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Abstract. Spectral analysis of hot luminous stars requires adequate model atmosphereswhich take into accourt
the e ects of NLTE and radiation drivenwinds properly. Here we presert signi cant improvemerts of our approach
in constructing detailed atmospheric models and synthetic spectra for hot luminous stars. Moreover, aswe regard
our solution method in its presert stage already asa standard procedure, we make our program package WM-basic
available to the community (download is possible from the URL given below).

The most important model improvemerts towards a realistic description of stationary wind models concern:

(i) A sophisticated and consistert description of line blocking and blanketing. Our solution concept to this
problem renders the line blocking in uenc e on the ionizing uxes emerging from the atmospheres of hot
stars { mainly the spectral rangesof the EUV and the UV are a ected { in identical quality asthe synthetic
high resolution spectra represening the obsenable region. In addition, the line blanketing e ect is properly
accourted for in the energy balance.

(i) The atomic data archive which has been improved and enhanced considerably, providing the basis for a

detailed multilev el NLTE treatment of the metal ions (from C to Zn) and an adequate represertation of

line blocking and the radiativ e line acceleration.

A revised inclusion of EUV and X-ray radiation produced by cooling zoneswhich originate from the simu-

lation of shock heated matter.

(iii)

This new tool not only provides an easyto usemethod for O-star diagnostics, whereby physical constraints on
the properties of stellar winds, stellar parameters, and abundancescan be obtained via a comparison of observed
and synthetic spectra, but also allows the astrophysically important information about the ionizing uxes of
hot stars to be determined automatically . Results illustrating this are discussedby means of a basic model grid
calculated for O-stars with solar metallicit y. To further demonstrate the astrophysical potential of our new method
we provide a rst detailed spectral diagnostic determination of the stellar parameters, the wind parameters, and

the abundances by an exemplary application to one of our grid-stars, the 09.5la O-supergiant

Cam. Our

abundance determinations of the light elemerts indicate that these deviate considerably from the solar values.
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1. Intro duction

Spectral analysesof hot luminous stars are of growing as-
trophysical interest as they provide a unique tool for the
determination of the properties of young populations in
galaxies.This objective, howewver, requiresspectral obser-
vation of individual objects in distant galaxies.That this
is feasiblehas already beenshown by Steidel et al. (1996)
who detected galaxies at high redshifts (z 3:5) and

Send o print
(http://www.

requeststo: A. W. A. Pauldrach
usm.uni -muenchen.d e/ peopl e/adi/ adi.h tml)

Cam

found that the correspnding optical spectra show the typ-
ical featuresusually found in the UV spectra of hot stars.
In order to determine stellar abundancesand physical
properties of the most UV-luminous stars in at least the
Local Group galaxies via quartitativ e UV spectroscopy
another principal di cult y needsto be overcome:the di-
agnostic tools and techniques must be provided. This re-
quires the construction of detailed atmospheric models
and synthetic spectra for hot luminous stars. It is a con-
tinuing e ort of sewral groupsto develop a standard code
for solving this problem. Recen basic papers of the di er-
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ent groups concerning O-stars are Pistinner et al. 1999
Aufdenberg et al. 1998 Sdaerer and de Koter 1997
Pauldrach et al. 1994 19943 1998 Drew 1989 199Q
and Abbott and Hummer 1985 and concerningWR-stars,
Hamann and Koesterke 1998 and Hillier and Miller 1998

The most important output of this kind of model cal-
culation arethe ionizing uxes and synthetic spectra emit-
ted by the atmospheresof hot stars. As these spectra
consist of hundreds of not only strong, but also weak
wind-contaminated spectral lineswhich form the basisof a
guantitativ e analysis, and asthe energydistribution from
hot stars is also used as input for the analysis of emis-
sion line spectra (e.g., of gaseousnebulae) which depend
sensitively on the structure of the emergen stellar ux, a
sophisticated and well tested method is required to pro-
duce these data setsaccurately.

However, developing such a method is not straightfor-
ward, sincemodelling hot star atmospheresinvolvesrepli-

cating a tightly interwoven mesh of physical processes:

the equations of radiation hydrodynamics including the
energy equation, the rate equationsfor all important ions
(from H to Zn) including the atomic physics, and the ra-
diativ e transfer equation at all transition frequencieshave
to be solved simultaneously.

The most complicating e ect in this system is the
overlap of thousands of spectral lines of dierent ions.
Especially concerningthis latter point we have made sig-
nicant progressin deweloping a fast numerical method
which accourts for the blocking and blanketing in uence
of all metal lines in the ertire sub- and supersonically ex-
panding atmosphee.

As we have found from previous model calculations
that the behavior of most of the UV spectral lines de-
pends critically on a detailed and consistert description
of line blacking and line blanketing (cf. Pauldrach 1987,
Pauldrach et al. 199Q Pauldrach et al. 1994 Sellmaier et
al. 1996 Tarest et al. 1997 Haseret al. 1998 this hasalso
beenpointed out by Schaererand Schmutz 1994 Scaerer
and de Koter 1997 and Hillier and Miller 1998, special
emphasishas been given to the correct treatment of the
Doppler-shifted line radiation transport, the correspnd-
ing coupling with the radiativ e ratesin the rate equations,
and the energy consenation.

In Section3 we will demonstratethat the realistic and
consistert description of line blocking and blanketing and
the involvedmaodi cations to the modelsleadto changesin
the energy distributions, ionizing continua, and line spec-
tra with much better agreemen with the obsened spec-
tra when comparedto previous, not completely consister
models. This will obviously have important repercussions
for the quantitativ e analysis of hot star spectra.

In the next two sectionswe will rst summarize the
generalconceptof our procedureand then discussthe cur-
rent status of our treatment of hydrodynamical expanding
atmospheres.

2. The general method

The basisof our approac in constructing detailed atmo-
spheric models for hot luminous stars is the concept of
homaen®us, stationary, and spherially symmetric ra-
diation driven winds, where the expansion of the atmo-
sphere is due to scattering and absorption of Doppler-
shifted metal lines (Lucy and Solomon1970. In cortrast
to previous papers of this series, the above approxima-
tions are now the most signi cant ones for the presen
approac. These approximations are, however, quite re-
strictiv e, since only the time-averaged mean of the ob-
sened spectral features can be described correctly by our
method. Neverthelesswe believe that it is reasonableto
cortinue with the stationary, spherically symmetric ap-
proach and to improve its inherent physics, sincethe de-
tailed comparisonwith the obsenations, which is the only
way to demonstrate the reliabilit y of this concept, leads
to promising results (cf. Section 4).

Beforewedescribe the latest improvemerts in detail we
rst summarizethe principal features of our procedure of
simulating the atmospheresof hot stars. (For particular
points, a comprehensie discussionis also found in the
papers cited above.)

Figure 1 givesan overview of the physicsto be treated
in various iteration cycles.A complete model atmosphere
calculation consistsof three main blocks,

(i) the solution of the hydrodynamics
(i) the solution of the NLTE-model (calculation of the
radiation eld and the occupation numkbers)
(i) the computation of the synthetic spectrum

which interact with ead other.

In the rst step the hydro dynamics is solved in
dependenceof the stellar parameters (e ectiv e temper-
ature T, surface gravity logg, stellar radius R (de-
ned at a Rosselandoptical depth of 2=3), and abun-
dancesZ (in units of the corresponding solar values)) and
of pre-speci ed force multiplier parameters (Ko, o, o),
which are used for describing the radiativ e line acceler-
ation. In addition, the continuum force is approximated
by the Thomson force, and a constart temperature struc-
ture (T(r) = Teg) is assumedin this step. In a second
step the hydrodynamics is solved by iterating the com-
plete continuum force gc (r) (which includesthe opacities
of all important ions) and the temperature structure (both
are calculated using a sphericalgrey model), and the den-
sity (r) and the velocity structure v(r). In a nal outer
iteration cyclethesestructures are iterated againtogether
with the line forceg, (r) obtained from the sphericalNLTE
model. (New force multiplier parameters(k, , ), which
are depth dependen if required, are deduced from this
calculation.)*

The main part of the code consistsof the solution of
the NL TE-mo del. In this step the radiation eld (rep-

! This latter step is currently not available for the download
version of the code; it will be made available for version 2.0.
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Fig. 1. Sketch of a complete model at-

mosphere calculation. Starting proce-
dures are preserted in brackets. For a
discussion seethe text.

reserted by the Eddington-ux H (r) and the meanin-
tensity J (r)), the nal temperature structure T(r), oc-
cupation numbers n;(r), and opacities and emissivi-
ties  are computed using detailed atomic models for all
important ions. For the solution of the radiativ e trans-
fer equation the in uence of the spectral lines (i. e., the
UV and EUV line blacking) is properly takeninto accoun
in addition to the usual consideration of contin uum opaci-
ties and sourcefunctions consistingof Thomson-scattering
and free-free and bound-free cortributions of all impor-
tant ions. Moreover, the shak source functions produced
by radiativ e cooling zoneswhich originate from a revised
simulation of shock heated matter are also included. For
the calculation of the nal NLTE temperature structure

the line blanketinge ect, which is a direct consequencef
line blocking, is consideredby demanding luminosity con-
senation and the balanceof microscopicheating and cool-
ing rates. The rate eguations which yield the occupation
numberscontain collisional (Cj; ) and radiativ e (R ) tran-
sition rates, aswell aslow-temperature dielectronic recom-
bination and Auger-ionization due to K-shell absorption
(consideredfor C, N, O, Ne, Mg, Si, and S) of soft X-ray
radiation arising from shock-heated matter. (Further de-
tails concerningthe solution method of the NLTE-model
are described in Section 3.)

The last step consistsof the computation of the syn-
thetic spectrum for the purposeof comparisonwith ob-
senations. In dependenceof the occupation numbers, the
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opacities and the emissivities,a formal integral solution of
the transfer equation in the obsener's frame is performed
(cf. Puls and Pauldrach 1990.

As results of the iterativ e solution of this system of
equations we obtain not only the synthetic spectra and
ionizing uxes which can be usedin order to determine
stellar parametersand abundances,but alsothe hydrody-
namical structure of the wind (thus, constraints for the
mass-lossrate M. and the velccity structure v(r) can be
derived).

3. The consistent NLTE model

The construction of realistic models for expanding atmo-
spheresrequires a correct and completely consistent de-
scription of the main part of the simulation, the NLTE
model. In this regard, the most crucial point in our presert
improvedtreatment is an exact description of line blocking
and blanketing.

The e ect of line blocking { mainly acting in between
the Heii and the Hi edge{ is that it in uences the ion-
ization and excitation and the momertum transfer of the
radiation eld signicantly. This of coursehas important
consequence$or both the spectral line formation and the
dynamics of the expanding atmosphere. Nevertheless, it
is still not a common procedure to treat the line opaci-
ties and emissivitiesin the radiativ e transfer equation and
their badk-reaction on the occupation numbersvia the ra-
diativ e rates correctly. We will therefore rst discussthe
e ects of line blocking and blanketing for exmnding at-
mosphees of hot stars in more detail.

The huge number of metal lines presen in hot stars
in the EUV and UV attenuate the radiation in these
frequency rangesdrastically by radiativ e absorption and
scattering processes(an e ect known as line blocking).
Only a small fraction of the radiation is re-emitted and
scattered in the outward direction; most of the energyis
radiated bad to the surfaceof the star producing there a
backwarming Due to the increaseof the Rosselandopti-
cal depth ( ross) resulting from the opacities enhancedby
the line blocking, and, in consequenceof the temperature,
the radiation is redistributed to lower energies(this refers
to line blanketing. In principle thesee ects in uence the
NLTE model with respect to:

() the radiativ e photoionization rates Ry,
(if) the radiativ e bound-bound rates Rj ,
(iii) the radiation pressuregad,

(iv) the energybalance.

The terms of the rst two items are directly connected
to the radiation eld, and line blocking in generalreduces
them considerably Concerningthe third item, the blocked
incident radiation reducesthe radiativ e accelerationterm
in the inner part, whereasit can be enhancedin the outer
part due to multiple scattering processes(cf. Puls 1987
and referencestherein). In cortrast to this, the energy
equation { last item { is mostly in uenced by the impact
of the line opacities, and this blanketing e ect results in

an increasedtemperature (steeper gradient) in the deeper
layers of the photosphere.

Although the method for treating blanketing e ects is
well establishedfor cold stars, where the atmospheresare
hydrostatic and where the assumption of LTE is justi ed
(cf. Kurucz 1979and 1992, the work to dewelop an ade-
guate method for hot stars, where not only NLTE e ects
are prominent, but wherethe atmospheresare alsorapidly
expanding, is still under way. (For the various approaces
taken to this end, seethe referenceslisted in section 1.)
In this case{ hot stars with expanding atmospheres{ in
addition to the four items given above, the solution of
the radiativ e transfer also has to accourt for the lineshift
causedby the Doppler e ect dueto the velocity eld. The
important e ect of this point is that the velocity eld in-
creasesthe frequertial range which can be blocked by a
single line (seebelow). In the presenceof a velocity eld
the blocking e ect is therefore more pronounced.

Concerning the basic requiremerts for calculating ad-
equate line opacities and source functions for expanding
atmospheresof hot stars we have to concertrate on the
following points:

(1) consistent NLTE occupation humbers,

(2) a complete and accurate line list in connection with

detailed atomic models,

a proper concept for treating the line blocking with

dueregardto the lineshifts in the wind, in the course
of which the method for solving the complete radia-
tive transfer including the spectral lines has to be
e cien t with regard to computational time,

a correct treatment of the in uence of the blanketing
e ect on the temperature structure,

an adequate approximation of the EUV and X-ray
radiation produced by cooling zonesof shack-heated
matter.

3)

(4)
(5)

3.1. The conceptof the solution of ionizationand
excitation

It is obviousthat ionization and excitation playsthe major
role in calculating the emergen ux and spectrum of a
hot star. Therefore, a consistert and accurate description
of the occupation numbers is extremely important for a
realistic solution of the NLTE model.

Figure 2 presens a sketch of our iteration scheme
for the calculation of the occupation numbers. To save
more than a factor of 20 in computation time, the itera-
tion is performed in two major steps,which di er mainly
in the accuracy achieved by the methods employed: in
a pre-iteration, a modied opacity sampling technique
(method I) is usedto take into accourt in the solution of
the radiation transfer the hundreds of thousandsof spec-
tral linesin the UV and EUV. The main requiremerts for
this step are that it is su cien tly accurate for the itera-
tion to corvergenearthe nal solution, but fast enoughto
make the model calculation feasiblewith today's comput-
ers. In the nal iterations, the radiation transfer (taking
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into accourt the samelines asin method 1) is calculated
with an exact solution of the transfer equation in the ob-
sener's frame (method I1). The advantage of this method
is that it is free from all major approximations; its dis-
advantage is its comparatively high computational cost.
As the pre-iteration has already converged near the nal
solution, howewer, only very few of these nal iteration
steps are needed. Details are discussedin the following
paragraphs.

Note that both methods are used successiely {
method | for at least 500{600 iterations, and then
method |l for at least another 30{150 iterations { and
the samequartities are iterated (seeFig. 2). Both meth-
ods are of coursebasedon the sameradius and frequency
grids and take into accourt the same lines. The whole
purposeof method | is to give good starting valuesfor the
nal (real) iteration cycle using method I1. In fact, aswill
be shawn below, the starting valuesproducedby method |
turned out to be rather excellen.

for at least another 30{150 iterations)
are applied for the blocking and blan-
keting part of the model calculation
(seetext).

In dependence of the abundances(Z), the density
( (r)) andvelocity (v(r)), and a pre-speci ed temperature
structure (Tq(r)) (seesection 2), the occupation numbers
are determined by the rate equationscontaining collisional
(Cj ) and radiativ e(Rjj ) transition rates. The most crucial
dependencyof the rates is not the density, which is never-
thelessimportant for the collisional rates and the equation
of particle consenation, but the velocity eld which enters
not only directly into the radiativ e rates via the Doppler
shift, but alsoindirectly through the radiation eld deter-
mined by the equation of transfer, which in turn is again
dependert on the Doppler shifted line opacities and emis-
sivities.

For the calculation of the radiativ e bound-bound tran-
sition probabilities R;; we make use of the Sotolev-plus-
cortinuum method (Hummer and Rybicki 1985 Puls and
Hummer 1998). Only for some weak second-orderlines
in the subsonicregion of the atmosphericlayerswherethe
cortinuum is formed might this be just a poor approxima-
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tion (cf. Sellmaier et al. 1993. A more important point
of our procedure concernsthe problem of self-shadowing
(cf. Pauldrach et al. 1998. This problem occurs because
the rate equations are not really solved simultaneously
with the radiativ e transfer, but instead in the framework
of the acceleratedambdaiteration (ALI ), in which the ra-
diation eld and the occupation numbers are alternately
computed (cf. Pauldrach and Herrero 1988. Hence, the
radiation eld which enters into a bound-bound transi-
tion probability is already a ected by the line itself, since
the line has also been consideredfor the blocking opac-
ities. This procedure will lead to a systematic error if a
line transition dominateswithin a frequencyinterval (see
section 3.3.1). The solution for correctly calculating the
bound-bound rates ewven in these circumstancesis quite
simple and has beendescribed by Pauldrach et al. (1998
section 3.2).

The spherical transfer equation yields the radiation
eld at 2,500 frequency points (seebelow) and at every
depth point, including the layers where the radiation is
thermalized and hencethe diusion approximation is a
proper boundary condition. The solution includesall rele-
vant opacities.In particular, the e ects of wind and photo-
sphericEUV line blocking on the ionization and excitation
of levels are treated on the basis of 4 million lines, with
proper consideration of the in uence of the velocity eld
on the line opacities and emissivities and on the radiativ e
rates.

Regarding the latter point, the inclusion of line opaci-
ties and emissivitiesin the transfer equation, two di erent
conceptsare employed for iterating the occupation num-
bers and the temperature structure until a convergedra-
diation eld (J (r) andH (r)) is obtained. In a rst step,
a pre-iteration cycle with an opacity sampling method is
used(method I). This procedurehasthe advantage of only
moderate computing time requiremerts, allowing us to
perform the major part of the necessaryiterations with
this method. Its disadvantage, however, is that it involves
afewsubstartial approximations (cf. section3.3). In a sec-
ond step, the nal iteration cycleis therefore solved with
the detailed radiativ e line transfer (method I1). Although
this procedure is extremely time-consuming, it has the
advantage that it is not aected by any signicant ap-
proximations. With this secondmethod, blocking factors
B, (r; ) and By (r; ) are calculated, de ned as the ra-
tio of the radiative quartities obtained by considering
the total opacitiesand emissivitiesto those which include
only the correspnding cortin uum values(cf. Pauldrach et
al. 1996. B;(r; )andBy (r; ) arethen usedasmultiply-
ing factors to the continuum quartities calculated in the
next NLTE-ALI-cycle with the current continuum opaci-
ties, in order to iterate the radiativ e rates Rj (both con-
tinuum and lines) and the resulting occupation nhumbers
until corvergence(details are described in section 3.3).

In total, almost 1000ALI iterations arerequired by the
complete NLTE procedure, divided into blocks of 30 iter-
ations ead. (One iteration comprises calculation of the
occupation numbers and the radiation eld.) Up to 31

of these iteration blocks are performed using the opacity
sampling method (method 1), updating the temperature
structure and the Rosselandoptical depth after ead third
ALl-iteration, and the total opacities and emissivities af-
ter ead iteration block. All following iterations are then
performedusing method |1, updating temperature, optical
depth, and opacities and emissivities as before, and addi-
tionally calculating the blocking factors with the detailed
radiativ e transfer after ead iteration block. (Seweral it-
eration blocks using method |1 can be executed, but 1 is
usually su cien t { seebelow.) In this phasethe radiativ e
transfer solved in the ALl-iterations within one iteration
block is just basedon cortinuum opacities and emissivi-
ties, and the blocking factors are applied to get the cor-
rect radiativ e quantities usedfor calculating the radiativ e
rates.

As a nal result of the complete iteration cycle, the
convergedoccupation numbers,the emergenn ux, andthe
nal NLTE temperature structure are obtained.

3.2. The atomic models

It is obvious that the quality of the calculated occupation
numbers and of the synthetic spectrum is directly depen-
dernt on the quality of the input data. We have therefore
extensiwely revised and improved the basis of our model
calculations, the atomic models.

Up to now the atomic models of all of the important
ions of the 149 ionization stagesof the 26 elemens con-
sidered (H to Zn, apart from Li, Be, B, and Sc) have
been replaced in order to improve the quality. This has
been done using the Superstructure program (Eissner et
al. 1974 Nussbaumerand Storey 1978, which employs
the con guration-in teraction approximation to determine
wave functions and radiativ e data. The improvemerts in-
clude more energylevels(comprising a total of about 5,000
obsened levels, where the ne structure levels have been
\packed" together’) and transitions (comprising more
than 30,000 bound-bound transitions for the NLTE cal-
culations and more than 4,000,000lines for the line-force
and blocking calculations®#, and 20,000individual transi-

2 Note that arti cial emissionlines may occur in the blocking
calculations if the lower levels of a ne structure multiplet are
left unpacked but the upper levels of the considered lines are
packed { the ne structure levels of an ionization stage should
either be all packed or all unpacked.

% Note further that the consistency of the model calculation
requires that the wavelength of the bound-bound transition
connecting padked levelsin the NLTE calculations to be iden-
tical to the wavelength of the strongest componert of the mul-
tiplet consideredin the blocking calculations in order to solve
the line radiativ e transfer and especially the problem of self-
shadowing properly.

4 The Superstructure calculations involve many more excited
levelsthan actually usedin the NLTE calculation. Our line list
does, however, include transitions to such highly excited levels
above our limit of considering the level structure; occupation
numbers of these upper levels are estimated using the two-level
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Table 1. Summary of revised atomic data calculated with Superstructur e. In columns 2 and 3 the number of levels usedin the
NLTE calculations are given in packed and unpacked form. Columns 4 and 5 list the number of lines usedin the rate equations

and for the line-force and blocking calculations.

levels lines

lon packed unpacked rate eq. blocking
Cii 36 73 284 11005
C iii 50 90 520 4406
Civ 27 48 103 229
Cv 5 7 6 57
N iii 40 82 356 16458
N iv 50 90 520 4401
N v 27 48 104 229
N vi 5 7 6 57
O ii 50 117 595 39207
O iii 50 102 554 24506
Oiv 44 90 435 17933
Ov 50 88 524 4336
Ovi 27 48 102 231
Ne iv 50 113 577 4470
Ne v 50 110 534 2664
Ne vi 50 112 343 1912
Mg iii 50 96 529 2457
Mg iv 50 117 589 3669
Mg v 50 100 547 3439
Mg Vi 21 44 54 305
Al iv 50 96 529 2523
Al v 50 117 588 18317
Al vi 19 37 41 153
Siiii 50 90 480 4044
Siiv 25 45 90 245
Siv 50 98 531 3096
Si vi 50 116 596 3889
Pv 25 45 90 245
P vi 14 26 41 1096
Sv 44 78 404 903

tion probabilities of low-temperature dielectronic recom-
bination and autoionization).

Additional line data were taken from the
Kurucz (1992 line list: approximately 20,000 lines
have been added to the Superstructure data for ions
of Mn, Fe, Co, and Ni. These concern transitions to
even higher levels than those having been calculated
with Superstructure, but which might nonetheless be
of signicance in the blocking calculations. From the
Opacity Project (cf. Seaton et al. 1994 Cunto and
Mendoza 1992 another 4,466 lines have been included,
as well as photoionization cross-sections(almost 2,000
data sets have been incorporated). Collisional data have
becomeavailable through the IRON project (seeHummer
et al. 1993 { almost 1,300data setshave beenincluded.

approximation on the basisof the (known) occupation number
of the lower level.

levels lines

lon packed unpacked rate eq. blocking
Svi 18 32 59 142
Svii 14 26 39 1031
Ar v 40 86 328 3007
Ar vi 42 93 400 1335
Ar vii 47 87 483 2198
Ar viii 15 27 41 111
Mn iii 50 141 364 175593
Mn iv 50 124 467 131821
Mn v 50 124 508 61790
Mn vi 13 25 35 87
Feii 50 148 405 227548
Feiii 50 126 246 199484
Fe iv 45 126 253 172902
Fev 50 124 451 124157
Fe vi 50 138 452 60458
Fevii 22 62 91 10123
Fe viii 42 96 300 4777
Coiiii 50 141 469 200637
Coiv 41 97 70 146252
Cov 45 126 253 182780
Co vi 43 113 317 124053
Covii 34 80 246 50270
Ni iii 40 102 281 131508
Ni iv 50 146 528 183267
Ni v 41 97 70 179921
Ni vi 45 126 253 186055
Ni vii 43 113 317 123386
Ni viii 34 80 246 43778
Cuiv 50 124 477 17466
Cuv 50 146 527 30457
Cu vi 50 126 246 10849

Table 1 givesan overview of the ions a ected by the
improvemerts. (Users of the program padkage WM-basic
should note that the model calculationswill becomeincon-
sistert if the atomic data setsare changedhaphazardly by
those who are not familiar with the sourcecode.)

3.3. The treatment of line blocking

As the thermal width of a UV metal line covers just a
few mA, a simple straightforward method would require
considering approximately 107 frequency points in order
to resolwe the lines in the spectral range a ected by line
blocking. Sudch a procedurewould lead to a sewere problem
concerning the computational time. The alternativ es are
either to calculate the complete radiativ e transfer in the
comoving frame { again a time-consuming procedure{ or
to use a tricky method which savesa lot of computation
time through the application of someminor approxima-
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tions (method ), dropping these approximations in the
nal iteration steps (method Il) in order to cometo a
realistic solution. Our treatment described here usesthe
secondapproad.

Although frequertly applied, a method using opac-
ity distribution functions (ODFs) (cf. Labs 195%
Kurucz 1979, where the opacities are rearranged within
a rough set of frequency intervals in suc a way that a
smoothly varying function is obtained which consenes
the statistical distribution of the opacities, is not appli-
cable in our case,since there is no appropriate way to
treat the lineshift in the wind, and due to the rearrange-
ment of the opacities the frequertial position of the lines
is changed. This, howewer, prevents a correct computation
of the bound-bound transitions usedfor the solution of the
statistical equilibrium equations.

The approach best suited for our purpose in the
rst step (method I) is the opacity sampling technique
(cf. Peytremann 1974 Snedenet al. 1976 Anderson 199
which comparedto the ODF-method is computationally
a bit more costly, but doesnot su er from the limitations
merntioned above. This method allows us to accoun for
the lineshift in the wind and the correct in uence of line
blocking on the bound-bound transitions (cf. Section 3,
item (ii)), sinceit presenesthe exact frequertial position
of the lines.

3.3.1. The opacity samplingmethad (method I)

Following the idea of the opacity sampling a represeta-
tiv e set of frequency points is distributed in a logarithmic
wavelength scaleover the relevant spectral range, and the
radiativ etransfer equationis solved for eact point. (For O-
stars the actual range dependson T ; for hot objects the
lower valueis at  90A and for cooler objects the upper
value is at 2000A; note that accurate ionization calcula-
tions require extending the line blocking calculations to
the range shortward of the Heii edge{ cf. Pauldrach et
al. 1994)

In this way the exact solution is readhed by increasing
the number of frequency points. A smooth transition is
obtained whenthe number of frequencypoints is increased
up to the number { 10’ { which is required to resolve the
thermal width of the UV lines. It is obvious however that
convergencecan be achieved already with signi cantly less
points (seebelow). Furthermore, special blocking e ects
on selectedbound-bound transitions can be investigated
more thoroughly by spreadingadditional frequencypoints
around the line transition of interest.

In the following subsection we will investigate how
many sampling points are required in order to represen
the physical situation in a correct way.

The in uence of line blocking on the photoionizationinte-
grals. The most important e ect of line blocking on the

radiation field & cross section
o

WOii“\“‘\“‘\

200 400 600 800
Wavelength [A]

Fig. 3. Mean radiation eld J together with the photoioniza-
tion crosssection i of the ground state of H (in arbitrary
units).
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Fig. 4. Accuracy of the normalized photoionization integral
Rik of the groundstate of H in dependence of an increasing
number of sampling points within the Lyman contin uum.

emergeit spectrum is the in uence on the ionization struc-
ture via the photoionization integrals
z J

Rik =4 — w()d: (1)
This can be veried from Fig. 3 where it is shavn that
the mean radiation eld J changesrapidly over the fre-
guency interval covered by a typical smooth bound-free
crosssection i { sewral 100A are a ected. (Note that
dielectronic resonanceswhich may occur in addition are
not shavn here.)

It is obvious from Fig. 3 that the photoionization rates
are sensitive functions of the blocking in uence onJ , and
hence,on the number of sampling points in the relevant
frequencyrange.
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In order to determine the number of sampling points
required for an accurate description of the bound-free
(photoionization) and bound-bound (line) radiativ e rates
we performed empirical tests by calculating models with
an increasing number of sampling points. Represetativ e
for the behavior of the radiativ e rates, and thus the oc-
cupation numbers, Fig. 4 shaws the dependenceof the
normalized photoionization integral of the ground state of
hydrogen on the number of frequency points. For small
numbers of sampling points there is no systematic trend,
and the rates corverge for higher numbers of sampling
points. We conclude that 1,000 sampling points within
the Lyman continuum on a logarithmic wavelength scale
guarantee a su cien t accuracyof about 1to 2 percert. By
meansof a separateinvestigation Sellmaier (1996) shaved
the given number of sampling points to be reasonable,
since it reproduces the actual line-strength distribution
function quite well.

The treatment of the lineshift. The total opacity at a cer-
tain sampling frequency is givenby adding the line opac-
ity p to the continuum opacity .

c( ) )

where |, is the sumover all (integrated) singleline opac-
ities —, multiplied by the line prole function ' (( )

= n()+

X
()=

() (3)
lines

Here 7 is
__ho .

1= 4 (B njBji); (4)
and the analogousexpressionfor the emissivity is

h

o= 4—0nj Aji (5)

(Bjj , Bji, und A;; are the Einstein coe cien ts of the line
transition at the frequency ¢, and h is Planck's constart.)

In the static part of the atmosphere a line's opacity
coverswith its (thermal and microturbulent) Doppler pro-
le ' p only a very small interval around the transition
frequency o (illustrated in Fig. 5 on the right hand side
of both gures; note that with regardto our sampling grid
about 40 percent of the available lines are treated in this
part). The e ect of theselineson the radiation eld is nev-
erthelessconsiderable(cf. Fig. 3), if the lines are strong
enoughto becomesaturated.

In the expanding atmospheresof hot stars the e ect
of line blocking is enhanced considerably in the super-
sonicregiondue to the nonlinear character of the radiativ e
transfer. A velocity eld v(r) enablesthe line to block the
radiation alsoat other frequencies = o(1+ v(r)=0, i. e,
the Doppler shift increasesthe frequency interval which
can be blocked by a single line to a factor of 100. On
the other hand, the velocity eld reducesthe spatial area

-

depth points

frequency points

Fig. 5. upp er panel: simply shifting the line prole along
cmr  (represerted by the curve) at ead radius grid point
(standard opacity sampling) causesthe line to be missed at
most frequency points; lower panel: this problem is solved by
assuming a boxcar prole for ead depth point with a width
corresponding to the dierence in Doppler shift between two
successie radius points (\Doppler-spread opacity sampling").

/

[ ]

1

([
N ‘

.
to observer

Fig. 6. (p;z)-geometry for the spherically symmetric radia-
tive transfer. For any given depth point, a dierent Doppler
shift must in principle be considered for every p-ray, since the
projected velocity varies with cos . However, as no analogy to
the boxcar method exists in this case,in our opacity sampling
method we take the Doppler shift of the certral ray as being
represenativ e for all other rays (seetext).

where a photon can be absorbed by aline. If aline is opti-
cally thick, however, the e ect of blocking will ultimately
be increasedcomparedto a static photosphere.

The lineshift due to the velocity eld is applied to the
individual line opacities beforethe summation in eq. 3 is
carried out at ead sampling and depth point (otherwise
the e ect of the lineshift would be underestimated with
respect to the ratio of line width to sampling distance{ see
below). However, in our approad this is doneby applying
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the Doppler shift of the radial ray to all p-rays (seeFig. 6),
ignoring the angular dependenceof the Doppler shift (see
below). Apart from the intrinsic character of the sampling
method this is the most restrictive approximation in our
rst iteration cycle. Nevertheless,the main e ect of the
frequency shift due to the expanding wind { increaseof
the frequertial range of line absorption { is included, and
that is what hasto beiterated in this rst cycle.

From the upper panel of Fig. 5 it is obvious that if the
line opacity is simply shifted along the comoving frame
frequency( cmr ) to every radius point successigly, many
frequency points will missthe line, sincethe radius grid is
too coarseto treat large lineshifts in the obsener's frame.
This behaviour is corrected by convolving the intrinsic
Doppler pro le of the line with aboxcarprole '  repre-
serting the velocity rangearound ead radius point (Fig. 5,
lower panel).

The boxcar pro le isthe meanpro le obtained by con-
sidering the velocity shifts v of the two correspnding
intermeshpoints ( 1, 2) onboth sidesof the regardedra-
dius grid point in the way that the gapsin the frequency
grid are closed. This can be expressedin terms of the
Heaviside function

(2 ) (1)
O 0y

1 and , arethe obsener's frame frequenciesbelongingto
the velocities of two successig radius points (r; and r»),
i.e., 1.2= o(l+ v(ri.2)=0. Assuming thermal Doppler
broadening for the intrinsic line pro le,

(6)

2

o()= P with x= 0, @)
D

D

where  p is the thermal Doppler width, the cornvolution
(‘b ' v)()resultsin the nal prole function
erf(x, x) erf(xy x)
= ' = : (8
()=Co "~ () PRI ®)

This pro le canbe usedfor the entire sub-and supersonic
region. For v < Viperm it gives,asa lower limit, the or-
dinary opacity sampling and for su cien tly high velocity
gradients ( vV > Vierm ) the integration over a radius in-
terval represens the Solwlev optical depth ( sop(r)) of a
local resonancezonefor a radial ray

Z

r2

oo ()ar

r
_ 1 (1
' 2(x2  xu) D
— I 11 C
V2 V1 _0
c dv '
I —0 ar
sob(r): 9)

At su cien tly high velocity gradients all lines are included
in the radiativ etransfer if the sampling grid is ne enough

(r2 ry)

(seealso Sellmaier 1996. In this caseour Doppler-spread
opacity sampling methal therefore becomesan exact solu-
tion.

In summary, our Doppler-spread sampling technique
makesopacity sampling usableeven at large velocity gra-
dients where the standard sampling would miss a line at
many frequency points. Broadening of the line with the
boxcar pro le doesnot overestimate the line blocking ef-
fect, sincethe convolution (eq. 8) presenesthe frequency-
integrated line strength. Rather, the Sobolev optical depth
(eq. 9) is the upper limit for the optical thicknessof a
blocking line as treated with the boxcar prole. The sta-
tistical character inherert in opacity sampling is greatly
diminished, since at high velocity gradierts all available
lines are considered.

Furthermore, broadening the lines leads neither to an
increasednor a decreasedine overlap, sincethe broaden-
ing only spreadsa line over the frequenciescorrespnding
to the Doppler shifts between one depth point and the
next one. If lines overlap through this broadening at a
certain radius grid point, they must also overlap in real-
ity (seeFig. 10) in the interval betweenthat radius point
and the adjacert one, becausethe basic relationship be-
tweenfrequency shift and radius (via the velocity eld) is
independert of the resolution of the radius grid.

Essettially, the broadening projects the sharply
peaked line opacities and emissivities inside a radial in-
terval, which would otherwise be overlooked in the radi-
ation transfer in the discretized scheme, onto a point at
the edgeof that interval sothat the radiation transfer on
the discretizedradius grid can be performed correctly. For
any particular radius interval and spectral line, this a ects
all frequenciesin the interval determined by the Doppler
shifts corresponding to the velocities at the edgesof the ra-
dial interval in question, irrespective of the number of fre-
guency points that actually lie in that frequencyinterval.
Increasingthis number of frequency points doesnot in u-
encethis geometriccon guration °, whereasincreasingthe
radial resolution improvesthe quality of this procedure,
nally corvergingto the exact solution (cf. method I1).

In principle, onewould haveto accourt for the angular
variation (seeFig. 6) of the Doppler shift in a similar man-
ner, but asno analogyto the boxcar pro le method exists
in this case,as mentioned above we simply apply the (cor-
rectly calculated, radially dependen) opacities( 1 (; r))
of the certral p-ray to the other p-rays, regarding these
opacitiesas being represetiativ e. A welcomeresult of this
simpli cation is the fastnessof the method, a very impor-
tant considerationin this iteration cycle.

° Note that the minimum resolution required for the fre-
quency grid per se is determined by the Doppler spread be-
tween the radius grid points, in order to intercept a line at
seweral radius points in succession.As stated above, at suf-
ciently high velocity gradients all lines are included in the
radiativ e transfer for approximately 1000 frequency points in
the Lyman cortinuum. Moreover, as illustrated in Fig. 4, the
chaotic behavior for lessthan about 1000frequency points van-
ishesin this case.
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Fig. 7. Logarithm of the ionization fractions of Niii (upper
panel), Niv (middle panel), and Nv (lower panel) versusden-
sity and iteration block number for an O supergiant model
(Tet = 29000K, logg = 3:0, R =R = 27:0). The region be-
tweentwo successie contour lines (one iteration block) corre-
sponds to 30 iterations.

Concerning our WM-basic program padage running
on a normal scalar processor,however, the method is still
not fast enough (a model calculation would require an
amount of computing time of about 20 hours). The rea-
sonis that the Rybicki-method which is usedin this step
for the solution of the second-orderform of the equation
of transfer (cf. Mihalas 1978 requires more than 80% of
the computing time of a model calculation. (Note that the
Rybicki-method is applied in ead iteration just once per
frequencypoint; in order to improve the accuracy the ra-
diativ e quartities are then further iterated internally by
using the momerts equation of transfer (cf. Mihalas 1978.
Becauseof strong changesin the opacities and emissivi-
ties within the NLTE iteration cycleit is necessaryto start
with the Rybicki-method nevertheless.)We have therefore
rethought the solution conceptof the Rybicki-schemeand
deweloped a method which is 10 times faster on a vector
processorand 3 to 5 times faster on a scalar processor
{ the actual factor depends on the quality of the level-2
blas functions available with professional compiler pro-
grams and which do most of the work in our method (see
Appendix A).

In order to illustrate the behaviour of convergenceof
our method I, the ionization fractions of Niii, iv, and v
are shavn versusdensity and the iteration block number
in Fig. 7 for the rst 600iterations asan example.As dis-
played, the model convergeswithin 400iterations { the re-
maining iterations are required to warrant the luminosity
consenation (seesection3.4). The steepincreaseof N v in
the wind part results from the EUV and X-ray radiation
produced by shack-heated matter (seesection 3.5).

We nally note that rst results obtained with a ver-
sion of this procedureasdescribed heresofar have already
been published. Sellmaier et al. (1996) showed that their
NLTE line-blocked O-star wind models solve the long-
standing Neiii problem of Hii-regionsfor the rst time,
and Hummel et al. (1997) carried out NLTE line-blocked
models for classicalnovae.

Special problems. From rst test calculations performed
in the manner described we recognized and solved two
additional nontrivial problems:

The rst problemconcernsthe arti cial e ect of self-
shadowing(seeabove) which occurs becausethe incident
intensity usedfor the calculation of a bound-bound transi-
tion that enters into the rate equationsis already a ected
by the line transition itself, sincethe opacity of the line has
beenusedfor the computation of the radiativ e quantities
in the previous iteration step. If the lines cortained in a
frequencyinterval are of almost similar strength, this is no
problem, sincethe usedintensity |  (r) calculated at the
sampling point represems a fair mean value for the true
incident radiation of the individual linesin the interval. If
howewer, a line hasa strong opacity with a dominating in-
uence in the interval, the intensity taken at the sampling
point for the samebound-bound transition in the radia-
tiv e rates is much smaller than the true incident radiation
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Fig. 8. Part of the synthetic EUV spectrum (200{1600A)
of the S-45 supergiant model (Tet = 45000K, logg = 3:6,
R =R = 18:0) calculated with the opacity sampling method
and the dierential form of the transfer equation. The upper
panel shaws the spectrum obtained with the standard Feautrier
coe cien ts, which produces seweral strong arti cial emission
lines. The lower panel shows the correct spectrum resulting
with our modi ed Feautrier coe cien ts.

for this line, becausethe line has already in uenced this
value considerably In consequencehe sourcefunction of
this line is underestimated and the radiativ e processeg
the scattering part is mostly a ected { are not correctly
described in the way that the line appears systematically
too weak.

The solution to this problem is rather simple:in calcu-
lating the bound-bound rates of the dominating lines, we
usean incident intensity which is independert of the lines
in the consideredinterval (cf. Pauldrach et al. 1998.

The second probleminvolvesthe discretization of the
transfer equationin its di erential form, for computing the
radiativ e quartities (Feautrier method). In the standard
approad (see,for example, Mihalas 1978 the equation of
transfer is written as a second-orderdi erential equation
with the optical depth asthe independert variable:

2u
2

o

=u S (10)

o

NLTE line blocking and blanketing

where S is the sourcefunction and u= 1(1* + 1 ), with
I* and | beingthe intensitiesin positive and negative
direction along the ray considered.

This di erential equation is then corverted to a set of
di erence equations,onefor ead radius point i on the ray,

Qo
Qo

u u

2 d_ iv L d_ i 1
d_l; 2 2 (11)
d ; i+1 i %
Ui+1 Ui U U 1
i+1 i i i
: 12
L+ 0) i+ i) 12)
resulting in a linear equation system
aiui 1+ BuU + GU+1 = S (13)
with coe cien ts
1
a = (i (i i)
1
¢ = i i i W) (14)
h =1 a ¢

(and appropriate boundary conditions). This linear equa-
tion systemhas a tridiagonal structure and can be solved
economically by standard linear-algebra means® Note
that the equationscortain only di er enesin , which can
easily be calculated from the opacitiesand the underlying
z-grid (cf. Fig. 6) as

i1 i=3( it Nz z); (15)
with ; being the opacity at depth point i.

The equation systems are well-behaved if the opaci-
ties and sourcefunctions vary only slowly with z. Caution
must be taken if this cannot be guaranteed, for exam-
ple, whenevera velccity eld is involved at strong ioniza-
tion edgesor with the opacity sampling method at strong
lines, sincethe velocity eld shifts the lines in frequency
causinglarge variations of the opacity from depth point to
depth point for agivenfrequency In particular, a problem-
atic condition occursif a point with a larger-than-average
sourcefunction S; and low opacity ; bordersa point with
a high opacity i+1 (and low or average source function
Si+1). In reality, this large sourcefunction should havelit-
tle impact, sinceit occursin a region of low opacity, and
thus the emissivity is small. However, the structure of the
equationsis sud that the emissionis computed to be on
the order of

Il S
1S +S) i+ i)z

where, if the other quartities are comparatively small
(in accordancewith our assumptions), the term S; 1

z), (16)

5 In practice, a Rybicki-t ype scheme (cf. Mihalas 1978 and
Appendix A, this paper) is used for solving the equation sys-
tems for all p-rays simultaneously, since the source function
contains a scattering term (see eq. A.4) which redistributes
the intensity at ead radius shell over all rays intersecting that
shell.
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dominates,” leading to arti cially enhancedemission. In
Figure 8 (upper panel) we shav the exaggeratedemission
of the strongest spectral lines in the emergen ux of a
stellar model computed using this standard discretization,
leading to false results. Even a simple example can sene
to illustrate this e ect, asdemonstratedin Appendix B.

Howewer, with a subtle modi cation of the equation
system coe cien ts the method can newertheless be sal-
vaged.The subtle point involveswriting the transfer equa-
tion asan equation not in , but in z for derivation of the
coe cien ts, sinceonly this formulation treats correctly the
z-dependenceof

1d 1du

dz dz S: (7

(Note that the grid should still be spacedsoasto cover
more-or-lessuniformly.) Again approximating the dier-
ertial equation with a system of di erences we obtain

1 d idu
ldu idu
i dz i+% dz i % (18)
i Zivi 4L
1 Uj+1 Ui 1 U U 1
1= ~ 7 Z: .. Z; Z;
= |+11,| i+1 i 1|,| 14 ! 1; (19)
i 5z +2z) 3(z+z 1)
sothat
_ 1
a = 3i@za z1) Ty @ oz o)
_ 1
G = % i(Zi+1 Z01) Tiai@Za o z) (20)
b =1 & ¢:

Even though thesecoe cien ts seemnot too di erent from
those of the standard method, their impact on the com-
puted radiation eld is signi cant, as witnessed by the
drastic improvemert in the emergen ux shown in the
lower panel of Figure 8. The crucial di erence in the co-
e cien ts is that the rst factor in a and ¢ now contains
only the local opacity. (We naturally makethe correspnd-
ing changesin the coe cien ts of the momens equation as
well.)

Testcalculations have shavn that for the secondfactor
in the coe cien ts the geometricmean (an arithmetic mean
on a logarithmic scale)

— Y

a1 = i+l (21)
givesgood results, asdemonstratedin Figure 9, wherethe
spectrum of a model computed with the opacity sampling
method is comparedto that of our detailed radiativ e line
transfer, described in the next section. Considering the

relative coarsenesf the opacity sampling method, and

" The physical reasonfor the failure of the systemis that the
sourcefunction only has meaning relativ e to its corresponding
opacity. Multiplying the source function from one point with
the opacity at another point is complete nonsense.
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Fig. 9. Comparison of the synthetic EUV spectrum (200{
1600A) of the S-45 supergiant model (Terr = 45000K, logg =
3:6, R =R = 18:0) calculated with the Doppler-spread opac-
ity sampling methaod (thic k line) and the detailed method (thin
line) on the samefrequency grid. Due to simpli cations in our
implementation the sampling method cannot produce P Cygni
emission; neverthelessit provides an extremely good basis for

the nal iterations using the detailed method.

the fact that the detailed line transfer su ers none of the
approximations of the sampling method, the agreemehn is
indeed remarkable. Note again that through our single-p-
ray approximation for the sampling opacities (seeabove),
our method | (opacity sampling) cannot produce P Cygni
pro les, sincethe P Cygni emissionis a direct result of the
di erent Doppler shifts of a particular spectral line along
dierent rays.

3.3.2. The detailedradiative line transfer (method 11)

The detailed radiativ e line transfer (method 1), used for
the nal iterations, is an exact solution of the transfer
equation in the obsener's frame, and is completely equiv-
alent to a comoving frame solution. It removes the two
most signi cant simpli cations of our opacity sampling
method (method 1), i. e., it accourts for:
(1) Correct treatment of the angular variation of the
opacities,
(2) Spatially resolved line proles® (implying correct
treatment of multi-line e ects).
Whereas in method | the former is completely ignored,
the lack of spatial resolution was already compensatedfor
to a large extent through the use of our Doppler-spread
sampling. (Multi-line interaction is partly included in our
method I, but without regard for the sign of the Doppler
shift (using just that of the certral ray), and without re-

8 Note that this will not by itself solve the problem of self-
shadawving, since that is an intrinsic property of any method
using an \incident radiation" in solving for the bound-bound
radiativ e rates with a continuum already a ected by the transi-
tion being considered.In the iteration cycle using method |1 we
therefore also have to apply our correction for self-shadaving.
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Fig. 10. Diagram (not to scale) illustrating the basic relationship of the rest-frame frequencies of spectral lines ( cwr ) to
obsener's frame frequency ( obs) for one particular (non-core) p-ray in the spherically symmetric geometry (cf. Figure 6).
Shown are two spectral lines which get shifted acrossthe obsener's frame frequency by the velocity eld in the wind. The
dots represen the stepping points of the adaptive microgrid usedin solving the transfer equation in the detailed radiativ e line

transfer.

gard for the order of the lines along the ray within a ra-
dius interval, as the Doppler-spread sampling e ectiv ely
\maps" the lines to the nearestradius point.)

With all major approximations removed, the biggest
shortcoming that remains in method Il is that only
Doppler broadening is consideredfor the lines, as Stark
broadening has not yet beenimplemented. Howeer, this
is of no relevance for the UV spectra, asit concernsonly
a few lines of Hydrogen and Helium in the optical fre-
qguency range. It will, howewer, be important for our fu-
ture planned analysisof the optical H and He lines. (Stark
broadening is not consideredin the sampling method ei-
ther, but here this is of minor signi cance, as all other
approximations are much more serious.)

In contrast to our method I, wherethe symmetry and
our assumption of only radially (not angular) dependen
Doppler shifts allowed solving the transfer equation for
only one quadrart,® a correct treatment of the both red
and blue Doppler-shifted line opacities (see Figure 6) re-
quires a solution in two quadrants'® (corresponding to,
from the obsener's viewpoint, the front and badk hemi-
spheres;the rotational symmetry along the line-of-sight is
taken care of through the angular integration weights).

The method employed is an adaptation of the one de-
scribed by Puls and Pauldrach (1990, using an integral
formulation of the transfer equation and an adaptive step-
ping technique which ensuresthat the optical depth in
eat step (\microgrid") does not exceed = 0:3, so
that the radiation transfer in ead micro-interval can be

% The 2nd-order dierential represenation of the transfer
equation accourts for both the left- and right-propagating ra-
diation simultaneously, the unknowns being the symmetric av-
eragesof the two.

10 A one-quadrart solution is also possible, but requires both
a red- and a blue-shifted opacity for each (p;z)-point and sep-
arate treatment of the left- and right-directed radiation, thus
being equivalent in computational e ort to the two-quadrant
solution that solvesfor radiation going in only one direction.

approximated to high accuracy by an analytical formula
assuminga linear run of opacity and emissivity between
the micro-interval endpoints:

Z
(o) = S()et 2d +1(q)e(n o (22)
0
where the integral is performed as a weighted sum on the
microgrid
Z n
S()e( 9d =
0
D( 1 Z i+1
- e (i o) S( )e( i) d : (23)
i=0 i
ead \microin tegral" being evaluated as
Z i+1
s()e € d =w¥s(i)+w”S( 1) (24)
with weights
1 i 1 i
w® =1 - & cow? = L RPN (25)
i i
where | = 4 i. To accurately accournt for the

variation of the line opacities and emissivities due to
the Doppler shift, all line prole functions ' | (cf. eq. 3)
are evaluated correctly for the current microgrid-(z; p)-
coordinate on the ray, thus e ectiv ely resolvingindividual
line pro les. Only the slowly-varying occupation numbers
(or equivalertly, the integrated, frequency-indegenden
line opacities —, and emissivities ) and the velocity eld
are interpolated betweenthe regular radius grid points.
Figure 10 depicts schematically the relationship be-
tween the Doppler-shifted frequenciesof spectral lines
(which are constart in the comoving frame) and the ob-
sener's frame frequencyfor which the radiativ etransfer is
being calculated. The gure alsoillustrates the line over-
lap in accelerating, expanding atmospheres:lines clearly
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Fig. 11. Flux of our S-29 supergiant model (Ter = 29000K,
logg = 3.0, R =R = 27.0) after 1 and 5 iteration blocks of
method 11.
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Fig. 12. The nal { completely converged { spectrum from
200 to 2300A of the S-45 supergiant model. The obsenable
UV region redward of the Lyman edge has been computed
with a high resolution (for comparison with obsened spectra).

separated in the comoving frame (slices parallel to the
(; )-plane) overlap in the obsener's frame (slice parallel
to the (z; )-plane at ops) due to large Doppler shifts
many times the intrinsic (thermal and microturbulent)
linewidth. The areasshadedin dark gray correspnd to
the spatially resolved Sobolev resonancezonesof the two
lines for this particular obsener's frame frequency and
p-ray. Note that the dimensionsare not to scale,i. e., the
intrinsic width of the lines, and consequetly the thickness
in z of the resonancezones,has beengreatly exaggerated
in relation to the total velocity shift.

All  lines whose maximum Doppler shift =

oV1 =c puts them in range of the obsener's frame fre-
guency for which the radiativ e transfer is being calculated
are consideredfor that frequencypoint. In Figure 10,these
correspond to those lines whoserest frequencieslie in the
gray band in the (; z)-plane at z = 0.
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Broadening of the linesincludesthermal and microtur-
bulent cortributions. For every atomic speciesand depth
point, the correct thermal Doppler broadening basedon
atomic weight and local temperature is used. The micro-
turbulence we have usedhereis about 10 km/s in the pho-
tosphere and grows with the out o w velocity to a maxi-
mum value of 0.1v; in the outer regionsof the wind. This
is generally in good agreememn with the obsenations.

After the occupation numbers have corvergedin the
iteration cycle using method |, one iteration block with
method 11 is usually su cien t for full corvergenceof the
model, as demonstrated by Figure 11, where the emer-
gert spectrum of our S-30model after 1 iteration block of
method 11 is comparedto the spectrum resulting from 5
iteration blocks.

A high-resolution spectrum is computed for the pur-
pose of comparisonwith obsenations (wavelength range
usually from 900to 1600A) after full corvergenceof the
model. This spectrum is generatedwith the sameproce-
dure as used for the detailed line blocking calculations.
The high-resolution spectrum is then merged with the
(usually) lower-resolution blocking ux for the nal ux
output (Figure 12).

3.4. Line blanketing

Line absorption and emission also has an important ef-
fect on the atmospherictemperature structure. The corre-
sponding in uence on the radiation balanceis usually re-
ferred to asline blanketing The objective now is to calcu-
late an atmospherictemperature strati cation which con-
senesthe radiative ux and which treats the impact of the
line opacities and emissivities properly. In principle there
are three methods for calculating electron temperatures
in model atmospheres.The commonly used one is based
on the condition of radiativ e equilibrium. The secondone
usesa ux correction procedure,and the third oneis based
on the thermal balance of heating and cooling rates. As
the rst method has somedisadvantages (seebelow), we
use the secondand the third method (cf. Pauldrach et
al. 1998 for discussionson calculating temperature struc-
tures in other modelsfor expanding atmospheres,seethe
referencedisted in section 1; especially Drew (1989, 1990
preseried a comprehensie discussionof her method). In
deerer layers( ross > 0:1) wheretrue absorptive processes
dominate we use the ux correction procedure, and the
thermal balanceis usedin the outer part of the expand-
ing atmosphere( ross < 0:1), where scattering processes
start to dominate.

The ux carection procedure. The idea of this method is
straightforward: The local temperature hasto be adjusted
in such away that the radiative ux is consened. This re-
quires, howeer, that the temperature is the dominant pa-
rameter on which the ux depends,and that the e ect ofa
changein temperature on the ux is known. The rst con-
dition is certainly the casefor gress > 0:1. With regard to
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Fig. 13. The temperature structure versusthe Rosselandop-
tical depth and the iteration block number for the same O
supergiant model as in Fig. 7 (Tex = 29000K, logg = 3:0,
R =R = 27.0).

the secondcondition, a law for the temperature structure
is required which is cortrolled by someglobal parameters
that can be adjusted in a proper way in order to consene
the ux. The\Hopf function”, usually applied for the grey
case,hasan appropriate functional dependencewhich has
been adapted to the spherical NLTE caseby Sartolaya-
Rey et al. (1997) recerly in a generalway. The main char-
acteristic of the Hopf method is that the Rosselandoptical
depth is the decisive parameter on which the temperature
strati cation depends. Thus, in deeger layersthe temper-
ature structure can be calculated e cien tly by using this
new concept of the NLTE Hopf function:

Té(r) = Ty e

(0N ("Ross) +  Ross) (26)

Ross

where —oss IS the radial optical depth in the spherical
case,

2

d~Ross = Ross(f) — dr; (27)
and
qN("Ross) ' th + (qo Ot )exp( "Ross) (28)

is the spherical NLTE Hopf function, where the parame-
ters o, b , and are tted to a prede ned run of the
On( ross) Strati cation (cf. Sartolaya-Rey et al. 1997).
Test calculations performed with xed parameters (0o,
a1 , and ) and without metal linesleadto almost identi-
cal results for the temperature structures obtained by our
code and the completely independertly developed code of
Sartolaya-Rey et al. (cf. Pauldrach et al. 1998. The re-
liabilit y of the method has been further proven by the
resulting ux consenation which turns out to be on the
1% level.

In the next step, line blocking hasto be treated consis-
tently. Although the line processesnvolved are complex,

A. Pauldrach et al.: NLTE

line blocking and blanketing

Fig. 14. The ux consenation versusthe Rosseland optical
depth and the iteration block number for the same O su-
pergiant model as in Fig. 7 (Tex = 29000K, logg = 3.0,

R =R = 27:.0). The accuracy of the ux consenation is on
the 1% level for the nal iteration blocks.

they always increasethe Rosselandoptical depth ( ross)-
In the deeper layers ( ross > 0:1) this leads directly to
an enhancemen of the temperature law (backwarming).
Using the method of the NLTE Hopf functions we thus
have to increasethe parameter gy rst by using the ux
deviation at Rress 3. This parameter is updated in the
corresppnding iteration cycleuntil the ux is consened at
this depth on the 0.5%level. Afterwards the sameis done
with the parameter q; at an optical depth of ress  0:1.
In casethe ux deviation at ress 3 becomedargerthan
0.5%the parameter ¢ is iterated again with a higher pri-
ority. As a last step in this procedurethe parameter is
adjusted in order to consene the ux at an optical depth
of Ross 1.

The resulting temperature structure and the corre-
sponding ux deviation for an O supergiant model (Tes =
29000K, logg = 3:0,R =R = 27:0) are shawn in Fig. 13
and Fig. 14, respectively. As can be inferred from the g-
ure, the ux is consened for this model with an accuracy
of a few percen. (We note that from test calculations
where line blocking was treated, but parameters of the
NLTE Hopf function were held xed, thus e ectively ig-
noring blanketing e ects, we found a ux deviation which
already starts in the inner part ( ross < 50) and reachesa
value of up to 50%at Rress 0:1.) This clearly shaws the
importance of blanketing and badwarming e ects and the
needto include them. As thesetest calculations have also
showvn that absorptive line opacities dominate the total
opacity down to an optical depth of gress > 0:1, the tem-
perature structure is in uenced by backwarming e ects in
the ertire atmosphere{ cf. eq. 26.

The thermal balance. In the outer part of the expanding
atmosphere( ross < 0:1), where scattering processestart
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to dominate, the e ects of the line in uence on the tem-
perature structure are more di cult to treat. Of the two
possible treatments, calculating for radiativ e equilibrium
or for thermal balance, we have chosen the latter one,
as the convergenceof the radiative equilibrium method
turned out to be problematic since the Rress-values are
small in this part, and, hence, most frequency ranges
are optically thin. (This has recerily also been proven
by Kubat et al. (1999, where the correspnding equa-
tions of the method are also preserted.) In calculating the
heating and cooling rates (Hummer and Seaton1963, all
processeghat a ect the electron temperature have to be
included { bound-freetransitions (ionization and recomnbi-
nation), free-freetransitions, and inelastic collisions with
ions. For the required iterativ e procedure we make use
of a linearized Newton-Raphsonmethod to extrapolate a
temperature that balancesthe heating and cooling rates.

Fig. 13 displays for the model above the resulting tem-
perature structure vs. the number of iterations and shows
a pronouncedbump and a successig decreaseof the tem-
perature in the outer atmospheric part. (For an explana-
tion of this e ect, seeMihalas 1978and referencegherein.)
That the mismatch of the heating and cooling ratesimme-
diately goesto 0% in the outer part ( ross < 0:07) where
they are applied for correcting the temperature structure
has already been presenied by Pauldrach et al. (1998).

Wenote at this placethat the direct in uence of X-rays
(seenext section) on the temperature structure via ther-
malization is negligible, sincethe energycontained is very
small (Lx=Lpor 10 7). However, X-rays can indirectly
in uence the temperature by changing the ionization bal-
ance{ the correspnding change of opacities in the EUV
and UV can then aect the temperature via normal ra-
diativ e processesThis, howewer, is properly consideredin
our procedure.

3.5. Revisednclusionof EUV and X-ray radiation

The EUV and X-ray radiation produced by cooling zones
which originate from the simulation of shak heated mat-
ter arising from the non-stationary, unstable behavior of
radiation driven winds (seeLucy and Solomon197Q who
found that radiation driven winds are inherertly unsta-
ble, and Lucy and White 1980 and Lucy 1982 who ex-
plained the X-rays by radiativ e lossesof post-shack re-
gions where the shacks are pushed by the non-stationary
features) is, together with K-shell absorption, included in
our radiativ e transfer. The primary e ect of the EUV and
X-ray radiation is its in uence on the ionization equilib-
rium with regard to high ionization stageslike Nv and
Ovi (cf. the problem of \superionization”, the detection
of the resonancelines of Ovi, Nv, Svi in stellar wind
spectra (cf. Snov and Morton 1976; in a rst step this
problem was investigated theoretically by Cassinelli and
Olson 1979 where the contribution of enhanced direct
photoionization due to the EUV shack radiation is asim-
portant as the e ects of Auger-ionization causedby the
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soft X-ray radiation (cf. Pauldrach 1987 Pauldrach et
al. 1994and 19949. In order to treat this mecdanism ac-
curately it is obviously important to describe the radia-
tion from the shaock instabilities in the stellar wind ow
properly. Note that in most casesa small fraction of this
radiation leaves the stellar wind to be obsened as soft
X-rays with Ly=Lpo 10 7 (cf. Chlebowski et al. 1989.
Thus, the reliabilit y of the shock description can be fur-
ther demonstratedby a comparisonto X-ray obsenations,
by ROSAT for instance.

In principle, a correct calculation of the creation and
dewelopmen of the shocks is required for the solution of
the problem. This meansthat a detailed theoretical inves-
tigation of time-dependert radiation hydrodynamics has
to be performed (for exemplary calculations see Owocki,
Castor, and Rybicki 1988and Feldmeier 1995. However,
these calculations favor the picture of a stationary \cool
wind" with embeddedrandomly distributed shocks where
the shock distance is much larger than the shock cooling
length in the acceleratingpart of the wind. They alsoindi-
catethat only a small amount of high velocity material ap-
pearswith a lling factor not much larger than f 10 2,
and jump velocities of about ug = 300: :: 700km=s which
give immediate post-shack temperatures of approximately
Ts=1 10°to 8 10°K. Wealsonote that the reliabilit y
of theseresults wasalready demonstrated by a comparison
to ROSAT-observations (cf. Feldmeieret al. 1997).

On the basisof theseresults we had developed an em-
pirical approximativ e description of the EUV and X-ray
radiation, where the shack emissioncoe cien t

“(1) = oo (Ta(r)ne) (29)
was incorporated in dependence of the volume emis-
sion coe cien t calculated by using the Raymond and
Smith (1977 code for the X-ray plasma, the velocity-
dependert post shock temperatures Ts, and the lling
factor f which enter as t parameters{ thesevaluesare
determined from a comparison of the calculated and ob-
sened ROSAT \spectrum”. With this description the ef-
fects on the high ionization stages(Nv, Ovi) lead to
synthetic spectral lines which reproduce the obsenations
almost perfectly (cf. Pauldrach et al. 1994 and 19943.
However, with this method we werenot able to reproduce
the ROSAT-obsenvations with the samemodel parameters
simultaneously (seebelow). Wethereforehad to determine
the lling factor and the post-shak temperatures by a
separateand hencein view of our conceptnot consister
procedure (cf. Hillier et al. 1993. In order to overcome
this problem re nements to our method are obviously re-
quired.

In the presen treatment the outlined approximativ e
description of the EUV and X-ray radiation has beenre-
vised. The major improvemen consistsof the considera-
tion of cooling zonesof the randomly distributed shocks
embeddedin the stationary cool componert of the wind.
Up to now we had assumed,for reasonsof simplicity, that
the shock emissionis mostly characterized by the imme-
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diate post-shack temperature, i. e., we considered non-
strati e d, isothermal shocks. This, howewver, neglectsthe
fact that shocks have a cooling structure with a certain
range of temperatures that cortribute to the EUV and X-
ray spectrum. Our revision comprisestwo modi cations to
the shock structure. The rst one concernsthe inner re-
gion of the wind, where the cooling time can be regarded
to be shorter than the ow time. Here the approxima-
tion of radiative shacks can be applied for the cooling pro-
cess(cf. Chevalier and Imamura 1982). The secondone
concernsthe outer region, where the stationary terminal
velocity is readed, the radiativ e acceleration is negligi-
ble, and the ow time is therefore large. Here radiativ e
cooling of the shacks is of minor importance and the cool-
ing processcan be approximated by adiakatic exmnsion
(cf. Simon and Axford 1966,who investigateda pair of re-
verseand forward shocks that propagatethrough an ambi-
ert medium under these circumstances).For our purpose
we followed directly the modi ed concept of isothermal
wind shocks presened recertly by Feldmeieret al. (1997).

Compared to eq. 29 we accourt for the density and
temperature strati cation in the shock cooling layer by
replacing the values of the volume emission coe cien t
( (Ts(r)ne)) through adequate integrals over the cool-
ing zonesdenoted by ™ (Ts(r)). Thus, S(r) is replaced

by

() = 4f_npne“ (To(r)): (30)
where

17 Xs
Ty = = Y (Tr9 oY dr® (31)

r

and r is the location of the shock front, r@is the cooling
length coordinate with a maximum value of xs, the plus
sign correspndsto forward and the minus sign to reverse
shacks, and f\(r9 and §(r% denote the normalized den-
sity and temperature structures with respect to the shock
front. The improvemen of our treatment is now obviously
directly connectedto the description of the latter func-
tions. In the presen step we usedthe analytical approx-
imations presenied by Feldmeier et al. (1997, which are
basedon the two limiting casesof radiativ e and adiabatic
cooling layers behind shack fronts (seeabove).

3.5.1. Test calculationsand rst results

In the following we presen results of test calculations
shawing the in uence of our modied treatment of shock
emission. For this purpose we selected the O4f-star

Puppis as a test object and ignored for the correspnd-
ing model calculations the improved blocking and blan-
keting treatment discussedabove. This restriction makes
our results directly comparable to those of Pauldrach et
al. (19949, who used the old, simplied treatment for
the shack emission. The stellar parameters of  Puppis,
used as basic input for our models, have been adopted

ovi SIV PV

I I
1100 1150

I
1000 1050 1200

Fig. 15. Calculated and obsened UV spectrum for the O4f-
star  Puppis. The calculated spectrum belongs to a model
where the in uence of shock emission has been neglected. The
high resolution obsenations have been obtained with the IUE
and Copernicus satellites. (Note that the improved blocking
and blanketing treatment has not been considered for the
model calculations of this object { seetext.)
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Fig. 16. Calculated and obsened UV spectrum for the O4f-
star  Puppis. The calculated spectrum belongs to a model
where the inuence of shock emission has been included
(model 1).
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Fig. 17. Calculated and obsened UV spectrum for the O4f-
star  Puppis. The calculated spectrum belongs to a model
where the inuence of shock emission has been included in
accordancewith our improved method (model 2).

log(t) | w8k | 1099 | &% | wiss | mew =5
6.006 42 | 3.625 | 19 | 2250 5.9
Table 2. The stellar parameters of the O4f-star  Puppis.
Yhe = lZZOYHe; Yc = 0235Yc;
YN = SZOOYN; Yo = 0275Yo;

Table 3. Abundances used for the Puppis model. Yx =
nx =nu, where Yx, denotesthe solar abundance. For all other
abundancessolar values were used.

log(i) | o= | log(omts
675 | 43 20.00

Table 4. Parametersrequired for describing the cooling zones
of the shocked gas.
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from Pauldrach et al. 1994 (see Table 2), together with
the abundancedisted in Table 3. (These abundanceshave
recerlly beenconrmed by Kahn et al. (2000 from high
resolution X-ray spectroscoy of Puppis with the XMM
Newton re ection grating spectrometer.)

Although the nal objective of our treatment is the
determination of the maximum post-shack temperature
(Ts) and the lling factor (f) from a comparison of the
calculated and obsened ROSAT spectrum, we have also
adopted thesevaluesfor the presert test calculations from
the similar ts performedby Feldmeieret al. (1997). The
values are given in Table 4 together with the interstellar
column density of hydrogen (log(Ny), cf. Shull and van
Steerberg 1985.

We start with a spectrum synthesis calculation where
EUV and X-ray radiation by shock heated matter is ne-
glected. The comparison between the obsened and the
synthetic spectrum (Fig. 15) shaws clearly that the strong
obsened resonancelines of Ovi are not reproduced by
the model. This striking discrepancy illustrates what is
meart by the problem of \superionization". In Fig. 16 we
demonstrate, howewer, that this problem hasalready been
solved by making useof the EUV and X-ray radiation re-
sulting from the treatment of isothermal shocks (model 1).
The obsened resonancdines of O vi are reproduced quite
well, apart from minor di erences. Thusit seemsthat the
wind physicsare correctly described. That this is not com-
pletely the casecan be inferred from Fig. 18 where the
ROSAT PSPC spectrum (error bars) is showvn together
with the result of model 1 (thin line). The de ciency of
the non-strati ed isothermal shocks is obvious { the model
yields too little radiation in the soft X-ray part (shortward
of 0:7keV the spectrum is more likely characterized by a
cooler shack componert of logTs  6:30) and too much in
the harder energyband.

Following the strategy outlined above we now inves-
tigate how far the structured cooling zones behind the
shaocks can in uence this negative result. Fig. 18, which
shows in addition the calculated X-ray spectrum of our
improved model (model 2, thick line), illustrates the im-
provemert. Strikingly, the new calculations can quite well
reproduce the ROSAT PSPC spectrum and the compari-
sonshown is at least of the samequality asthat obtained
by Feldmeier et al. (1997 with their best t (see also

Stock 1998 { note that the total X-ray luminosity of this
model is given by
Z 2:5keV
Ly = L d =10 "“Lyy: (32)
0:1 kev

Actually, it is the fact that, comparedto the non-strati ed
isothermal shacks, the post-shack cooling zoneswith their
temperature strati cations radiate much more e cien tly
in the soft spectral band which leadsto the improved t.
This is portrayed in Fig. 19.

Fig. 20 shaows the location of the optical depth unity
in the relevant energy band of ROSAT. Apart from dis-
playing the in uence of the K-shell opacities, it becomes
evident from this gure that the wind is optically thick up
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Fig. 18. Comparison of the ROSAT-observations (error bars)
with the results of model 2 (thic k line) and model 1 (thin line)
for Puppis.
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Fig. 19. The Eddington ux in the EUV and X-ray band
sulting from model 2 (thick line) and model 1 (thin line)

Puppis. Note that the maximum shock temperatures
identical for both models.
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Fig. 20. Spatial location of the optical depth unity in the rel-
evant energy band of ROSAT, displaying the origin of the ob-
sened ux. Also shown is the in uence of the K-shell opacities
for model 2 of Puppis.
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Table 5. The parameters of our basic model grid stars. The Zanstra integrals given here are de ned as Qx =

where h x is the ionization energy of ion X .
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Model Tert logg R Vi M logQn  log Qe+ H (5480A)
(K) (cgs) (R ) (kmis) (10 °M =yr) (10 3 ergl/sicm 2/Hz)
Dwarfs
D-30 30000 3.85 12 1800 0.008 21.42 8.42 0.3702
D-35 35000 3.80 11 2100 0.05 22.65 11.41 0.4771
D-40 40000 3.75 10 2400 0.24 23.15 17.63 0.5859
D-45 45000 3.90 12 3000 1.3 23.45 18.99 0.6817
D-50 50000 4.00 12 3200 5.6 23.69 20.28 0.7743
D-55 55000 4.10 15 3300 20 23.89 20.17 0.8881
Supergiants
S-30 30000 3.00 27 1500 5.0 22.32 6.39 0.4229
S-35 35000 3.30 21 1900 8.0 22.88 9.70 0.4935
S-40 40000 3.60 19 2200 10 23.19 11.24 0.5998
S-45 45000 3.80 20 2500 15 23.48 11.84 0.7160
S-50 50000 3.90 20 3200 24 23.71 18.34 0.8204

to large radii, especially in the soft X-ray band. This fact
reducesthe signi cance of the t of the ROSAT spectrum,
becausemost of the obsened X-ray radiation is obviously
emitted in the outermost part of the wind and thus only
the properties of the radiation produced in this outer re-
gion can be analyzed from the obsened spectrum. This,
howevwer, is not the casefor the EUV and X-ray radiation
which populates the occupation numbers connectedwith
the resonancelines of Nv and Ovi, sincedue to their P-
Cygni structure theselines provide information about the
complete wind region, and the properties of the in uenc-
ing radiation produced in the the whole wind region can
therefore be analyzed by meansof spectral line diagnos-
tics.

Hence, for the signi cance of our modi ed method it
is therefore extremely corvincing that the synthetic UV-
spectrum resulting from model 2 also reproducesthe ob-
sened resonancdines of Nv and O vi (the latter is shavn
in Fig. 17). That both model 1 and model 2 yield a good
t of the P-Cygni lines shaws, on the other hand, that dis-
tinguishing betweentwo di erent modelsfrom the pro les
alone is not always possible. The fact that our improved
treatment accouning for the structured cooling zonesbe-
hind the shacks solvesnot only the problem of \superion-
ization", but reproducesfor the rst time consisterily the
ROSAT PSPC spectrum as well as the resonancelines of
N v and Ovi givesus con dence in our presert approad.

From Figs. 16 and 18 we deducethat the method cor-
responding to model 1, which we will usein the calcula-
tions in section 4, newerthelessturned out to be a good
description of the shack radiation (consideringthe greater
importance, as discussedin the previous paragraph, of a
t of the UV resonancelines of the highly ionized species
comparedto a t of the Rosat spectrum), asit reproduces
the UV spectral lines of the highly ionized speciesas well
as the improved method and also leadsto a rather good
description of the X-ray spectrum, which can be used as

long asthe Rosat obsenations are not requiredto be tted

perfectly. (Note that the improvedtreatment of the X-ray
radiation is not yet available in the download version of
the code; it will be implemented in an upcoming version

(2.X).)

4. Results

In the following we apply our improved code for expanding
atmospheresto a basic model grid of O-stars. The objec-
tives of these calculations are to presen ionizing uxes

which can be used for the gquantitativ e analysis of emis-
sion line spectra of Hii-regions and Planetary Nebulae,
and to prove our method and demonstrate its reliabilit y

by meansof synthetic UV spectra which are qualitativ ely
compared to correspnding obsenations. (Note that for

the standard model calculations the EUV and X-ray shock

radiation is not included { using our WM-basic program

padagethis shouldalwaysbethe rst step.For succeeding
modelsin an advancedstagewe have usedsolelyour previ-

ous method basedon isothermal shocks (cf. Section 3.5),

since this is the method which is presenly available for

WM-basic and thus the models presened in the following

can be reproduced by this o ered tool.)

Finally, one of the grid models is chosen for a de-
tailed comparison between obsened and calculated syn-
thetic spectra, where the primary objective has been to
dewelop diagnostic tools for the veri cation of stellar pa-
rameters, and the determination of abundancesand stel-
lar wind properties ertirely from the UV spectra. This has
been carried out for a cooler 09.5 la supergiant, Cam
{ a cooler object has been chosen since seweral aspects
tend to make these generally more problematic, suc as
the ionization balance (more stagesare a ected) and the
optical thicknessof the continuum in the wind part.
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4.1. The basicmodel grid

In this sectionwe presett the ionizing uxes and synthetic

spectra of a basicmodel grid of O-stars of solar metallicit y,

comprising dwarfs and supergiants with e ectiv e tempera-
tures ranging from 30,000to 50,000K. The model param-
eters, summarizedin Table 5, were chosenin accordance
with the range of valuesdeducedfrom obsenations astab-

ulated by Puls et al. 1996

In Fig. 21 we show for eadr model the primary result,
the ionizing emerget ux togetherwith the correspnding
cortinuum. It canbeveri ed from the gure that the in u-
enceof the line opacities, i. e., the di erence betweenthe
cortinuum and the total ux, increasesfrom dwarfsto su-
pergiants and from cooler to hotter e ectiv e temperatures.
Both points are not surprising, becausethey are directly
coupledto the masslossrate (M.) which increasesexactly
in the same manner (cf. Table 5). Due to the increasing
M. the optical depth of the lines alsoincreasesin the wind
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on the left, supergiants on the right.

part and in consequencehe line blocking e ect is more
pronounced. This behavior, however, saturatesfor objects
with e ectiv e temperatures larger than Tex = 45000K,
since in this casehigher main ionization stagesare en-
courtered (e.g., Fev and Fevi) which are known to have
lessbound-bound transitions (cf. Pauldrach 1987%. Thus,
ascanbeveri ed from Fig. 21 the e ect of line blocking is
strongest for supergiants of intermediate Te¢. In Table 5
we also presert the numerical values of the integrals of
ionizing photons emitted per secondfor H (log Qn) and
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in cgsunits) versuswavelength of the model grid stars; dwarfs

Heii (log Que+ ), aswell asthe ux at the referencewave-
length = 5480A, which canbe useddirectly to calculate
Zanstra ratios and Stremgren radii.

The next step is to demonstrate the reliability of
the calculated emergen uxes. As the wavelength region
shortward of the Lyman edgeusually cannot be obsened
and thus a direct comparison of the uxes with obser-
vations is not possible,an indirect method to test their
accuracy is needed.In principle, two such methods exist.
The rst oneis to test the ionizing uxes by means of
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Table 6. Model grid stars and real-world exampleswith similar spectral types. The parameters of the obsened example stars

are from Puls et al. 1996.

Model / classi- Teft logg R M o L 1 M
Example cation K) (cgs) (R) M) 90 (kmis) (10 °M =yn
Dwarfs
D-30 30000 3.85 12 37 5.02 1800 0.008
HD 149757( Oph) 09 || 32500 3.85 12.9 43 5.22 1550 0.03
D-40 40000 3.75 10 21 5.36 2400 0.24
HD 217068 O7Vn 40000 3.75 10.3 22 5.39 2550 0.2
D-50 50000 4.00 12 53 5.91 3200 5.6
HD 93250 O3V ((f)) 50500 4.00 18 118 6.28 3250 4.9
Supergiants

S-30 30000 3.00 27 27 5.73 1500 5.0
HD 30614( Cam) 095Ila 30000 3.00 29 31 5.79 1550 5.2
S-40 40000 3.60 19 53 5.92 2200 10
HD 66811( Pup) 041 (f) 42000 3.60 19 53 6.00 2250 5.9
S-50 50000 3.90 20 116 6.35 3200 24
HD 93129A o31f 50500 3.95 20 130 6.37 3200 22

their in uence on the emission lines of gaseousnebulae,
i. e., using the ionizing uxes asinput for nebular models
and comparing the calculated emissionline strengths to

obsened ones.Howewer, asa rst step this procedureis

guestionable, since the diagnostics of gaseousnebulae is

still not free from uncertainties { dust clumps, complex
geometric structure, etc. { and therefore, if discrepancies
are encourtered, it is dicult to decide which of the as-
sumptions is responsible for the disagreemen (As an ex-
ample we mention the Neiii problem discussedcompre-
hensively by Rubin et al. 1991and Sellmaier et al. 1996)

Rather, nebular modelling and diagnostics should be able
to build upon the reliability of the ionizing uxes, and

thus the quartitativ e accuracy of the uxes needsto be
tested independertly of their usein nebular emissionline

analysis.

The second{ and in the light of the diculties dis-
cussedabove, the only trustworthy { method is quite anal-
ogous,but instead of an external nebulainvolvesthe atmo-
sphee of the star itself. The rationale is that the emerger
ux is but the outer value of a radiation eld calculated
selfonsistently throughout the entire wind, which in u-
encesthe ionization balanceat all depths This ionization
balance can be traced reliably through the strength and
structure of the wind lines formed everywhere in the at-
mosphere.Henceit is a natural and important step to test
the quality of the ionizing uxes by virtue of their direct
product: the UV spectra of O stars.

4.2. Qualitative compaison with observations

The test is performed by meansof synthetic UV spectra
which are qualitatively compared to obsened IUE spec-
tra and as such cannot be expectedto conform in all de-
tails. (Minor discrepanciescan only be discussedat hand
of detailed comparisons.How such discrepanciesmight be

removed by an adjustment of the stellar parameters is
shown, as an example, by meansof a detailed compari-
sonfor Cam in section 4.3. In sewral spectral regions
with numerous absorption lines (Feiv, Fev, Niiv) dis-
crepanciesmight also be due to di culties in placing the
cortinuum of the obsenations.) For this qualitativ e com-
parison we have chosen,for ead model of a subsetof our
grid, a real object from the list of Puls et al. 1996 whose
supposedstellar and wind parameterscome very closeto
those of the model. The parameters of the model stars
and the selectedreal objects are summarizedin Table 6.
(The in uence of shack radiation on the modelshas been
neglectedat this qualitativ e step.)

First we investigate the spectra of the dwarf models.
As can be inspected from Fig. 22 the comparison of the
models D-30 and D-40 with their counterparts HD 149757
and HD 217068shaw in principle an overall agreemet,
whereasthe D-50 model, compared with its courterpart
HD 93250,shaws a sewere discrepancyconcerningthe Ov
subordinate line at 1371A (the calculated line is much
too strong) and a lesspronounceddiscrepancyof the N iv
subordinate line at 1718A (the calculatedline is somewhat
too weak). Hencewe have to realize that either the wind
physics is not completely described, or the stellar or the
wind parametersof this model aretoo di erent from those
of HD 93250.

Regardingthe rst point one might speculatethat the
inclusion of shack radiation leadsto an improvemert for
the Ov line, although this e ect would weaken the Niv
line further. As is showvn below, shock radiation cannot
solve the problem, asit doesnot a ect the strength of the
Ov line at all (cf. the discussionof the S-50 model be-
low). Regarding the secondpoint there are three param-
eters which could lead to an improvemert for both lines.
The rst oneis the e ectiv e temperature which, howeer,
would have to be decreasedby at least 5000K. This is on
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Fig. 22. Calculated UV spectra of the model grid dwarfs (left) compared to obsened IUE spectra (right) of stars of similar

spectral type.

the one hand extremely unrealistic, sinceO3 and O4 stars
would havealmost the sameTes, and it would on the other
hand produce another discrepancy due to an increase of
the strength of the Oiv line at 1338A (cf. the S-40model
in Fig. 23). The secondparameter is the massloss rate
and the third one is the abundance.In order to investi-
gate whether a systematic variation in the masslossrate
can solve the problem we computed a small model subgrid
for this object by changing the massloss rate for model
D-50, keepingall other parametersthe same(cf. Table 7).

The synthetic spectra obtained for the masslossrate
sequenceare shown in Figure 24. As can be seen,lower-
ing the masslossrate doesnot solve the problem of the
too-strong O v line, asthis is oneof the last lines to disap-
pearwith diminishing masslossrate, whereasthe Niv line
which was already too weak disappears immediately. A
masslossrate aslow as10 8M =yr would be required to
reduce the strength of the Ov line to the obsened case.
The only model where the situation has clearly improved
regarding both the Niv and the Ov line is D-50-a, the
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Fig. 23. Calculated UV spectra of the model grid supergiants (left) comparedto obsened IUE spectra (right) of stars of similar

spectral type.

one with a higher masslossrate. Hencewe conclude that
the masslossrate has to be larger by a factor of 2 {
note that this is also indicated by the stellar parameters
of HD 93250which are very closeto those of HD 93129A,
which meansthat the wind parametershaveto be similar
too; note further the strong similarit y of the obsened spec-
tra of HD 93129Aand HD 93250,which points in the same
direction (cf. Fig. 25, upper panel); in addition, the abun-
dancesof the CNO elemerts have to be reduced strongly
comparedto the solar values (for oxygen a reducedvalue

of approximately a factor of 50 is required to weaken the
strength of both the Oiv and the Ov line, as has been
inferred from additional test calculations). This, however,
should not be the casefor the heavier elemers (Fe, Ni)
since a solar-like abundanceof these elemerts is required
to accourt for the radiativ e accelerationnecessaryto pro-
duce the higher masslossrate (cf. Pauldrach 1987).

Now we inspect the comparisonof the supergiant mod-
els (Fig. 23). As is shawvn, the obsened spectra are re-
produced in principle quite well apart from minor di er-
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Fig. 25. Upper panel: Comparison of the IUE spectra of
HD 93129A (O31f) and HD 93250 (O3 V ((f))). Apart from

. . the strength of a few lines of light elemerts (e.g., the Niv
enceswhich can be attributed to a changeof abundances line at 1718A) the spectra are almost identical. Other pan-

(note that the_ discrepancy of the Nv resonancellne. IS els: In uence of shocks on the spectrum of the S-50 supergiant

due to the omitted shock radiation { seebelow). Again, model. Middle panel: without shocks, lower panel: with shacks.

the most conspicuousdi erence regardsthe Oiv and OV The inuence of the shocks on the strength of the Oiv and

subordinate lines which are both too strong, especially Ov lines is negligible.

for the S-40and the S-50models. From the investigation

above it is already quite clear that the abundance(s) of

the (CN)O elemeri(s) has (have) to be reducedin order Figure 25 shaws that the inuence of the shocks on

to overcomethis discrepancy Nevertheless,we investigate the strength of the Oiv and Ov lines, and hence the

now whether the inclusion of shack radiation leadsto an ionization balance, is negligible { just Ovi is enhanced
improvemert. We have therefore computed an additional selectiwely, which can be seenby the strength of the Ovi

model for the S-50 supergiant, model S-50-a, where the resonancdine. Another line which is considerablya ected

in uence of shocks on the spectrum has beenaccourted by shock emissionis the Siiv resonanceline. This is be-
for; the shack parametersare givenin Table 8. causethe soft X-ray radiation eld of the shocks enhances
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Model | D-50-a D-50 D-50-b D-50-c D-50-d
M (10 °M =yr)| 110 56 056 012 0.1

Table 7. Mass loss rates for the models shown in Figure 24.
All other parameters are identical to those of the D-50 model
shown in Table 5.

log(Lx=Lbor)
7.0

Vi =V
0.1 1 1

Table 8. Shock parameters for the S-50-a model shown in
Figure 25. For an explanation of the parameters seeSection4.3.

the ionization of Siv, and thus the reconbination to Siiv
is decreased(cf. Pauldrach et al. 1994. As canbeinferred
from Fig. 25 this improvesthe t of the Siiv line signi -
cartly . Concerningoxygenwe cometo the sameconclusion
as for the dwarf models, namely that the abundancehas
to be reducedstrongly comparedto the solar value.

4.3. Detailedanalysisof Cam

In this sectionwe provide, using our S-30grid model asa
starting point, a detailed determination of the abundances
and stellar wind properties, and veri cation of the stellar
parameters of Cam. Special emphasisis given to the
shock radiation neededfor a t of the Nv and Ovi res-
onancelines. Although preliminary results from our new
shock description look very promising (see section 3.5),
this new method is not yet fully implemented in WM-
basic. For this investigation we therefore usethe method
based on isothermal shocks. See Pauldrach et al. 1994
and 1994afor a detailed explanation of the shock param-
eters and the rationale behind the parameterization.

Wewish to point out herethat we have not attempted
an exactdetermination of logg and stellar radius, but have
rather kept the valuesof our S-30grid model. The reason
is that in cortrast to the hydrodynamics the UV spec-
trum depends only marginally on these parameters, the
main in uence being due to Te and M (i. e., density).
The radius and the surface gravity (logg) can in prin-
ciple be determined from a selfconsisteh calculation of
the hydrodynamics and the NLTE model, in which both
valueswould be adapted in such a way that the hydrody-
namics, with consistert force multiplier parameters from
the NLTE occupation numbers (in turn again dependert
on the hydrodynamic solution), would yield the massloss
rate and the terminal velocity deducedfrom H and the
obsened UV spectrum (cf. Pauldrach et al. 1994 19943.
This latter procedure has however not yet been imple-
mented in WM-basic.

In Fig. 26 we compare the spectrum of our basic S-
30 grid model with the spectra of Cam obsened with
IUE and Copernicus. With the exception of a few strong
lines, notably the Nv resonancedoublet at 1238,1242 A
and the subordinate Ciii line at 1247 A, the agreemen is
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Fig. 26. Comparison of the basic S-30grid model with spectra
of Cam obsened by IUE and Copernicus.

very good for a rst step, especially with respect to the
iron and nickel \forest" between1400and 1600A. As the
two lines mertioned above are mainly a ected by shock
radiation, and asit is not clear a priori how shocks a ect
the linesusedto determine, e.g., the temperature, we will
rst attempt to t the shock parameters before verifying
the stellar parameters.We note in passingthat the strong
lines from 1000to 1100 A (with the recurring pattern),
that complicate an exact t of the Ovi resonancdine, are
absorption by interstellar molecular hydrogen.

A model with reasonable\rst guess"values for the
shock parameters(model a, Table 9) already givesa very
good t to the Nv resonanceline, as shawvn in Fig. 27,
the emission,however, completely decimated by the much
too strong Ciii 1247line. Increasingthe X-ray luminos-
ity (log(Lx=Lpo)) to reducethe Ciii occupation unfor-
tunately also tends to ionize Siiii to Siiv, thus reduc-

(the
ratio of the maximum jump velocity to the terminal ve-
locity, where v; characterizes the immediate post-shack
temperature; seePauldrach et al. 1994 does not change
this fact, as we have conrmed by calculating a grid of
models with values of log(L x =Lpo) ranging from 8 to

6.5 and vi=v; ranging from 0.1 to 0.2. For example, a
model sequence(models b1{b3) is shavn in Fig. 28, in
which we vary log(Lx=Lpo) from 7.5t0 6.5, keeping
all other parameters constart (cf. Table 9). As can bee
still remainstoo strong. Adjusting the parameter (which
cortrols the strength of the shocks relative to the local ve-
locity { cf. Pauldrach et al. 1994 does not help either,
ner part of the wind, thus both being subject to the same
radiation eld.

From this we conclude that solar abundancescannot
reproduce the obsened spectrum. A model, howewver, with
a reduced carbon abundanceof one tenth solar (model c)
canindeedgiveagood t of the line, asshown in Fig. 29.
We will usethis abundancefor the following calculations,
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Fig. 27. Model a, using our \rst guess"values for the shock
parameters. Ciii 1247 is much too strong.
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Fig. 28. Models b1{b3, a sequenceshowing the in uence of
increasinglog(L x =Lpo). Note that Siiii disappearsbeforeCiii
has decreasedto its obsened strength.
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Fig. 29. Model c. Here we have adapted the shock parameters
and abundances(seeTable 9) to provide for a reasonable t of
Siiii and Ciii.

unlessstated otherwise. As carbon thus shaws indications
of the CNO-process,we have for reasonsof consistency
also increasedthe nitrogen abundanceby a factor of 10,
but suc a large factor is not compatible with the t of
the nitrogen lines; from the nal models we determined
the nitrogen abundanceto be approximately solar.
Despitethe good t, this modelis still not satisfactory,
as it shows no signsof Ovi. Sincethe Ciii/Siiii-balance
strongly constrainsthe shock strength in the inner regions,
this cannot be achieved simply by increasing the X-ray
luminosity. However, the onset of shacks can be adapted
with the parameter m, which givesthe ratio of outo w
to sound velocity where shocks start to form, and as the
jump velacity is correlatedto the out o w velocity, the cor-
responding radius (cf. Pauldrach et al. 1994. Increasing
this parameter allows shaocks in the outer regions(O vi ap-
pearscloseto vy ), while leaving the inner regions (where
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Fig. 30. Modelsd1{d4, a sequencen which the radius at which
shocks start to form has been successiely moved outwards,
keeping all other parameters equal. In model d4, where Siiii
remains fairly una ected by shocks, the P Cygni emission of
Ovi and Nv has completely disappeared.

Copernicus
model
T
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Wavelength ()

Fig. 31. Model e. Increasing the shock jump velocity provides
for harder shock radiation that hasa stronger in uence on Ovi
and N v than on Siiii. The abundancesof C, N, O, and P have
also been adapted.

shocks is already an important result from our analysis.
Fig. 30 shavs a model sequencen which m is increased
from 1to 60; log(Lx =Lpo) has beenincreasedcompared
to model c to provide for sucient Ovi. It can beeseen
that in model d4 (m = 60), where Siiii retains its cor-
rect strength and the absorption of Ovi and Nv is of the
correct magnitude, the emission of both latter lines has
disappeared completely. This is becausethe emission of
P Cygni lines due to resonancescattering arisesto a large
part from the inner regionsof the wind, where the stellar
radiation eld is still strong; in this model however, N v
and Ovi hardly exist in theseregions,sincethe shock ra-
diation responsible for the presenceof theseions is only
produced far out in the wind and the ionization cortin-
uum is still optically thick at the corresponding photoion-
ization thresholds. We conclude that the onset of shocks
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Table 9. Model parameters for
to the solar value. Te isin K, M_in 10 ®M =yr.

29

Cam. Abundances not explicity mentioned are solar; if given, the number is the factor relative

Model Teft M vi=v; log(L x=Lbol) m abundances
a 30000 5 0.125 7.5 1 1 solar
bl 30000 5 0.14 7.5 1 1 solar
b2 30000 5 0.14 6.0 1 1 solar
b3 30000 5 0.14 6.5 1 1 solar
c 30000 5 0.20 7.5 05 1 C=01,N=10,0=10,P=0.1,S= 20
di 30000 5 0.14 7.0 05 1 |
d2 30000 5 0.14 7.0 05 30 |
d3 30000 5 0.14 7.0 0.5 40 |
d4 30000 5 0.14 7.0 05 60 |
e 30000 5 0.25 6.5 05 30 C=01,N=20,0=03,P=0.05S=1.0
f 29000 5 0.25 6.5 05 30 |
best t ! g 29000 5 0.25 6.5 05 30 C=005N=100=03P=0.055S=1.0
h 28000 5 0.25 6.5 05 30 |
i 28000 2.5 0.25 6.5 05 30 |
i 28000 10 0.25 6.5 05 30 |
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Fig. 32. The complete EUV spectrum of model e (Ter =
30000K).

must lie further in, and, correspondingly, the shock radi-
ation must be harder (maximum at smaller wavelengths)
than attainable with av;=v; value of 0.14,soasto havea
comparatively largerin uence on Nv and Ovi via Auger-
ionization than on Siiii via photoionization.

This reasoningis con rmed by model e (Fig. 31), in
which we have reduced m to 30 and increasedv;=v; to
0.25 (corresponding to a maximum shock temperature of
2:0 1C°K). The shack parametersof this model yield the
best overall agreemen of the most important UV spectral
lines. Note that for this model we have in addition reduced
the phosphorusabundanceto 0.05times solar, to obtain
a t of the Pv line. As it concernsonly a single elemen
and since evidencefor an underabundanceof phosphorus
has already beenencourtered from an analysis of another
hot star, namely the O4f-star Puppis (cf. Pauldrach et
al. 1994 and Section 3.5, this paper), it is most lik ely that
the discrepancybetweenthe obsened and calculated P v
resonancdine is causedby the proposedabundancee ect.
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Copernicus
model

HD 30614 (a Cam) + model f

0 I I I
1500 1550 1600 1650 1700 1850 1900

Wavelength ()

Fig. 33. Model f. Like model e, but with a Ter of 29000K.
Note the better t of Siiii and Oiv.

We further note that the imbalanceof Siv and Sv is most
likely due to a combination of abundancesand imperfect
atomic data, asour Siv atomic model hasnot yet reated
the quality of those of other ionization stagesand is still
in a stage of rather incomplete description (cf. Table 1).
Note that we have also reduced the oxygen abundance,
thereby improving the t of both Oiv and Ovi.

Having thus constrained the strength and distribu-
tion of the shacks, we still needto ched to what extent
the e ectiv e temperature and the masslossrate can be
constrained further through our analysis of the UV spec-
trum. For this purpose,we have computed a model with
Test 0f 29000K but otherwise sameparameters(model f),
whose spectrum is shown in Figure 33. Comparing this
to the spectrum of model e (30000K) (Fig. 32) we note
a marginally better t of the spectral region from 1450
to 1650 A, and a slight improvemert in Siiv and Oiv.
More signi cant is the extreme sensitivity of the Siiii and
the Ciii line to this small changein temperature, which
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Fig. 34. Model g. Like model f, but with adapted abundances(see Table 9). This is our best t.

revealsthat theselines can be utilized astemperature in-
dicators in this spectral range. We concedethat the t of
N v is still somewhatimperfect, but point out that the
shack model usedis not in a nal stage (seeabove); we
expect this to improve with our new method. In a next
step we have reduced the carbon abundance further (to
0.05 solar) and nitrogen to solar abundance, as this im-
proved not only the Nv/C iii t, but alsothe Niii line at
1183,1185A (model g, Fig. 34). Note alsothat the satu-
rated Civ resonanceline is not a ected by this change of
the carbon abundance.

If one assumesthe consenation of CNO abundances
and believesthat the abundancesproduced in the inner-
most part of the star appearin the sameratio at the sur-
face of the star, then the results obtained above for the
CNO abundancesindicate that the ZAMS abundancesof
the light elemerts in alpha Cam deviate from the solar
values. (Latest ewolutionary calculations by Meynet and
Maeder (2000) incorporating the e ects of rotational mix-
ing show that processedmaterial is more e cien tly trans-
ported to the surfacethan previously thought.) Our analy-
sisshaws a nitrogen overabundancerelativeto carbon and
oxygen; whether this will have implications concerningthe
metal dependenceof the formation of massiwe stars is not
clear at this time.

Lowering the e ectiv e temperature further to 28000K
worsensthe t, asthe iron and nickel lines around 1500A
becometoo strong (Fig. 35). As the strength of theselines
depends also on the masslossrate, it is conceiable that
an adaptation of this parameter can againimprovethe t.
Howewer, M. is strongly constrained by the strength of the
Heii line, asdemonstratedin gures 36 (M- = 2:5) and 37
(M. = 10). We have conrmed in test calculations that
the iron abundancemust be solar (Z = 1:0) to reproduce
the obsened spectrum and to accourt for the radiative
accelerationneededto producethe obsened masslossrate
(cf. Pauldrach 1987, a nding compatible with our earlier
statemert concerningthe relative abundancesof iron to
the light CNO elemers.

Finally, wewish to illustrate the in uence of the shocks
on the ionizing ux of Cam. In Figure 38 we compare
the ionizing ux of our S-30supergiant grid model, where
shacks have been neglected, to that of our model e for

Cam. (We have used model e for this comparison, and
not our nal model g, since model e and the grid star S-
30 both have the samee ectiv e temperature of 30000K.
The other models (afj) of coursehave similar X-ray and
EUV uxes to that of model e.) Due to the lower opti-
cal depth redward of the Heii edge,the shock radiation
enhancesthe ux asfar asredward as 400 A; this might
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Fig. 35. Model h. Sameas model g, but with Ter = 28000K.
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Fig. 36. Model i. As model h, but with a lower massloss rate
(M=25 10 ®M =yr comparedto M. = 5 10 ®M =yr for
model h).

have important implications concerningthe solution of the
Neiii problem (cf. Sellmaieret al. 1996, pending further
investigation. Note: the Zanstra integral for Heii is in-
creasedfrom log Qe+ = 6:39 for the S-30model to 15.07
for model e!

(The inuence of the shocks on the EUV spectrum
is larger in  Cam than in  Puppis, due to the lower
e ectiv e temperature and thus overall lower EUV uxes
{ this is in agreemen with MacFarlane et al. (1994), who
show how the importance of X-rays decreasedrom B type
stars and late O typesto earlier types.The in uence of the
shacks on the whole spectral regime from EUV to radio
has beenshown by Pauldrach et al. (19944 their Fig. 11)
and especially for EUV and UV by Sellmaieret al. (1993);
the expectedin uence on the ionizing uxes hasalsobeen
discussedby Scaererand de Koter (1997).)

5. Conclusions

After along period of work in the areasof non-LTE radia-
tiv e transfer, hydrodynamics, and atomic physicswe have
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Fig. 37. Model j. As before, but with a higher massloss rate
(M-= 10 10 ®M =yr). Note the changein the strength of
the Heii line.
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where shocks have beenneglected, to that of model e, showing

the non-negligible in uence of shocks on the ionizing uxes.

now deweloped a fast numerical model code for expanding
atmosphereswhich incorporates for the rst time the re-
quired physics without restrictive approximations { rate
equations for individual levels of all ions using detailed
up-to-date atomic models, the equations of stationary ra-
diation hydrodynamics, the energyequation, the radiativ e
transfer equation including the e ects of overlap of numer-
ous spectral lines of di erent ions, and a realistic descrip-
tion of shack emissionfrom instabilities in the stellar wind
ow { thus making a quartitativ e analysis of obsened
high-resolution UV spectra via comparisonwith synthetic
spectra reasonable One of the most complicating e ects in
this complex physical systemis the overlap of thousandsof
spectral lines of di erent ions. Especially concerning this
latter point we have madesigni cant progresswith regard
to our model code; the decisive factor has beento relax
somerather sewere approximations concerningthe correct
treatment of Doppler-shifted line radiation transport and
the correspnding coupling with the radiativ e rates in the
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rate equations. We have demonstrated that these modi -
cationsto the modelsconcerningthe energydistributions,
ionizing corntinua, and line spectra lead to much better
agreemen with the obsened UV spectra. This has im-
portant repercussionsfor the quarntitativ e analysis of hot
star spectra.

With this new method in hand we have already pre-
serted a new basic model grid of stars of solar metallicit y
that can be used as input for the analysis of spectra of
emissionline nebulae. The qualitativ e diagnostic investi-
gation performed on basisof the model grid revealedthat
for the most massiwe stars of our sample (HD 93129A
and HD 93250)the oxygen abundanceis considerably re-
ducedcomparedto the solarvalue.In fact, it is conceiable
that these stars are extremely massiwe precisely because
the cooling behavior of the protostellar clouds from which
they formed is correlated with a lower oxygen abundance.
This would mean,howewer, that alower oxygenabundance
should be obsened in all massiwe stars younger than O5.
This conclusionis in addition supported by the fact that
no very strong OV lines are obsened for this kind of ob-
jects.

From the rst detailed analysisof the 09.5 supergiant

Cam we concludethat our spectrum synthesistechnique
does,in principle, allow the determination of e ectiv e tem-
perature and abundances{ in fact, a determination of the
e ectiv e temperature to within ~ 1000K and of the abun-
dancesto within a factor of 2 seemsnot unreasonable.
Carbon and phosphorusshow clear signsof an underabun-
danceon the order of onetenth its solarvalue, asdoesoxy-
gen with about 0.3 solar, whereasthe abundanceof iron
must be roughly solar to reproduce the spectrum of the
numerous Feiv and Fev lines. To produce the ionization
balance obsened in the lighter elemers C, N, O, and Si,
the in uence of shock radiation must start at larger radii
where for shorter wavelengthsthe largest shock tempera-
tures dominate. Thus, the way the X-ray spectral region
selectiely a ects the ionization balance of dierent ele-
merts, obsenable through the linesin the EUV spectrum,
provides constraints on the lower shack temperatures; we
have determined maximum shock temperatureson the or-
der of 2.0 10° K. Especially the Siiii and Ciii lines have
beenfound to be invaluable diagnosticinstruments for this
purpose. Our detailed analysis of the UV spectrum and
the shocks neededto reproduce the obsened lines has led
to a signi cant di erence in the ionizing ux comparedto
models without shocks. Thus we conclude that this type
of analysisis indispensableand must be regarded as the
ultimate test for the accuracyof ionizing uxes from mod-
els.

Our researt plan for the future hasthree major ob-
jectives.First, wewill haveto implemernt further improve-
mernts to the model atmospherecode, especially concern-
ing the planned analysis of optical lines. For this pur-
pose Stark broadening has to be included for the af-
fected spectral lines (e.g., H and Hei lines) and concern-
ing the rate equations instead of using the Soholev-plus-
cortinuum method some of these lines should be treated

A. W. A. Pauldrach et al.: NLTE line blocking and blanketing

in the comoving frame, if they are used for diagnostic
purposes(cf. Sellmaier et al. 1993 who found that com-
pared to the comoving frame treatment the Sobolev-plus-
cortin uum approximation leadsto a non-negligible change
of the strength of someH and He lines). In connection
with this someminor approximations will also have to be
cheded in detail.

Second,we plan to apply the model atmosphere code
to acomprehensie sampleof stars of di erent metallicities
for modelling ionizing uxes and line spectra, the qualita-
tiv e review of the model grid presenied in this paper being
just a rst step for a detailed quantitativ e analysis of ion-
izing uxes and quartitativ e veri cation of the accuracy
and reliabilit y of the models. Furthermore, spectral anal-
ysis in the UV and the optical range of individual stellar
objects in Local Group galaxiesand in galaxiesas distant
asthe Virgo Cluster will be performed.

Third, we plan on using the technique of population
synthesis to calculate integrated spectra for a large range
of stellar metallicities from synthetic UV spectra of our
new models, for the determination of stellar abundances
and the physical properties of the most UV-luminous stars
in star-forming galaxieseven at high redshifts. With our
new diagnostic tool of detailed models for expanding at-
mospheres,and the obsenations of the HST spaceobser-
vatory and the ESO VLT ground-basedtelescope which
are already available, the concept of using luminous hot
stars for quantitativ e UV spectral analysesfor determin-
ing the properties of young populations in galaxiesis not
only reasonable,but rst tentative stepsin this direc-
tion have already beentaken (see,for instance,Mehlert et
al. (2000, 2001, whose rst diagnostic investigationshave
shown that, considering proper reddening, the spectra of
galaxiesthey had obsened at high redshifts (z  3) can
in principle be tted with synthetic spectra from our hot
star models).
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Appendix A: A new concept for a fast solution of
the Rybicki-metho d

Here we present for the solution of the Rybicki-scheme a con-
cept which is compared to the standard procedure 10 times
faster on a vector processorand 3 to 5 times faster on a scalar
processor(see Sec. 3.3).
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We start from the nal system for the solution of the mean
intensity { the vector J describesits depth variation (the num-
ber of depth points is N):

J=W 'Q (A1)
with (N is the number of p-rays)
x° x°
wW=w 1= 1 T, 'Y Q= T, 'K (A2)
j=1 j=1
where
0 1
Wy
T = TJ-OWJ- L w; = %D X; (A.3)

WNi i

and N; is the number of radius points for the jth p-ray
(cf. Fig. 6). w; is the diagonal matrix of the integration weights,
and TJ-0 is atri-diagonal matrix de ned by the coe cien ts of the
di erence equation of transfer
aj Ui 15 + by uij + Gij Uisry iJi= @  )S (A4)
where a;; , b; , and c;; are the coe cien ts asin eq. 20 (sec-
tion 3.3.1) for the jth p-ray,
0 1
by ¢y

TJ-O:%}-.V. X:

aNj i b\lj B

(A.5)

The variables u;; arethe symmetric averagesof the intensities,
the coe cien ts ; are the ratios of Thomson-opacities to total
opacities, and the diagonal matrix U; and the vector K ; are
de ned as

0 1 0 1
(1 1)S1

_ X :(A.6)
Nj RPN

The usual, but time-consuming solution method is to calculate
the inversematrices T, 1 { by a forward-elimination and back-
substitution procedure { and from these, obtaining Q and W,
and, nally , J.

Due to the diagonal character of the matrix U; this is,
however, not necessary becausefrom the solution of the rst
column of W obtained by using just the rst column of Uj
in eq. A.2 the solutions of the remaining columns of W can
be generated. Hence, the elimination procedure only has to
be applied to the following two sets of equations (NP is the
maximum number of p-rays for the ith radius point):

X’
Qi = Kii 1 (A7)
j=1
X’ X’
Wit = Ui = Bii Vi1 (A.8)
j=1 j=1
with
Kj =T 'Kj; B =T 'Bj (A.9)

where
0 1

\4:1:% 12

(A.10)

Oll
0
Bj:%,§i
0

Note that since the solution procedure is not recursive with
respect to the index j the elimination can be performed si-
multaneously for all p-rays. Note further that the structure of
the sumsin egs.A.7 and A.8 are equivalent to the operations
x = Ay where A is a triangular matrix. Thus, blas level-2
routines can be applied.

For the construction of the remaining columns of W we
now make use of the already calculated matrix Bj; and two
auxiliary matrices obtained asa byproduct during the forward-
elimination procedure by solving eq. A.8.

The rst oneis:

Fil = F afpis i=L:N 1 (A.11)
with
Fj?o =1 fii = @i+ =i : (A.12)

Here®; is the updated value of by; obtained after the forward-
elimination step by solving eq. A.8 (B +1 = b +1 + fji G ).
The secondone is:

Fio= Fitagis  i=N Ll (A.13)
with
Fin = 1L Faog = 1; gi = G =h: (A.14)

of W (where | denotesthe position of the unity value for the
vector B in eq. A.10) { consists of two parts, where the rst
part replacesthe forward-elimination and the secondpart the
bacdk-substitution procedure:

In the rst part the componerts i = I;:::;N of the Ith
column of W are determined by
X’
Wi = Bii Vi (A.15)
j=1
where
VJ':(I) = Vi =Fﬁ 1 (A.16)

Again, a triangular matrix has simply to be multiplied by a
vector using a blas level-2 routine.

In the secondpart the componerts i = | 1;:::;1 of the
Ith column of W are determined by
R
Wy = FoVi° (A.17)
j=1
where
viP= v? By =F (118

Now, a rectangular matrix has simply to be multiplied by a
vector again using a blas level-2 routine. Hence, instead of a
number of operations N ® a number of operations only N2
must be performed, and as extremely fast routines are used
to solve the non-recursive system, the solution of the Rybicki-
scheme is now almost as fast as the solution of the momernts
equation.
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Fig. B.1. Upp er panel: Mean intensity in a one-dimensional
nebula; constant source function, high opacity on the left
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tion methods give the sameresults. Lower panel: If the rst

grid point with low opacity is given a high source function, the
old method producesarti cial emission. The new method does
not show this behavior.

Appendix B: A simple demonstration of
the failure of the standard
discretization of the
equation of transfer

Let us assume a one-dimensional, sharply bounded cloud of
material of moderate opacity,

1; jzj< 5
10 % jzj 5 &1
with a symmetric boundary condition at z = 0 (the middle
of the cloud) and no inux from the outside (i.e.,| = 0 at
z = 10).

With a constart source function S = 1 everywhere, both
the old and the new discretization of the transfer equation yield
essemially the sameradiation eld (upper panel of Figure B.1),
a solution which is immediately obvious: The certer of the
cloud (z = 0) is optically thick, the intensity there thus equal
to the source function. Towards the edge of the cloud, more
and more radiation escapes, and the intensity decreases.On
the outside of the cloud, essetially no emission is produced

(nothing is absorbed, either); only the radiation emitted by
the cloud contributes to the local intensity (since we have no
inux from the right), therefore u = 1s.

The results change considerably if we adopt a high source
function of S = 100 for the single grid point at z = 5, the
rst grid point outside of the cloud. As illustrated in the lower
panel of Figure B.1, the old method produces extra emission
on a scale of

_ 1 Lo L 10
I = §S 2100 2(1+ 10 &) z (B.2)
%100 z: (B.3)

For the grid with 100 points,

11
5+ = =1 1= 1.7
u 0:5 24OOO 5

z = 0:1, giving us an intensity
(B.4)

outside the cloud. (0:5 is from the normal emissionof the cloud
asbefore, and the factor 1=2 in the secondterm is again due to
the fact that u= 2(1* +1 ), with | = Oonthe outside of the
cloud, sothat u= 1I1".) The extra emissionis proportionally
reduced in the ner grids as z gets smaller.

The new method, on the other hand, is essetially indi er-
ent to the grid spacing in this particular con guration, since
the emissionis only computed on the basis of the local opacity,
which is low for the point in question. If we were to choosea
point inside the cloud to have a high sourcefunction, then both
methods again produce similar results, also dependert on grid
spacing, since in this casethe point in question does have a
high opacity, and therefore produces substartial emission pro-
portional to the interval length.

Concluding, it can be said that the discretization methods
dier in the assumptions that are made about the emissivity
(in the old method, based on average values of opacity and
source function assuming linear run between the grid points;
in the new method, extrapolating the local value) { informa-
tion not available given just the values at the grid points, and
which must therefore be supplied separately through the choice
of discretization coe cien ts. It just so happens that the new
method producesresults which are more compatible with our
detailed formal integral.
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