which ead t was performed,
and appendix A for details of suspected blends. The terminal velocity value determined by
Prinja et al. (1990 v; = 2485km s ! is adopted here.

3.3. Synthesizing line proles

For a quartitativ e comparison between a given model and an obsened line prole, the
model must produce a predicted spectrum commensuratewith the obsenational data. This is
the algorithm implemerted in Mathematica for this purpose:

1. Chosea set of valuesfor the model parameters, , g, Ro, and .  must be an integef
0. Synbolically evaluate the optical depth integral (equation 2-5) to obtain an analytic
expressionfor asa function of andr.

2. Chosea domain (a range of x values) over which to evaluate the line prole (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 , (equation 3-2) which char-
acterizesthe instrumental broadening.

4. Normalize the corvolved pro le soit hasunit areain the desireddomain.

5. Integrate the normalizedpro le function acrossthe wavelengthrangeof ead obsenational
bin within the desireddomain. Multiply the resulting binned pro le function by the total
number of courts obsened within the domain to produce a model spectrum that predicts
the sametotal number of courts.

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

6Mathematica is capable of symbolically integrating equation 2-5 for integer valuesof .
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This predicted spectrum is a set of expectation valuesfor the number of photonscourted in eah
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 g is the expectation value of the photon court in bin
i, the probability that the obsened count will be n; is

elnle €
n;!

Pei (ni) = (3_4)

The probability of observinga particular setof N photon-court valuesn; is the product of the
probability for ead bin.

po ) dec

. n;! (3-5)
i=1
Cash (1979 shawved that the likelihood ratio for this distribution generateshe statistic

X
C= 2InP= 2 (nilneg e Inn), (3-6)

i
which may be replacedwith

C=2 (& njlne). (3-7)

The set of model parametersay that minimizesC (sothat C = C,, at ag) obviously max-
imizes P, so it consideredthe most likely parameter set, or the best t. C=C Cupnis
distributed like 2 with M degreesof freedom,where M is the number of free parameters,and
canbeusedlike 2 to de ne con denceintervals (Cash1979. The region of parameter space
in which C is lessthan somevalue correspnding to the desiredcon dence level de nes the
con denceregionof that probability. Tablesof 2 for di erent con dencelevelsand degreesof
freedomare givenin 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 asour t statistic,
and determine our con denceregionsusing C. Figure 3 showvs ts to two represetativ e lines.
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Table 1. Stellar properties determinedor adoptedfor Puppis by various authors.

Reference M R  Lpy=10*® T, M.=10 ° vy L,=10%
M) R) (ergsh) (k) (M yr') (kms?) (ergs?
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. (199)) 2485
Lamers& Leitherer (1993 (59) (16) (3:9 (42) 2.4 (2200)
Puls et al. (1999 525 19 34 42 5:9 2250

Note. | Valuesin parertheseswere not determinedin the cited paper.
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Fig. 3.] Two represemativ e lines with best-t models. Shavn are Chandia MEG spectra of
(a) Fe XVvI1 at 15.01A and (c) O VIII at 18.97A (in gray), with correspnding best-t pro les
(in black). Laboratory rest wavelengths are indicated by the vertical dashedlines. To the
right we showv (b and d) contour plots represeting the models. The obsener is located at
(p=R = 0;z=R = 1). The inner circle is of radius R , the outer circle of radius R,. Gray
cortours are curvesof constart line-of-sight velocity componert in units of v; . Dashedcortours
are curvesof constart optical depth ( = 0:5; 1; 2), integrated along the line of sight.
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3.4.2. Mappingthe 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 constart for ead t, resulting in a three-dimensionalparameter space. An inverted,
unitless parameter

U, R =R, (3-8)

was usedin placeof R,. The algorithm for nding best-t valuesand con dence regionsis as
follows.

1. Setup a 3-dimensionalf g;u,; g grid in parameterspace,with a xed value of
2. At ead point, calculatea model pro le and the value of the t statistic C.
3. Takethe point with minimum valueof C = Cp to bethe best-t modelag = fq;Uo; Gjc-c, , -

4. Subtract Ci, from the grid of C valuesto obtain a grid of C values. All the points with
C lessthan or equalto a given value are consideredto be within the con dence region
correspnding to that value.

In practice, the processusually involved multiple iterations: one or more low-resolution maps
to get an appraximate idea of the region of parameter spaceon 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 were madeat even higher resolutions,but C was always
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 slovly and smoothly with changesin the model parameters. One dimensionalcon dence
intervals are simply the projections of the 3-D con denceregions. The validity of the con dence
levels assignedto the regionswas cheded using Monte Carlo techniques.

Figure 4 shavs a parameter-spacemap of con dence regionsfor the t to the N Vil line
at 24.78A in the Puppis spectrum. Eacd row of the gure consistsof two panels. The left
panelsis a two-dimensionalslice through the three-dimensionalparameter space.Thesesplanes
of constart  are color-caded to indicate which regionsin the plane are cortained within the
3-D con dence regions. The right panelsplots the obsened spectrum with the best-t model
from that plane in parameter space. Successie rows correspnd to successig valuesof . To
demonstratethe typical range of modelsthat canbe t to oneline, Figure 5 shows the best- t
and two extreme models for the Fe XVI1 line at 17.05A. 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 modelsin 2-D slicesof parameter
space.Redblocksin the grid arewithin the 68.3%con denceregion,orangethe 95.4%region,and
yellow the 99.73%region. Valuesof areindicated above the left-hand panes. The annotations
above the right-hand panelsindicate the values of the parametersf ;q;uq; 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 : asthe value increaseshe red side of the line
is suppressednore and more. This t isto the N VII line at 24.78A in the Puppis spectrum.
The overall best-t occursin the secondrow at f1; 0:5;0:5; 0:5g.
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3.5. Testing condence levels with Monte Carlo simulations

Monte Carlo techniquescan be usedto test the validity of the con dence levels assignedto
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 parametersa, that generatethe best-t model DS which minimizes the t
statistic.

2. Simulate many data setsfD jsg basedon the best-t model:

(a) Synthesize an ideal spectrum (probability 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 ap and convolve it with the instrumental responsefunction (a
Gaussianof width ).

(b) Calculate the expectation value of the photons court for ead bin by multiplying the
total number of obsened photons by the probability function integrated acrosseat
bin.

(c) Generatea setof N spectra D3:::D§ by randomizingthe courts in ead bin basedon
a Poissondistribution.

3. For ead simulated spectrum DjS calculate the value of the t statistic (using DjS as the
\data" and the best t D§ asthe \model") on a small grid certered on a, and record the
coordinates of the minimum, ajS.

The result is a scatter of points in parameterspacef ajsg represemativ e of the distribution of pa-
rameter setsthat might have producedthe obsened data. Arbitrarily-shap ed con denceregions
may be drawn to include the desiredfraction 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 wererun to test the con denceregions
of eath t, and all of the results were consistert with the con dence levels assignedusing C.
At the 95.4%con dence level, most of the con dence regionscorntained more than 96% of the
M-C points. In most casedoweringthe C valueto tighten the con denceregionsand bring the
perceriage of M-C points cortained closerto 95.4%would have minimal e ects on the con dence
intervals. Thereforethe C con denceregionsare used.

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

One disadwantage to using the C statistic is that there is no correspnding goodness-of- t
statistic like reduced 2. In fact, there is no standard goodness-of- t statistic for data with
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Poisson noise (Mighell 1999. One alternative is to employ a variant of the non-parametric
Kolmogorov-Smirnov test. The K-S statistic is calculated betweenthe 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 betweenthe empirical
cumulative distribution function (ECDF) E (x) and the predicted cumulativ e distribution P(x):

D:. max[E(x) P¢(X)] , (3-9)
D max[P.(x) E(X)] . (3-10)

The K-S statistic is
D max[D.;D ]. (3-11)

The K-S statistic has the disadwantage of deemphasizingvariation at the extremesrelative to
variation in the middle of the distribution (Presset al. 1992. This is becauséboth the ECDF and
the predicted cumulative distribution must corvergeto 0 and 1 at either extreme. The Kuiper
statistic V avoids this problem, asit is unchangedby cyclic permutations of the distributions:

V D,+D . (3-12)

Since P, 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 stepsup by a value nj=N,s at the wavelength
of ead bin x; (where n; is the number of photons courted in bin i and Nyys is the total
number of obsened photons). E(x) is a normalized cumulative probability distribution.

Let E; = E(Xi).
2. Using the best-t parameters,form the predicted cumulative distribution function P¢(x).
Let P, = Pc(Xi).
3. Calculate
D; = maX[Ei P,] ) (3'13)
D = max[Pi E; 1] , (3-14)

and from them, V and D.
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There are appraximate 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 & Stephensl1986:
(1) there areno model parametersestimatedfrom the data, and (2) the distribution is cortinuous.
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
formulas vastly underestimatethe signi cance of the obsened variation from the best-t models.
Thereforewe must resortto Monte-Carlo techniquesto estimatethe signi cance of our statistical
values. By simulating a large number of data setswe may explorethe frequencydistribution of
the Kuip er statistic. The signi cancelevel (V) isthe probability that variations dueto random
noisewill producea value of the Kuip er statistic greaterthan V, solarger valuesof V indicate a
\b etter" t. Using Monte-Carlo simulations, we can estimate (V) asthe fraction of MC data
setsthat give a value of the Kuiper statistic greaterthan V. There are actually two slightly
di erent V distributions that can be obtained using MC techniques. The di erent procedures
are outlines below:

Calculating  o(V):

1. Generatea large number of MC simulated data setsfD jsg basedon the best-t parameters
ap asdescriked in x3.5.

2. GenerateE; (x) for ead simulated data setand Pc(x) from the a; model and calculatethe
Kuip er statistic. This generatesa set of valuesof the Kuip er statistic V;*°.

3. Let (V) bethe fraction of the valuesin the set\/jSO greaterthan V.
Calculating  re(V):

1. Generatea large number of MC simulated data setsfD jsg basedon the best-t parameters
ap asdescribkedin x3.5.

2. Performthe tting procedureon ead MC data setto yield a newsetof best-t parameters
for eath MC setfa]-sg (also asdescrited in x3.5).

3. GenerateE; (x) for ead simulated data set and P (x) from the correspnding a; model
(rather than ag) and calculate the Kuip er statistic. This generatesa set of values of the
Kuip er statistic V;°RF.

4. Let ge(V) bethe fraction of the valuesin the set V;5%" greaterthan V.

In generalwe expect grr(V) o(V), sincethe tting procedureshould nd a model that
matchesthe simulated data setaswell asor better than ag. A model is rejectedif 0:05. High
valuesof the signi cance 0:95 canindicate that the model is over-speci ed, i.e. that thereis
not enoughinformation in the data to reliably estimateall the model parameterssimultaneously
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3.7. Goodness-of-t results

The variation in spectral resolution as a function of wavelength and the needto truncate
the t rangeto 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

o= , theratio of the full terminal-velocity width to the FWHM of the instrumental broaden-
ing 2v; = v (which is a measureof how well-resoled a line is), the scaledwavelength range of
the t fXmin, Xmaxg (both of which should have absolutevaluesof slightly greaterthan unity for
an un-truncated t), and the number of spectral bins within the rangeof the t Ngps.

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

The lines at 18.97A, 17.054A, 15.013A, 12.13A, and 6.18 A shav a trend in t quality
accordingto both Kuip er-statistic distributions. Linesat longerwavelengthsare better resoled,
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-vavelength 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 linesat 24.78A, 16.787A, and 15.262A yield anomalously-mor ts whencomparedto
the lines listed above. The value of ¢ = 0:039for the 15.262A t doesnot meetthe criterion

0:05for a formally-good t. This line may be contaminated by the Fe XIX linesat 15.198A
and 15.3654A (APED). The relatively-low signi cance valuesfor the N VI1 line may simply be
the result of random variation, or could be a sign that there are resohed spectral featuresnot
explainedby this simple model. In any case,the t isformally good. The 16.787A t may also
be a ected by a blend with an Fe XIX line, this oneat 16.718A. This would add ux to the blue
edgeof the line, increasingits skew and explaining the relatively high valuesof andq.

3.8. Eect of terminal velocity uncertain ty on estimated parameters

To explorethe in uence of uncertainty in the wind terminal velocity on the t results,a t
with v; = 2200km s ! was performedon the Fe XVI1 line at 15.013Angstroms. The changes
to the best-t valuesareinsigni 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 aect t results.
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4. Results and Discussion
4.1. Summary

In all, ts wereperformedon eight linesin the Puppis spectrum between6.18 A (Si XIV)
and 24.78A (N VI1). Table 2 givesthe parametersof eath t. The ts wereall performedwith
a xed valueof = 1. The estimatedvaluesof the parametersq, R,, and arelisted in Table
3, and shown in Figure 6 (the valuesfor the Si XIV line are not shown in the gure becausat is
at a much shorter wavelength and its parametervaluesare poorly constrained). The con dence
limits given are at the 95.4%con dencelevel (the \2 " level for a Gaussiandistribution).

All the ts but one (to the Fe XVI | line at 15.262A) are formally good, accordingto both
of the Monte-Carlo-determined, Kuip er-statistic signi cance levels. The tting procedurealso
placed useful constrairts 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 succes®f this model is an especially important
result sincethis is the rst attempt at quartitativ e analysisof the information cortained in x-ray
line pro les from a hot star.

4.2. Estimated parameters

The determined amourt 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 beenvarious calculationsof the wind optical depth (often
expressedas the radius of optical depth unity) as a function of wavelength for this star. They
rangefrom valuesmuch biggerthan what we derive here(7 < < 30 calculatedby Hillier et al.
1993 usingM. = 50 10°M yr 1, R = 19R , vy = 2200km s 1), to values modestly
bigger (4 < < 8 calculated by Cassinelliet al. 2001, using valuesfrom Lamers& Leitherer
1993 M =24 10°M yr {, R = 16R ,v; = 2200km s ). Note that Hillier et al.
(1993 nd dierent valuesfor R; depending on whether helium reconbines or remainsionized
in the outer wind, but at energiesabove 0.5 keV (where all of the lines preserted here occur)
there is little di erence betweenthe two scenarios. More recen stellar parametersdetermined
by Pulsetal. (1999 (M.=59 10®M yr }, R = 19R ,andv, = 2250km s 1) agreewell
with the valuesusedby Hillier et al. (1993, but would increasethe Cassinelliet al. (2001
valuesby a factor of 2, given the sameopacity (seeeq. 2-6).

If we acceptthe valuesderived from our ts, then the disparity between those values
and the onesmertioned above suggestthat either the mass-lossates or wind opacitiesare being
overestimatedin previouscalculations. The mass-lossate of Puppisis by now quite well estab-
lished using UV absorptionlinesand 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. Shavn arethe Chanda MEG spectrum of
the 17.054 line of Fe XVI | (in gray), and (in black) the best-t model ( = 0:5), the t with
held at its 95.4%con denceupperlimit ( = 1:5)andthe t with  held at its 95.4%con dence
lower limit (= 0:0). The contour plots are the samestyle asin Figure 3 and correspnd to (b)
the = 0:0 model, (c) the best-t model, and (d) the = 1.5 model.

Table2. Parametersof the line-pro le ts.

lon 0 Vi 0~ vy = v X Xmin Xmax  Nobs
(A)  (kms?
N VI 2478 2485 1077 18 0:048 111 111 69
(ORAVIR] 1897 2485 825 14 0062 1.04 114 92
FeXvil 17.054 2485 741 12 0:069 074 116 69
FeXvil 16787 2485 730 12 007 116 074 54
FeXvil 15262 2485 664 11 0077 081 119 53
Fexvil 15013 2485 653 11 0079 119 079 50
FeXxvil 15013 2200 653 10 0:089 1:34 0:89 49
Ne X 1213 2485 527 9 0097 123 003 49
SiXIV 6:18 2485 269 4 0191 098 059 26
Note. | The width of the instrumental responsein wavelength units is
= vec = 0:023 A, or in velocity units v = ¢ = 4. The scaled
wavelength x (c=v )( 0)= 0. Ngps 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.
lon 0 Vi q Ro=R \Y 0 RF
(A)  (kms?
N VII 2478 2485 0595 203 05%2 0.073 0667 0:356
O VI 1897 2485 019 12727 25'32 0066 0:941 0:790

Fexvil 17054 2485 0:6'%3 1495 052 0:059 0971 0:950
Fexvi® 16787 2485 0:4%% 1093 4592 0087 0517 0:490
Fe XVl 2 15262 2485 0:893 14y 1592 0095 0:.039 0:151
Fexvil 15013 2485 02935 1498 1.0',2 0.067 0:887 0:800
Fexvil 15013 2200 0495 1:4%%5 153 0078 0562 0:370
Ne X 1213 2485 0493 1:4%5 1.0"3 0106 0:432 0:100
Sixivb 618 2485 02, L14%% 152 0:148 0:857 0:622

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

PAt the 95.4%con dence level upper limit, qis unconstrainedfor this t.
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Fig. 6.] The best-t valuesof (a) g, (b) R,, and (c)  for sewen of the eight tted linesin
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 inconsisten valuesin the literature and becauseof the dicult y in de-
termining the ionization state of the wind (Macfarlaneet al. 1993 Macfarlane, Cohen,& Wang
1994. Recert advancesin stellar atmospheremodeling may help to improve these determi-
nations (Pauldrach, Ho mann, & Lennon 200). 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 enhancingthe esca probability of x-ray photons, thus lowering
the mean wind opacity. This would also a ect the mass-lossrate diagnostics, but is, itself,
an independern e ect. Feldmeieret al. (20020, Oskinova, Feldmeier,& Hamann (2002, and
Feldmeier,Oskinova, & Hamann (20023 have done work on how sud clumping might arise
and how it might a ect obsened x-ray spectra.

An evenmore curiousresult of the  ts is that they are nearly independert of wavelength.
This is surprising becausephotoionization cross sections should scale roughly as a power of
wavelengthbetween 2 and 2 (Hillier et al. 1993. It is possiblethat the distribution ofionization
edgescould conspireto make this relationship much atter over a small range of wavelengths
(asthe calculationsfrom Cassinelliet al. 2001seemto indicate). But wind clumping might play
somerole, heretoo. If the wind opacity is dominated by clumpsthat are individually optically
thick acrossthe wavelength range, then the opacity ceasedo be a function of wavelength and
instead dependson the physical crosssectionsof the clumps themselhes. Note that the UV line
opacity necessaryto explain the obsened absorption line pro les could, in principle, still be
provided by the tenuous inter-clump wind, asthe line crosssectionsare much bigger than the
x-ray photoionization crosssections.

If Ry Ry, the line pro le is insensitive to changesin Ry, sinceemissionmuch belov R; is
largely absorked by the wind. The valueswe nd for R,, though generallysmall, are comparable
to our valuesof R; (from by eq. 2-7). It is hard to assessheserelatively small onsetradii in
the context of the small (sometimessurprisingly small) valuesclaimed on the basisof obsened
f =i ratios in He-like ions (Cassinelliet al. 2003 Kahn et al. 2003 Waldron & Cassinelli2007).
This is partially becauseve do not t the pro les of any He-like lines (they are too blended)and
partly becausethe most extremeresult (smallestvalue for R;) from the line ratios is for S XV,
which is a higher ionization stagethan any of the lineswe t. The constrains we were able to
placeon Ry, though, suggestthat the onsetof shock formation is fairly closeto the photosphere.

The t results for the parameter g 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 shacks near the star, where the wind is still accelerating,and the
tendency for shack heated gasto cool lesse ciently in the far wind, where densitiesare low.
Perhapsthesetwo e ects cancelto give the obsenedq 0 relationship.

The radial variation of the emissivity is undoubtedly more complicatedthan is allowed for

"Thesepapersare available 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 atheoretical point of view, we are alreadyassumingemissionarisesin alargenumber of
shocks which are, on somescale,distributed \smoothly" throughout the wind (this is supported
by the variability obsenations of Berghoeferet al. 1996 as discussedin x1.3). We may then
regard the wind as a two-componert uid, the bulk of which is cold X-ray absorbing material
with a small fraction of embedded X-ray emitting plasma. Ead individual shack will cortain
material at a range of temperaturescortrolled by the shack velocity and cooling structure, but
on the scaleat which the wind may be regardedas a two-compmnert uid it doesnot seem
unreasonablego assumethat thesevariations will alsoblend into a smooth, radial distribution.

5. Conclusion

The primary result of the analysispreserted hereis that x-ray emissionlinesin the proto-
typical O supergiart 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 consisten with hot plasmauniformly
distributed throughout the wind above a moderate onsetradius, x-ray emissionextending out
to the wind terminal velocity, and the needfor the inclusion of somewind attenuation. This
provides the most direct evidenceyet that sometype of wind-shack model appliesto this hot
star. Howe\er, 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 Chandma spectra of other hot stars, but the lack of
strong line asymmetriesin starssuch as Ori and Ori and the narrow linesin ! Ori C and
Scoindicate that spherically-symmetricwind-shock modelswith absorptionmay not t the data
from thesestars aswell asthey do  Puppis. The detection of a 1 kG magnetic eld on ! Ori
C (Donati et al. 2002 and preliminary theoretical work on the e ect of magneticcon nemernt of
the wind on line pro les (Kramer et al. 20030 suggestghat the presenceor absenceof a strong,
dipole magnetic eld may separatehot starsinto two classesthosewithout 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. ldentied blends

This appendix lists all the potertial blendsidenti ed in the lines consideredfor tting in
the Puppis spectrum (seeAPED).

SiXIv 6:18A (H like)
No blends.

Ne X 1213 A (H like)
Blendat = 12285A.

(1 ¥)=12156 (1 %) vec = 12133
Fe XVl | 15013 A (Ne like)

Blendat = 15262A.

(1 ¥)=15135 (1 %) vec = 15112

Fe XVl | 15262 A (Ne like)

Blendat = 15013A.
(1+ %) =15137, (1+ %)+  wee = 1516
C C

Possibleunaccourted-for blendsat 15.198A and 15.3654A.
Fe XVl | 16787 A (Ne like)

Blendat = 17:054A.
(1 v%) = 16913, (1 v%) MEG — 16:89

Possibleunaccourted-for blend at 16.718A.
Fe XVl | 17.054 A (Ne like)
Blendat = 16787A.

(1+ V%) = 16.926, (1+ V%) + MEG = 16:949
OVvIlil 1897 A (H like)

Possibleblend at = 1863 A.

(1+ *-)=18784, (1+ “-)+  yec = 18807
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N VIl 24780A (H like)
No blends.

B. Singularit y in line prole integral

Equation 2-9 has an obvious singularity at r = R . This value only occurs at the low
endpoint of the integral whenx = 0 and R, = R and thusry, = R . The singularity does
not posea problem exceptwhen s lessthan about 1, and even so, the numerical integration
padkagein Mathematica still givesa value, but warns about the singularity. The value of the
integral at x = 0 aswe approad Ro = R from above corvergessmoothly to the onereturned
by Mathematica at Ro = R , which makesphysical sensesowe have not seenthe needfor more
formal exploration of the corvergence.
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