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ABSTRACT

Context. X-raygEUV radiation emitted from wind-embedded shocks in hot, sivasstars canféect the ionization balance in their
outer atmospheres, and can be the mechanism responsitie fmoduction of highly ionized atomic species detectestétiar wind
UV spectra.

Aims. To allow for these processes in the context of spectral aislywe have implemented the emission from wind-embeddacksh
and related physics into our unified, NLTE model atmospispectrum synthesis code FASTWIND.

Methods. The shock structure and corresponding emission is catmlik a function of user-supplied parameters (volume fifticg
tor, radial stratification of shock strength, and radialedres emission). We account for a temperature and densdifgtation inside
the post-shock cooling zones, calculated for radiativeaatiabatic cooling in the inner and outer wind, respectivEhe high-energy
absorption of the cool wind is considered by adding impdrkashell opacities, and corresponding Auger ionizaticiesdave been
included into the NLTE network. To test our implementationl &0 check the resultinglects, we calculated a comprehensive model
grid with a variety of X-ray emission parameters.

Results. We tested and verified our implementation carefully agatestesponding results from various alternative model atmo
sphere codes, and studied theeets from shock emission for important ions from He, C, N, ©a8d P. Surprisingly, dielectronic
recombination turned out to play an essential role for thezation balance of @/Ov in stars (particularly dwarfs) witfeg ~
45,000 K. Finally, we investigated the frequency dependeardradial behavior of the mass absorption @ogent,«,(r), important
in the context of X-ray line formation in massive star winds.

Conclusions. In almost all considered casefirect ionization is of major influence (because of the enhanced EéNation field),
and Auger ionization significantlyfi@cts only Nvi and Ovi. The approximation of a radially constantis justified forr > 1.2R, and
1< 18 A, and also for many models at longer wavelengths. To estitthe actuatalueof this quantity, however, the Heopacities
need to be calculated from detailed NLTE modeling, at lezsivivelengths longer than 18 to 20 A, and information ontliévidual
CNO abundances has to be present.

Key words. Methods: numerical - stars: atmospheres - stars: earky-tgpars: winds, outflows - X-rays: stars

1. Introduction of unified (or global) model atmospheres (Gabler etlal. 1989)

. which aims at a consistent treatment of both photosphere and
Most of our knqwledge about the physmal_pa_rameters of h\?/{]nd i.e., including (steady-state) mass loss and veldigtds.
stars has been inferred by means of quantitative Spect"y”sccExarr'1ple’s of such codes are CMFGEN (Hillier & Miller 1998)
i.e., the analysis of stellar spectra based on atmosphedels. PHOENIX (Hauschild{ 1992), ®VR (Grafener et al_2002) '
The computation of such models is quite challenging, mdosty WM-BASIC (lEauIsiLth_el_élL_ZD_’Dl) and FASTWIND_(Puls et z’1I
cause of the intense radiation fields of hot stars leadingious > Rivero Gonzalez etial. 2018a)A brief comparison of '
effects that are absent in the atmospheres of cooler ones, stll_ﬁ%%% diferent codes can be foun : Uls (2009).
as the requirement for a kinetic equilibrium descriptiotsga In the present paper, we report on recent progress o improve
f;rgiggoﬁ?gﬁ\?ewﬂﬁ&s non-LTE) and the presence of strongthe capabilities of FASTWIND, which is widely used to anayz

. j\Zg optical spectra of hot massive stars ge.g., in the context of

In recent decades, a number of numerical codes h S VL T-rLames SUrvey of massive sta {al. 2008, and

been developed which enable the calculation of synthete p
fileg/spectral energy distributions (SEDs) from such hot stanIQe VLT-raves Tarantula Survey, Evans etal. 2011). One of the

Apart from plane-parallel, hydrostatic codes that can leslue Mmost challenging aspects of these surveys was the analysis o

analyze those atmospheres which are ldkacted by the wind 2MOSPheric nitrogen content (processedin the stellarinpthe
(e.g., Lusty, [Hubeny[ 1998; Brar/Surrack m&hml CNO-cycle and transported to the outer layers by rotatiome

Butler & Giddings 1985), all of these codes apply the concept
1 The multi-component code developed by Krticka & Kubhataep

* Appendices A, B, and C are only available in electronic fotrm dhat will be referred to later on has been designed to cakette wind
http;//www.edpsciences.org properties, and has not been used for diagnostic purposas so
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ing), in order to derive stringent constraints for up-tdedavo- but see alsb Rauw etlal. 2015) where the hot shocked gas (with
lutionary calculations. Though the optical nitrogen asayof temperatures of a few million Kelvin and a volume filling fac-
B-stars (dwarfs and supergiants with not too dense windslficotor on the order of 16 to a few 102) is collisionally ion-
still be performed by a hydrostatic code (in this case TLUST Yzedexcited and emits X-rgi£UV photons due to spontaneous
e.g., Hunter et al. 2007, 2008), a similar analysis of haitars decay, radiative recombinations and bremsstrahlung. is-a
with denser winds required the application of unified model aent,cool wind then re-absorbs part of the emission, mostly via
mospheres, due to the wind impact onto the strategic nitrogé-shell processes. The strength of this wind-absorptios da
lines [Rivero Gonzalez et!al. 2011, 2012a, Martins Et alZ20 strong frequency dependence. For energies beyond 0.5 kgV (e
Moreover, because of the complexity of the involved proee,ssthe CHANDRA -bandpass), the absorption is quite modest, (e g
the precision of the derived nitrogen abundafdssstill ques- [Cohen et al. 2011), whilst for softer X-rays and the EUV regim
tionable. To independently check this precision and toialfta- the absor tion is significant, even for winds with low masss|
ther constraints, a parallel investigation of the carbom(@xy- rate (e.gﬁ@%). In the latter case, only al$raat
gen) abundances is urgently needed, since at least/aidin- tion of the produced radiation actually leaves the wind.
danceratio as a function of MO might be predicted almostinde-  This simple model, sometimes extended to account for the
endent from the specific evolutionary scenario (Przykillal.  post-shock cooling zones of radiative and adiabatic sh(sses
), and thus allows individually derived spectroscafian- |Feldmeier et dl. 1997a, but also Owocki et al. 2013), is used i
dances to be tested (see also Martins et al. 2015a). the previously mentioned NLTE codes, particularly to actou
As shown by Martins & Hillier (2012), however, the opticalfor the influence of X-rafEUV emission on the photo-ionization
diagnostics of carbon in O-stars is even more complex than tfates.
nitrogen analysis, since specific, important levels aregrohby Since the detection of high ionization stages in stellardwin
a variety of UV resonance lines. Thus, an adequate treatofientUV spectra, such as @, Svi, and Nv (Snow & Morton/ 1976,
UV lines (both for the optical diagnostics, but also to coamist [Lamers & Morton 1976, Lamers & Rogerson 1978), that cannot
the results by an additional analysis of carbon lines lat@ite be produced in a cool wind (thus, denoted by ‘superionindio
the UV) is inevitable. If at least part of these lines are fechin  the responsible mechanism was (and partly still is) suljct
the wind, the inclusion of X-ray and EUV emission from winddebate. Because the X-ray and associated EUV luminositly emi
embedded shocks turns out to be essential (see below)sthiget by the shocks is quite strong, it can severdlga the de-
the main reason (though not the only one) for our current ugree of ionization of highly ionized species, by Auger ia@tian
date of FASTWIND. Other codes such as CMFGENWHR, (Macfarlane et al. 1993), and even more by direct ionizaition
and WMsasic already include these processes, thus enabling tihe EUV (Pauldrach et al. 1994, 2001). A fisststematiénves-
modeling of the UV (e.gl, Pauldrach etlal. 2001, Crowthet.et aigation of these fects on the complete FUV spectrum, as a
12002, LHamann_&stmd/EZQlZ) and the analysis of carb@umction of stellar parameters, mass loss, and X-ray lusitgpo
|%ﬁél&ggogen and oxygen, e.g., Bouret et al. 2012, Magirad.  has been performed by Gaidia (2005).
for the case of Galactic O-stars). In this paper, we present our approach for implementing
X-ray emission from hot stars has been measured at saihd-embedded shocks into FASTWIND, to allow for further
(0.1 tozx 2 keV) and harder energies, either at low resolutioprogress as outlined above, and report on corresponditg tes
in the form of a quasi-continuum, or at high resolution allogv  and first results. In Sedil 2, our model for the X-ray emissiod
the investigation of individual lines (e. kinova €12006, cool-wind absorption is described, together with the cimgpio
|Owocki & Coheh[ 2006/ Hervé et 18, Leutenegger et ahe equations of statistical equilibrium. In S§dt. 3 we presur
2013b, Cohen et al. 2014b, Rauw et al. 2015). Already the firsiodel grid which constitutes the basis of our further disirs
X-ray satellite observatory, EINSTEIN, revealed that @stare Sect[# provides some basic tests, and $éct. 5 presentsfirst r
soft X-ray sources (Harnden etflal. 1979, Seward et al.l18n@), sults. In particular, we discuss how the ionization fracsiaf
Cassinelli & Swankl(1983) were the first to show that the olspecific, important ions arefacted by X-ray emission, and how
served X-ray emission is due to thermal emission, dominatttese fractions change when the description of the emiggiien
by lines. Follow-up investigations, particularly by ROSARve ing factors, shock temperatures) is varied (Jeci. 5.1). We-c
subsequently allowed us to quantify X-ray properties fonyna pare with results from other studies (Séct. 5.1.4), andsiyate
OB-stars (see_Kudritzki & Puls 2000 and references thereimie impact of Auger compared to direct ionization (SECi).5.2
Accounting also for more recent work based on CHANDRA and/e discuss the impact of dielectronic recombination in i@
XMM-N ewTon, it was found that the intrinsic X-ray emission ofSect[5.B, and comment on the radial behavior of the mass ab-
‘normal’ O-stars is highly constant w.r.t. time (e.g., da#t’a sorption coéicient (as a function of wavelength), an important
[2013), and that the level of X-ray emission is quite strlc:tety issue for X-ray line diagnostics (Sett.5.4). Finally, wegent
lated to basic stellar and Wlnd parameters, e.g/lyo ~ 10"  our summary and conclusions in S¢gt. 6.
for O-stars wski 1989, Sana et al. 2006, Naa€ e
2017).
Such X-ray emission is widely believed to originate fron2, Implementation of X-ray emission and absorption
wind-embedded shocks, and to be related to the line-driveni iy EASTWIND
stability (LDI, e.g., Lucy & Solomdn 1970, Owocki & Rybicki
1984, [Owocki et 41 1988, Owoeki 1994, Feldmkeler 1995Dur implementation of the X-ray emission and absorptiomfro
In terms of a stationary description, a simple model (e.gvind-embedded shocks follows closely the implementatipn b
Hillier et all[1993[ Cassinelli et 4. 1994) assumes rangatis- |Pauldrach et all (2001) (for WMasic, see alsd Pauldrach ef al.
tributed shocks above a minimum radi&,, ~ 1.5R. (consis- [1994), which in turn is based on the model for shock cooling
tent with X-ray line diagnostics, e.q., Leutenegger et L3, zones developed by Feldmeier eft al. (1997a) (seeBect.d@pEx
for the description of the cooling zones, this implemenotais
2 which, for early-type O-stars, suggest verfigent mixing pro- Similar to the approaches b;LI:I.LllLQL&MllbL(lQDS) (CMFGEN
cesses already at quite early stages (Rivero GonzaleZ28¥b) (who use a dterent definition of the filling factor, see below),
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Oskinova et dl. [(2006) (POWR), and Krticka & Kubat (200%ollowing [Feldmeier et al. (1997a), accounting for radiatand
hereafter KK09). In the following, we summarize our apptoacadiabatic cooling in the inner and outer wind, respectiebe
Sect[2.B). We integrate over 1,000 subgrid points withirfind-
ing identical results for botli(r) andg(r) as well as for\,, com-

ared to the original work (Figs/1 and 28 in[Eeldmeier et al

2.1. X-ray Emission

Following|Feldmeier et all (1997a), the energy (per unitaf v ). Note that by settinf= g = 1, we are able to return to
ume, time and frequency), emitted by thet gas into the full non-stratified, isothermal shocks.
solid angle 4 can be written & In our implementation, the (integrated) cooling functioa
thus the emissivity is evaluated in the interval between hey
& = Tx(np(rne(r)A, (ne(r), Ts(r)) (1) 2.5keV, for a bin-size of 2.5 eV. These emissivities are tleen

wheren,(r) andne(r) are the proton and electron density of thé@mpled onto our coarser frequency grid as used in FASTWIND,
(quasi-)stationary, ‘cool’ (pre-shock) wind(r) is the shock insuchaway as to_preserfesv dvin ea_lch of the coarser subin-
temperature, andk (r) the filling factor related to the (volume)tervals, thus enabling correct photo-integrals for the exjua-
fraction of the X-ray emitting materilindeed, this definition tions. ) _
differs from the formulation suggested by Hillier et al. (1993, The immediate post-shock temperatufgy(r), entering
their Eq. 2), since we include here their fafita6 into fx. This Ed.[4, follows from the Rankine-Hugoniot equations:

definition is then identical with that used in WhAsic, POWR )

(presumabf§) and by KK09, whilst the relation to the filling fac- T4(r) = 3 pumy (uz N [Eag (1 3 as)]) (5)

tor used in CMFGEN@, is given by 16 kg 5

14 u2?

fx = 16€2. (2) whereu is the jump velocityu the mean atomic weight, arsd

o . .. the adiabatic upstream sound speed. For simplicity, welzk
In principle, A, is the frequency dependent volume emissiofyg shock temperature from a more approximate expressien, n
codficient (‘cooling function’) per proton and electron, calcug,

X . ecting the term in the square bracket, i.e., assumingttba
lated here using the Raymond-Smith cokj_e_CRaynmn_d_&ﬁm%ﬂock gcenaria(z > a2): g gitbes

[1977, see alsb_Smith etlal. 2001), with abundances from the
FASTWIND input, and neglecting the weak dependencegon 3umy ,
We evaluate the cooling function at a fixed electron density, Ts(r) = 6 kg " (6)

ne = 10'° cm3 (as also done, e.g., by Hillier etlal. 1993 and

IFeldmeier et &l. 1997a), and have convinced ourselves oBthe To derive Ts, we thus need to specify the jump velocity
lidity of this approximation. We note here that the only dp&lc adopted in accordance with Pauldrach étlal. (1994, theiBEq.
features with a significant dependence on electron densithha as

forbidden and intercombination lines of He-like emissiame u(r) = u [m]y @)
plexes, and even there (i) the density dependence is ‘swdimpe B

by the dependence on UV photo-excitation, and (ii) in angcas

; . c .~ Whereu, is the maximum jump speed which in our implemen-
}izizlggi/t&fgggg e;pgg:é;‘ Egrg grr]r;kélrr\g[éon line comp(exd tation is an input parameter (on the order of 300 to 600 Km's

; ; . ding to a maximum shock temperatligg,~ 10° to
Contrasted to the assumption of a hot plasma with a f.xga”espon ) X
post-shock temperature and density (as adopted in some of Ih .107 K for (g-starsz), ttr(])gtether ;N'thththe. expontlem_t(m tngt
above codes), in our implementation we account for a tempepép'ca range u.s... ) 1at couples the jump velocity Witk

ture and density stratification in the post-shock coolingesy °utflow velocity, controlling the shock strength. A paraerét
noting that the decreasing temperature and increasingtgdengaltl'og ‘SbL:ChkatS Emh7 1S mS{'/V%teg p“ma“']}(l by tple obic,ervehd SO
should significantly contribute to the shape of the emittech cafle ack trougns i -ygni profiies. INamely, when
spectrum (Krolik & Raymorldl 1985). To this end, we adopt th@odeled using a steady-state winguch black troughs can

- : ; ly be reproduced when assuming a velocity dispersioririhat
by Feldmeier ef al. (1997a), tegte 2" . . locl
Ztr:]uitctteu(;%ﬁg%y (eéj@ 1)': O\I/errnthlercooliln 91209n7ea) and integee creases in parallel with the outflow velocity, interpretscdyp-
' ical signature of wind-structure (e.g., Groenewegen e

& = fx (NNe(NNe(r) A, (10 cmi-2, T(r)), (3) 1989,[Haser 1995). Note, however, that ER. 7 only represents
one possible implementation of the radial distribution afdy
with shock strengths, and that ultimately the user will be respon
1 [rede ble for herhis choice of parameterization (see also discussion in
ALTSD) === f (1) A(T(r) - o(r) dr’,  (4)  Sect[®).

Le Jr The last required parameter is the onset radius of the X-
wherer is the position of the shock front, and the spatial ex- @y €missionRuin. This value is controlled by two input pa-
tent of the cooling zone. In this formulation, the’‘sign cor- rametersR"™" and a factomy (the latter in accordance with
responds to a reverse shock, and thesign to a forward one. [Pauldrach et al. 1994). From these valiRs;, is calculated via
The functionsf andg provide the normalized density and tem- .
perature stratification inside the cooling zone, and areutated Rmin = Min(RIPY r(Vinin)) - With  Vinin = mcas~ (8)

0

3 The corresponding emissivity is lower by a factgai. For all radiir > Rmn, the X-ray emission is switched

4 The actual, local pre-shock density may bffatient from its quasi- on. Rpin values from 1.1 to 1.5R, are, e.g., supported by
stationary equivalent, but thisfiérence gets absorbed in thefactor. [Pauldrach et d!|L(L9_94), from their analysis of thei@sonance

5 accounting for the density jump in a strong adiabatic shock

6 We were not able to find a definite statement, [but Oskinova et al” but seé Ludy 1982, Puls et Al. 1993, Sundaqvist £t al. 2012théor
(2006) also refer to Feldmeier et al. (1997a). case of time-dependent, non-monotonic velocity fields
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lines.[Hillier et al. (1993) analyzed the sensitivityRgin, point-  2.3. Radiative and Adiabatic cooling

ing to indistinguishable X-ray-flux eierences when the onset is , . . .
varied between 1.5 andR2. Recent analyses of X-rdipe emis- As pointed out in Seck_2.1, the shock cooling zones are densi

sion from hot star winds also point to values aroundRL@.g., €red to be dominated by either radiative or adiabatic cgotie-
? fal 2006, Hervel 2 pending on the location of the shock front. More specificalig
Eéﬁég ';‘%| 2014b), though Rauw et Al. (2015) derived a Vaﬁg@_nsition between th_e two cooI_ing regir_nes is obtained frbm
; ratio between the radiative cooling tinig,i.e., the time required
of 1.2R. for the wind ofA Cep. . .
by the shocked matter to return to the ambient wind tempezatu
and the flow timef;, the time for the material to crods 2] In
2.2. X-ray absorption and Auger ionization the inner part of the wind, the cooling time is shorter tham th
ides th . he ab ion by the ‘coldkb flow time, and the shocks are approximated as radiativeh&urt
Besi ZS t eﬂx-rgy err:jlssmrl;, the a sorgtlon y the “coldkbacy, 1 in the wind, at low densities, > t;, and the cooling is dom-
groundwin@ ana neeads :[0 e, computed. __inated by adiabatic expansion (see also Simon & Axford 1966)
In FASTWIND, the ‘cool' wind opacity is computed in | oyr approach, we switch from one treatment to the otherwhe
NLTE, and to mclude.X-ray absorption requires that we (i) exg unity ratio is reached, whetg't oc To(r)-5r v2(r)/M. For typ-
f[gnd the freq_ue_npy grid ar_1d _coupled quantities (stalﬁdmdp— ical O-supergiants and shock temperatures, the transitioars
ities and emissivities, radiative transfer) into the X-tgmain j, the outermost wind beyond > 50 R., whilst for O-dwarfs
(until 2.5 keV~ 5 A), and (ii) compute the additional absorptionhe transition can occur at much lower radi 2.5 R. or even
by inner shell electrons, leading, e.g., to Auger ionizati§o |ower for weak-winded stars.
far, we included only K-shell absorption for light elements Basically, each cooling zone is bounded by a reverse shock
ing data fronmaﬂamm_&Q_dXMZ). L- and M-shell processey; the starward side and a forward shock at the outer sidee-Tim
for heavy elements — which are also present in the Cons'deE?ébendent wind simulations (e g., Feldme&ier 1995) showittha
energy range — have not been incorporated until now, butdvoyhe radiative case the forward shock is much weaker tharethe r
lead to only marginal ffects, as test calculations by means Qferse one, and is thus neglected in our model. In the ad@bati
WM-Basic have shown. N case, we keep both the reverse and the forward shock, and, be-
We checked that the K-shell opacities by Daltabuit & Co¥ause of lack of better knowledge, assume efjytdr both com-
(1972) are quite similar (with typical fierences less thanponents@ = 1 in the nomenclature by Feldmeier el al. 1997a),
5%) to the alternative and more ‘modern’ dataset fromind an equal contribution of 50% to the total emission.

\Verner & YakovleV [(1995), at least in the considered energy
range (actually, even until 3.1 kef.
The reader may note that though the provided dataset §-\Model grid
cludes K-shell opacities from the elements C, N, O, Ne, Mg,
Si, and S, the last one (S) has threshold energies beyond lwuthis section, we describe the model grid used in most of the
maximum energy, 2.5 keV, so that K-shell absorption and Augtllowing work. In order to allow for a grid of theoretical rdels
ionization for this element is not considered in our model.  that enables us to investigatdigrent regimes of X-ray emis-
After calculating the radiative transfer in the X-ray regim sion for diferent stellar types, and to perform meaningful tests,
accounting for standard and K-shell opacities as well as-stave use the same grid as presented by Pauldrach et al.l (2001)
dard and X-ray emissivities, we are able to calculate theseor (their Table 5) for discussing the predictions of their (ioyed)
sponding photo-rates required to consider Auger-iororain  WM-Basic codd™ Moreover, this grid has already been used by
our NLTE treatment. Here, we do not only include the trafRuls et al.[(2005) to compare the results from an earlieivers
sition between ions separated by a charggetince of two Of FASTWIND with the WM=sasic code.
(such as, e.g., the ionization fromr®to Ovr), but we follow For convenience, we present the stellar and wind parameters
Kaastra & Mewel(1993) who stressed the importance of cascad¢his grid in TabléL. For all models, the velocity field exgmt
ionization processes, enabling a sometimes quite exteadegé has beenset®= 0.9. Note thatthe FASTWIND and WNasic
of final ionization stages. E.g., the branching ratio fav@® Ov models display a certainfiérence in the velocity field.
vs. O to Ovr is quoted as 96:9904 whilst the branching ratios All entries displayed in Tablg 1 refer to homogeneous winds,
for Sim to Sitv/Siv/Sivr are 3:775:9222, i.e., here the majothough for specific tests (detailed when required) we hale ca
Auger-ionization occurs for the process Il to VI. In our ifep culated micro-clumped models as well (i.e., assuming afiyic
mentation of Auger ionization, we have accounted for allgpos thin clumps). We remind the reader that though clumping ts no
ble branching ratios following the data provided by Kaag#tra considered in our standard model grid, a (micro-)clumpettwi
Mewe. could be roughly compared to our unclumped models as long
Finally, we re-iterate that in addition to such inner shéH a as the mass-loss rate of the clumped model corresponds to the
sorptiofAuger ionization processes, direct ionization due to Xnass-loss rate of the unclumped one, divided by the squate ro
raygenhanced EUV radiation (e.g., ofvOand Ovi) is essen- of the clumping factdfd
tial and ‘automatically’ included in our FASTWIND modeling
The impact of direct vs. Auger ionization will be compared in'! Expressions for these quantities can be found in Feldmedad} e
Sect[5.R. (1997h), but see also Hillier etldl. (1993).
12 This grid, in turn is based on observational results fronms®Rtkl.
8 The optical depthinsidethe shocked plasma are so low that ab{1996), which at that time did not include théfexts of wind inhomo-
sorption can be neglected there. geneities, so that the adopted mass-loss rates might betge, lby
® = outer electron shell factors from~3. .. 6.
10 The major reason for using data from Daltabuit & Cox (1972 wa ** WM-sasic calculates the velocity field from a consistérydrody-
to ensure compatibility with results from Whksic, to allow for mean- namicapproach.
ingful comparisons. In the near future, we will update ouadallow-  * Note, however, that K-shell opacities scale linearly witnsity,
ing/Verner & Yakovlev[(1995). i.e.,c M, and as such anmot affected by micro-clumping.
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Table 1. Stellar and wind parameters of our grid models witditional input parameters, Us, yx, My, andR::f’n“‘, as described
homogeneous winds, following Pauldrach €tlal. (2001). For X the previous section.

ray emission parameters, see text. For most of the models discussed in SEtt. 5, we calculated,
per entry in Tabld]l, 9 dierent sets of X-ray emissionfy

Model Ter logg R. Veo M Rinin (adopted as spatially constant) was set to 0.01, 0.03, @1 0.
(kK) (cms?) (Rg)wa(r‘f(;“ sH (10°Meyr)  (R) whilst the maximum shock velocity.,, was independently set
53030385 12 1800 0008 54 :gnﬁgg};ﬁ(r)e,sggfzo I;rr;r;?&folérespondmg to maximum shock
D35 35 3.80 11 2100 0.05 1.29 7 )
D40 40 375 10 2400 0.24 1.20 For all models, we usegk = 1.0, R"™" = 1.5 R,, andm,=
D45 45  3.90 12 3000 13 1.20  20. This corresponds to arffective onset of X-raysRmin, be-
D50 50 4.00 12 3200 5.6 123 tween 1.2 and 1.R,, or 0.1 and 0.2, respectively (see Table
D35 55 410 15 3300 20 121 11 last column). Thus, our current grid comprises 9 times=11
530 Su2p7erglantlssoo =5 Tz, 99 models, and has enough resolution for comparisons wéh pr
S35 3B 330 21 1900 8.0 143 Vious results from qther codes apd for gnderstqndmg thaar}np
S0 0 360 19 2200 10 133 of the X-ray radiation onto the ionization fractions of \@ars
S45 45 380 20 2500 15 125 €lements.
S50 50 3.90 20 3200 24 1.25

4. Tests

All models in the present work were calculated by means gf this section, we describe some important tests of ourempl
the most recent version (as described in Rivero Gonzalek etmentation, including a brief parameter study. A comparison
20128) of the NLTE atmosphgspectrum synthesis codesimilar studies with respect to ionization fractions (alegard-
FASTWIND, including the X-ray emission from wind-ing the impact of Auger ionization) will be provided in SeBt.

embedded shocks as outlined in Séét. 2. Let us further pof course, we have tested much more than described in the fol-
out that FASTWIND calculates the temperature structuréi®f |owing sections, e.g.,

photosEhere and ‘cold’ wind) from the electron thermal ba&a (i) the impact ofyy (see alsd Pauld [ 2b01), par-

[1999), and its major influeniethe windis via ticularly when settingyx to zero (and consequently forcing all
recombination rates. In most cases, this temperaturetsteuc Yy Px . I, quently 9
shocks, independent of their position, to emit at the maximu

is only slightly or moderatelyféected by X-rayeUV emission, shock temperaturd,°). In this case and compared to our stan-

since the overall ionization balanegth respect to main ioniza- o :
tion sta remains rather urieected (see Sedt] 5), exce tfordard grid W'th%‘ = 1, the dwarf models cooler than 50kK dis-
gl ( 4 5) b lay a flux increase of 2 dex shortward of 100 A (already for D50

extreme X-ray emission parameters. In any case, the chdng®'§Y. ! ; . )
the net ionization rates for ions with edges in the soft X#eayv NI increase is barely noticeable), whilst the supergiandels
regime is dominated by modified photo-rates (direct and Aug@SPlay a similar increase, but for wavelengths around 16d a
ionization), whilst the changes of recombination rates(ttua 0elow. In terms of ionization fractions, settig to zero results
modified temperature) are of second order. in an increase of highly ionized species (e.gwi@nd Nvi) by

In FASTWIND. we used detailed model atoms for H |_|er0ughly one dex, from the onset of X-ray emission throughout
and N (described ’il! Puls et AL 2005 and Rivero Gcnz'als’zt ettQe wind. For all other dwarf models, this increase appealys o

) together with C, O, P (from the Whdsic data base, see outto~4.0R.. The same fect is present in the supergiant mod-
[-20D1) and Si (dee Trundle Bt al. 2004) as ‘& Putfora smaller radial extent.

plicit’ elements. Most of the other elements up to Zn areteééa (i) We compared the ioni_za_ltio_n fractions of important apom
as background elements. For a description of FASTWIN®Dhen either treated as explicit (i.e., ‘exact’) or as backaqd
and the philosophy of explicit and background elements, s@e, approximate) elements (cf. Sect. 3), and we mostiydou

Puls et al.[(2005) ard Rivero Gonzalez etlal. (2012a). an excellent agreem@ifor the complete model grid.

In brief, explicit elements are those used as diagnostis too (i) During our study on the variations of the mass absorp-
and treated with high precision, by detailed atomic modets ation coeficient with T andr in the X-ray regime (see Seli. 5.4),
by means of comoving frame transport for all line transiionwe also compared our opacities with those predicted by KK09
The background elements (i.e., the rest) are needed ‘ani$he  (their Fig. 15, displaying mass absorption ffadent vs. wave-
line-blockingblanketing calculations, and are treated in a moiength), and we were able to closely reproduce their resaits
approximate way, using parameterized ionization Croses® |east shortward of 21 A (including the dominatingywv K-
followingSeaton/(1958) and a comoving frame transfer oaty f shell edge), but our model produces lower opacities on thg-lo
the most important lines, whilst the weaker ones are caled|a ward side, thus indicating afiérent He ionization balance (see
by means of the Sobolev approximation. Sect[5.H). When comparing tageragedbetween 1.5 andB,)

We employed solar abundances from Asplund et al. (2009bsorption coficients in the wavelength regime shortward of
together with a helium abundance, by numbéfe/Ny =0.1. 30 A, KK09 found a slight decrease of 8% after including Xgay

Besides the atmospheric and wind parameters displayedrirtheir models, because of the induced ionization shifts Th
Table[1, our model of X-ray emission requires the followildg a consistent with our findings, which indicate, for the samegea
of r andA, a decrease by 9%.

15 which dominate the heatifigpoling of the cold wind plasma via
corresponding free-free, bound-free and collisional y@esitation pro-
cesses 16 In all cases, the agreement was at least satisfactory.
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Fig.1. Emergent Eddington fluxes for model S30, will? = Fig. 2. Ratio of shock emissivity to total emissivity for model

3-10° K and fx = 0.03, for diferent onset radii of X-ray emis- S30 from Fig[l, withRyin= 1.2 R,. Solid line: emissivity ratio
sion,Rnin, and for a model with an unshocked wind. The verticalt the outer boundary,~ 130R,; dash-dotted: emissivity ratio
dotted lines refer to the He Cu, and N ionization edges, re- at the lower boundary of X-ray emissiany 1.2R.. The box lo-
spectively. cated between 300 and 320 A highlights the strong shock emis-
sivity leading to the corresponding ‘emission feature’'sgm in

Fig.[.
4.1. Impact of various parameters

First, we study the impact of various parameters on the eemérg
(soft) X-ray fluxes, in particulaRmin, fx, andTg®. For these tests, In Fig.[d, we show the ratio of the shock emissivity to the
we used the model S30 (see Table 1, similar to the paramet®itsl emissivity (including averaged line processes anohi$on
of @« Cam (HD 30614, 09.51a)) since the latter object has besnattering), evaluated at the outer boundary of the wintidjso
carefully investigated by Pauldrach et al. (2001, theil@@)as and at 1.2R. (dash-dotted), corresponding to the onset of X-
well. ray emission in this model. There are a number of interesting
Before going into further details, let us clarify that thdtso features visible:
X-ray and EUV shock emission are composed almost entirely @ The total emissivity in the outer wind is dominated by sko
narrow lines, and that the binning and blending make thetsgdecemission from just shortward of the edge until 2.5 keV (the
features look more like a pseudo-continuum, which is cjearhighest energy we consider in our models). The emissivitiién
visible in the following figures (though most of them dispthg lower wind, however, is dominated by shock emission onlylunt
emergent fluxes, and not the emissivities themselies). 200 eV, whilst for larger energies the (local) shock conitiitn
decreases drastically, because the assumed shock teunpsrat
(¢ (V(r)/Veo)?) are rather low here( 100 kK). The question
is then: Which processes dominate théal emissivity at high
energies in the lower wind? Indeed, this is the re-emisgiomf
electron-scattering, being proportional to the mean sitgrand
- . being quite high due to the large number of incoming photons
Indeed, the only visible dierences are presentin the rangg, \"1) e e, from regions where the shock temperatures are
between the He edge and roughly 330 A. Shortward of the irle igh! This efect becomes also visible in the local radiative fluxes
edge, all fluxes are identical (though only shown down to 100 At these frequencies, which are negative, i.e., directedrits.
to allow for a better resolution), since the (cool) wind b@es i) Both in the outer and inner wind, the shock emission is
optically thick already far out in the wind at these wavel#rsg 5,5q significant longward from the Heedge, untill ~ 350 A,
(Hen, Ow, etc. continua, and K-shell processes). Fgr350 A, thys influencing the ionization balance of important ionilét
on the other hand, the shock emissivity becomes too low to i fluxes of models without shock emission and those with
of significantimpact. . _ Rmin 2 2R. display a significant absorption edge fomCand
In this context, it is Interesting to note thatérCMa (BZ”, N 11 (See F|gD]_), these edges have almost vanished in the mod-
the only massive hot star with EUVE data) the observed EUMs with Ry, = 1.2 ... 1.5R., because of the dominant shock
emission lines in the range between 228 to 356a@hhave alu- emissivity increasing the degree of ionization. Even maik,
minosity comparable to the total X-ray luminosity in the RETS models display fluxes in this region which lie well above #os
bandpass (Cassinelli et al. 1995), which stresses the tavpm  from models without shock emission, because of the higher ra
of this wavelength region also from the observational side.  diation temperatures compared to the cool wind alone.
(iii) Beyond 350 A, the shock emissivity becomes almostlirre

17 As shown by Pauldrach etlal. (1994), the total shock emtgsisi o :
roughly a factor of 50 larger than the corresponding hotrptagee-free :f\gg:[te(gelow 10%), so that the corresponding fluxes are parel

emission from hydrogen and helium. ; . .
18 Note that particularly the shock temperature is quite highstich (V) For the two models wittRmin = 1.2 and 1.3, a prominent

a stellar model, but chosen deliberately to allow for sonavextreme €mission feature between roughly 300 and 320 A is visible in

effects. Fig.[d. A comparison with Fid.12 (note the box) shows that this

Impact of Rnin. The sensitivity of the X-ray fluxes oRmj, is
displayed in Fig[1L, where the other parameters were fixed
their center values within our small X-ray grid (i.dx = 0.03
andTg = 3-10° K[M).
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Fig. 3. Emergent Eddington fluxes for model S30, wilf? = Fig.4. Emergent Eddington fluxes for model S30, with=0.03

310° K and F{?]?n”t = 1.5 R,, for different values offy, and andRirzfn”lz 1.5R,, for different values of maximum shock tem-
for a model with an unshocked wind. The histogram-like fluxaeratureT¢".
distribution at highest energies results from our resamgpdif

X-ray emissivities (see Se€f. 2.1).

Impact of T, As displayed in Fig4 (see alSo Pauldrach ét al.
[2001), the change in the maximum shock temperaflffe be-
comes mostly visible for the fluxes shortward 60 A (of
course, the hard X-ray band is even moffeeted, but not con-
emission is due to dominating shock emission of the lowedwinsjdered in our models). Though for the highest maximum shock
increasing the temperatures of the radiation field beyoosktiof  temperature considered hefi& = 5- 10° K (corresponding to
the unshocked wind. Us ~ 590 kms?), we significantly increase the population of
Coming back to Figl]1, significant flux fiérences between the higher ionized atomic species, this is still noffisient to
the shocked and the unshocked models are visible for alegal¢hange the main ionization stages present in the wind.
of Rmin (even forRyin = 2 or 10R,) below 1 < 350 A, par-
ticularly below the Nu and Cii edges, because of the highe
ionization.

On the other hand, the models wi,, = 1.2 and 1.5R, From analytical considerations, _Owocki & Cohen__(1999)
are almost indistinguishable, at least regarding the pseughowed that for a constant volume filling factor (and neghect
continuum fluxes. This turns out to be true also foriHE640 €ffects of radiative cooling, see also below) the opticallyithi
and Her 4686, though these lines become sensitive to the cholhd X-ray luminosity depends on the square of the mass-loss
of Rpin if we changeRyi, from 1.5 to 2R,, due to the dferent rate, Ly o« (M/Ve)?, whilst the X-ray luminosity of optically
intensities around the Heedge and around He303 (Lyman- thick winds scales linearly with the mass-loss rétex M/Ve,
alpha) in the line-forming region. We will come back to thigrovided that one compares models with the same shock
point in Sect{5.1]2. temperatures and assumes a spatially constant X-ray filling

factor. These relations become somewhat modified if theae is
dependence of s on the wind terminal velocity, as adopted in
Impact of fx. In Fig.[3, we investigate the impact &f, which our ‘standard’ X-ray description (see also KK09).
has a most direct influence on the strength of the X-ray eatissi  Note, however, that in a more recent study, Owocki bt al.
(cf. Egs[1 anfl3). Having more X-ray photons leads to higher X2013) derived, again from analytic considerations, scatie-
ray fluxegluminosities and to less XUMUV-absorption from lations forL for radiative and adiabatic shocks embedded in a
the cool wind, because of higher ionization stages. Therlaft cool wind. At first glance, their assumptions seem quite laimi
fect becomes particularly visible for the model with = 0.1, to those adopted hy Feldmeier et al. (1997a) (which is thisbas
which was used to check at which level of X-ray emission wef our treatment), but in the end they predicffeient scaling
start to change the overall ionization stratification. Miagpbor- relations forradiative shocks than resulting from the modeling
tantly, helium (with Har as main ion beyond 1.R, for S30 here. This discrepancy might lead to somewhdiedént scal-
models with typical values.03 < fx < 0.05) becomes more ing relations forLy, and needs to be investigated in forthcom-
ionized, reaching similar fractions of hieand Hem between ing work; for now, we simply compare our models to the earlier
2.2R. (~0.5V,) and 8.7R. (~0.8V.). And also the main ion- results by Owocki & Coherl (1999) (a similar test was done by
ization stage of oxygen (which is®in S30 models with typi- KK09).
cal X-ray emission parameters) switches te Retween 1.&R. To this end, we calculated S30, S40 and S50 wind models
(~0.4v,) and 4.0R. (~0.7v.,) whenfy is set to 0.1. The changewith a fixed X-ray descriptionfx = 0.025,m, = 20, andyy = 0.5.
in the ionization of helium (and oxygen) becomes clearly-visFor our tests we used, for all models, a constant maximum jump
ble in the much weaker Heedge and much higher fluxes in thevelocity, u.,, = 400 kms? (corresponding to maximum shock
wavelength range below 228 A, compared to models with lower
fx. 19 with respect to the cool wind absorption

4.2 Scaling relations for Ly
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Fig.5. Emergent X-ray luminosities (in erg as a function of Fig.6. Logarithmic, scaled Eddington flux (in units of
M/V... Supergiant models S30 (asterisks), S40 (triangles) aadycnt?stHz 1) as a function of wavelengténergy, for the
S50 (squares) witfTeg= 30, 40 and 50 kK, respectively, andsupergiant models S30 (black), S40 (green) and S50 (tusg)oi
mass-loss rates betweenGnd 2- 10-°M,/yr. All models with identical mass-loss rates, 04, /yr. All models have the
have the same X-ray propertiefg,= 0.025,y4 = 0.5,m, = 20, same X-ray properties, as denoted in Hi§j. 5. The Eddington
and a maximum jump-velocity,, = 400 kms?, corresponding fluxes have been scaled bR.(R)? and {.,/1000 kms?')?, to
to maximum shock temperatures 08210° K. The X-ray lumi- ensuretheoreticallysimilar values of optically thin X-ray emis-
nosities have been calculated in the range-0215 keV (black, sion. The dotted lines denote energies of 350, 150, and 100 eV
green, turquoise), and in the range 0.35 to 2.5 keV (blue, redrresponding to 35, 83, and 124 A. (See text.)
and magenta). The dashed lines (no fits) serve as guidetines t
check the predicted behavior for optically thin (red andegie
and optically thick (black) conditions. Note the strongid&ion been marked by dotted vertical lines. Beyond 150 eV, all mod-
of models S50 (turquoise squares) from the predicted dfticaels, independent of their specific parameters, display dnees
thin scaling, when integrating until 100 eV, due to ‘nornsdél- scaled fluxes, thus verifying the optically thin scaling ofa§
lar/wind radiation just in this energy range. (See text.) luminosities (in this case, only with respectig). For the S50
model, however, the energy range below 150 eV (and, for other
_ ] _ parameter-sets, also below even higher energies) is cordated
temperatures of .3 - 10° K), in order to be consistent with the by ‘normal’ stellaywind radiation (which increases as function
above assumptions. . _ of Te; see also_Macfarlane etlal. 1994, their Fig. 5), leading to
~_For these models (with parameters, exceptNrprovided  the strong deviation from the optically thin X-ray scalimgv as
in Table[1), we varied the mass-loss rates in an interval®@w visiple in Fig.[5. In so far, theotal X-ray luminosity (regard-
107% and 2 10"°Mo/yr. and integrated the resulting (soft) X-raying the wind emission) of hotter objects might be overestida
luminosities in two diferent ranges: 0.1 to 2.5 keV and 0.35 tQuhen integrating until 100 eV.
2.5keV. _ _ In summary, we conclude that our implementation follows
FromM 2 10 "Moyr* on, the wind becomes successivelyhe predicted scaling relations, but we also suggest tosghao
optically thick at higher and higher energies (though,.€@. |ower (in energy) integration limit of 0.15 keV (or even 0.8\k
M= 10"®Myr~1itis still optically thin below~ 10 A, i.e., above to be on the safe side) when comparing the X-ray luminosities
1.24 keV). Indeed, the X-ray luminosities of our corresgogd of different stars (both with respect to modatsl observations).
models are linearly dependent vifv..), as canbe seeninFIg. 5  In this context, we note that there is a clear distinction be-
by comparing with the black dashed line. For lowérthe wind  tween theobservablesoft X-ray and the longer-wavelength, soft
is optically thin at most high energy frequencies, and als@h X-ray and XUVEUV emission that is almost never directly ob-
our results follow closely the predictionk,(c (M/Vi.)?), when  served, but — as already outlined — is very important for pho-
comparing with the red or green dashed lines. toionizing relevant ions. ‘Modern’ X-ray observatorieshias
A second finding of Fid.]5 relates to the optically thin scalxMM-N ewton/RGS and CHANDRAHETG do not have a re-
ing for model S50, when either starting the integration & &0 sponse below 0.35 keV and 0.4 keV, respectlﬂglynd even a
(turquoise squares) or at 350 eV (red squares). Whilst f@r Sgodest ISM column makes it functionally impossible to see X-
(asterisks) and S40 (triangles) the X-ray luminosities jos ray emission below 0.5 keV.
crease by roughly one dex when including the range from 100
to 350 eV but still follow the predicted scaling relationet850 ) )
models show an increase of four orders of magnitude for tHe3 Comparison with WM-sasic models

lowestM/v,, values in this situation (and dwmt follow the pre- Finally, we checked also the quantitative aspect of ourltgsu

dictions). by comparing with analo WM- models. As alread
To clarify this efect, Fig.[6 shows the scaled (scaling pro-y paring gokih BASIC - y

portional toR? and V) Eddington flux as a function of wave- 20 though ROSAT observed down to 0.1 keV, and also EUVE made a
length and energy, for the supergiant models S30 (black), S#w important measurements relevant for massive starsyticplar for
(green) and S50 (turquoise) with identical, low mass-l@$ss, e CMa (B2ll), e.g.| Cassinelli et al. (1995)

108M,/yr. Additionally, energies of 100, 150 and 350 eV have?! remember the dierence in the velocity fields
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Table 2. Left part: X-ray emission parameters used to compare

FASTWIND and WMsasic models (i, /Ve, = 0.3 andyy = 1.0). of ST ST ST
For stellar and wind parameters see Table 1. Right paftpo -
(logarithmic) provided as input for WNasic (WMB), com- i !
pared with the corresponding output value from FASTWIND s A “
(FW), integrated in the frequency range between 0.1 to 25 ke - W
See Secf 413. T L :
{ r '\i‘jj"‘:
Model fx Ruin U TS Li/Lbor  Li/Lpol < 0 Wy
%) R) (ms!) (1FK) | WMB) (Fw) T gy T Lo
Dwarfs N i ‘. ity
D30 200 124 532  390] -94 -94 e il R
D35 096 129 622 5.27| -83 -85 < s i o
D40 144 121 715 6.98| -70 -7.0 2 Lo S35 L A | o
D45 1.38 1.20 894 10.9| -6.4 -6.5 c G e AT 1
D50 211 122 950 124| -56  -5.8 = 540 o 45 ]
Supergiants s 20 Ay ¢ 4
S30 1.99 1.50 453 293 -6.3 -6.4 L L S45 ‘
S35 124 1.43 577 454 -6.2 -6.3 B
S40 0.80 1.33 663 6.00, -6.3 -6.5 1
S45 093 1.25 754 7.76| -6.2 -6.3 _os I ]
S50 3.13 1.26 941 12.1| -5.2 -5.4 L J
S50 1
—-30 Ll | L
pointed out, the X-ray description in both codes is quiteilsim ! 10 100 1000

and there is only one majorféerence. In WMsasic, the user has Wavelength [A]

to specify a certain value fdr,/Lgo (€.9., 107 as a prototypi- o . )

cal value), and the code determines iteratively the cooresing Fig.7. Logarlthmlc Eddington fluxes as a function of WaveI(_ength

f«, whilst the latter parameter is a direct input parametehén t fOr supergiant models (see Table 1 and Téble 2). The sok lin

updated version of FASTWIND. In both cases, we used a freefer to results from our updated version of FASTWIND, arel th

quency range between 0.1 to 2.5 keV. dashed ones to WMasic results [(Pauldrach et/al. 1994, 2001).
Thus, we first calculated Whasic models with stellgind ~ FOr clarity, the S35, S40, S45, and S50 model fluxes have been

parameters from Tab[@ 1, and with X-ray emission paramet&fdfted by-3, -6, -9, and-18 dex, respectively.

from Table[2. For the maximum jump velocity we assumed, as

an extreme valuay./V., = 0.3, together with X-ray luminosi-

ties as displayed in the sixth column of Table 2. These valuggt, however, is our finding that the fluxes are not only sinat

then correspond to thi values provided in the second columrhigh frequencies (indicating similar emissivities and leand

of the same table, acquired from the Wivkic output. We note opacities), but also longward from the Hedge, indicating a

here that the input values bf/Lgol (to WM-Basic) were not cho-  similar ionization equilibrium (modified in the same way et

sen on physical grounds, but were estimated in such a way agiission from shocked material).

result in similar values fOfX, in the range between 0.01 to 0.03. At this Stage, we conclude that our imp|ementati0n provides
To check the overall consistency, we calculated a similar s@sults that are in excellent agreement with the alteraatbde

of FASTWIND models, now using thé values from Tabl&]2 \WM-gasic, both with respect to integrated fluxes as well as fre-

asinput In case of consistent models, the resultlpgvalues quency edges, which moreover follow the predicted scaking r

(from the output) should be the same as the corresponding infitions. Having thus verified our implementation, we willwo

values used for Whsasic. Both these values are compared in thexamine importantféects of the X-ray radiation within the stel-
last two columns of Tablgl 2. Obviously, the agreement isequiar wind.

good (not only for the supergiants, but also for the dwavfith
differences ranging from 0.0 to 0.2 dex, and an average deviation
of 0.13 dex. . 5. Results
In a second step, we compared the fluxes resulting from this
procedure in Figl17. For clarity, the fluxes were shifted+8; In this section, we discuss the major results of our modeiuzal
-6, -9, and-18 dex (S35, S40, S45, S50), where the solid lindations. In particular, we study the impact of X-ray emisstn
correspond to the FASTWIND and the dashed lines to the WNhe ionization balance of important elements, both witlpees
BASIC results. to direct (i.e., &ecting the valence electrons) and Auger ioniza-
The comparison shows a remarkably good agreement, withn. We also discuss the impact of dielectronic recommat
no striking diferences. Smaller fierences in the lower wave-and investigate the radial behavior of the high-energy rahss
length range { < 100 A) are related to a fierent frequency Sorption coéicient, an essential issue with respect to the analy-
sampling (without an féect on the total X-ray luminosity). At Sis of X-ray line emission.
longer wavelengths, thesefidirences are related to the fact that Note that all following results refer to our specific choice
WNM-Basic provides high-resolution fluxes, whilst FASTWINDof the run of the shock temperature (see Egs. 6[and 7), which,
calculates fluxes using averaged line-opadfieMost impor- in combination with our grid-parametey = 1, leads to shock
temperatures of s(Vo./2) = 0.25T¢® in the intermediate wind at
v(r) = 0.5 v,.

22 for details, sek Puls etlal. 2005



L.P. Carneiro et al

.. FASTWIND — X-ray emission from wind-eetded shocks

] 102 102
10" A — =K _ 1 10"k 1
7 1 OO L L = 4 1 OO L 4
8 107 E < 107" E <
] 107%F 1077k 3
3 ] 30 ]
7 18,4 CIv 18,4 CcvV
30 35 40 45 5.0 30 35 40 45 50 30 35 40 45 50
Tt/ 10KK T/ TOKK Tt/ 10KK
] 102
0 # - & ==k - E g
1 10°F - § SRAR 1
4 -1 i ~ |
107 ¢ <K ]
Al 102k ] .
10 N IV 10°cF ¥ NV ]
30 35 40 45 5.0 30 35 40 45 50 30 35 40 45 50
Tt/ 10KK T/ TOKK Tor/ 10K
] 10°F E
107k ]
1 107" ]
] 10719k :
=
] 107°%F wo E
10~ O Iv 3 0 VI
30 35 40 45 50 30 35 40 45 50 30 35 40 45 50
T/ 10KK T/ TOKK T/ 10KK
10° 102
E 10" # — =& _ 5 10 F s
E 100k S ] 0% - e 4
1 107k y RS kT 1
E , 1077 32/% E
4 1077 5 -sp ]
2 o PV 1874 P VI
30 35 40 45 5.0 30 35 40 45 50 30 35 40 45 50
Tt/ 10KK T/ TOKK Tt/ 1OKK

Fig. 8. lonization fractions of importantions afr) = 0.5v.,, as a function off o, for models with typical X-ray emission (triangles,
fx = 0.03,T& = 3 1(° K, corresponding tai, = 460 kms?), and without X-rays (asterisks). The solid lines referupergiant
models, and the dashed ones to dwarf mode&ls clarity, the ionization fractions of dwarf models haveen shifted by one dex.
For stellar parameters and onset radRigy,, see Tablg]1.

5.1. lonization fractions Carbon.Though our model atom for carbon will be improved
soon, already the present one (from the WMz data base)

is certainly sificient to study the impact of shock radiation. The

Though only indirectly observable (particularly via UV ces upper panels of Fifil 8 display the results, which indicateftatt
nance lines), ionization fractions provide useful insigho the only for ‘cooler’ supergiant models, wife < 40 kK. For these
various radiative processes in the atmosphere. In thewioily ~ Objects, Gi and Giv become somewhat depleted (less than a
we compare, for important ions (i.e., for ions with meaningf factor of ten), whilst G (which is, without X-ray emission, a
wind lines), the changes due to thembinedeffects of direct trace ion at 30 kK) becomes significantly enhanced. For dwarf
and Auger ionization, whilst the specifi¢fects of Auger ion- in this temperature range, onlywbecomes increased, since the
ization will be discussed in SeEf5.2. These comparisolibei €mission (scaling withp?) is still too weak to &ect the major
performed for our supergiant (solid) and dwarf models (ggsh i0nsZl For models withTe; > 40 kK, on the other hand, the
from Table[, and for the center values of our X-ray emissig@mperature is already hot enough that the ionization kel
parameter grid (Sedf] 3fx = 0.03,T® = 3- 1(P K, that are dominated by the ‘normal’ stellar radiation field, and riteet
prototypical in many cas€d.Comments on the reaction due toiue to X-ray emission is visible.

different parameters will be given in the next section. Alli@aiz ~ Nitrogen (2nd row) and oxygen (third row of Fig. 8)fker
tion fractions have been evaluated at a representativeiglo most from the inclusion of shock radiation. In the followjnge
v(r) = 0.5v,,, and are displayed in Fig] 8. To check the influenceoncentrate on the fierences produced by X-ray ionization in
of X-ray emission, one simply needs to compare the trianglggneral, whilst in subsequent sections we will consideciéipe
(with) and the asterisks (without X-ray emission). effects.

5.1.1. General effects

23 Note that such maximum shock temperatures might be too bigh f 2 But note that the actual filling factor in dwarfs mightioech larger
models around ;= 30 kK, and that certainfects (as discussed in thethan 0.03, e.g.l_Cassinelli et al._(1094), Cohen ktlal. (1Z5008),
following) might thus be overestimated in this temperatamege. |[Huenemoerder et al. (2012).
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Nitrogen.In the ‘cool’ range, the behavior of W, N1v and Nv

is very similar to the corresponding carbon ions (i.e., a enate 10°
depletion of Nt and Niv, and a significant increase of\W\par- : ]
ticularly atTe between 30 and 35 K), whereas in the hot range it

is different. Here, Nit and Niv continue to become depleted, but 10°
N v increases only as long 8g¢ < 45 kK, and decreases again
at 45 and 50 kK. In other words, whenws already the main
ion for non-X-ray models, it becomes (slightly) depletedewh
the X-rays are switched on, in contrast te @hich remains un-
modified beyond 40 kK. This fference, of course, relates to the
fact that Cv has a stable noble-gas (He-) configuration, witha -«

joniz. fraction

Hell

high-lying ionization edge (31.6 A), compared to the Mdge ¢

With X—rays ]

b

- —— - Helll Without X—rays A

at roughly 126 A that allows for a moréfient, direct ioniza-
tion by emission from the shock-heated plasma. L T R S

Oxygen.For almost every temperature considered in our grid, 0.0 0.2 0.4 0.6 0.8 1.0
the inclusion of X-rays has a dramatifect on the ionization of v/

oxygen. At 30 kK, Qv becomes the dominant &h when for _. L . . .
non-X-ray models the main ionization stage is stitiQwhereas Fig. 9. Helium ionization fractions as;afunctlon of local yeloclty
at the hot end @ becomes somewhat depleted. The behaviordégr an S30 model withfi = 0.03 andrs” = 3-10° K) and without
Ov is similar to Nv (though the final depletion is marginal), and* "ayS: Se€ text.

Ovidisplays, at all temperatures, the largeBtet. At cool tem-

peratures, the ionization fraction changes by 15 ordersafiia

tude, but even at the hotteEy there is still an increase by threeinto their models. The former test was driven by a previougyst

to four dex. As is well known, this has a dramatic impact on thgy[waldron & Cassinelli{(2010) who argued that specific,rstro
corresponding resonance doublet. emission lines in this wavelength range could be of signitica

Silicon.In almost all hot stars, the dominant ion of silicon is/Si impact. Indeed, Krticka & Kubat (2012) were able to confirm
(again a noble-gas configuration), andvdbrms by recombina- that under such conditidfsPv becomes strongly depleted, in
tion, giving rise to the well-known Sv luminositymass-loss ef- parallel with changes in the ionization fractions of, e@ry,
fect (Walborn & Panék 1984, Pauldrach ef al. 1990). The bottd\ 1v, and O (see also Seck.5.1.3). Further work is certainly
left panel of Fig[B displays an analogous dependence. Wbils required to identify the source of such additional emisgivif
dwarfs (lowp?) no X-ray dfects are visible for Si, this ion be- present), and, in case, incorporate this mechanism intooudr
comes depleted for cool supergiarifsi(< 35 kK), at most by a €ls.

factor of ten.

PhosphorusDuring recent years, it turned out that the observegl1 2. impact on helium

Pv doublet at11118,1128 is kd&# for deriving mass-loss rates

from hot star winds, in parallel with constraining their atho- During our analysis, we noted that also helium canfbected by
geneous structuré (Fullerton et al. 2006, Oskinovalét &) 20 shock emission (see also S€cil4.1), a finding that has besp ra
[Sundavist et d[. 201 Burlan et al_ 2013, Sundqvist eilal. 2b14)discussed in related literature. In particular,iH@and He) can
Thus, it is of prime importance to investigate its depengesrt  become depleted in the intermediate wind, though only far ou
X-rays, since a strong dependence would contaminate amy qu&ooler’ supergiant models with 30 kK Tey S 40 kK. The dfect
titative result by an additional ambiguity. is strongest for S30 models, but barely noticeable alret84@,

As already found in previous studies (e.g., Kkogindependent of the specific X-ray emission parameters. IFor a
Bouretetal[ 2012), also our results indicate that B not Our dwarf models, no changes are visible at all.
strongly modified by X-ray emission (middle and right lower ~Figurel® displays the helium ionization fractions for an S30
panels of Fig[B), though more extreme X-ray emission parafiodel with typical X-ray emission parameters, as a functibn
eters, e.g.fx = 0.05 angor T® = 5. 10° K, can change the local velocity. The depletion of He (and, in parallel, of He
situation (see sectidi 5.1.3). Even more, the apparentllsnthat is not displayed) is significant in the region betweév0.
change in the ionization fraction ofwPat typical X-ray emis- < V() S 0.8/, and results from the increased ionization due
sion parameters (decrease by a factor of two to three) dhbesti to the increased radiation field (in the Hé&yman continuum)
of significance, given the present discussion on the pacisi in models with shocks (note also the corresponding increfse
derived mass-loss rates (with similar uncertainties). Hem).

Regarding the ionization of R, cold models (30 and 35 kK) In Fig.[10, we compare the helium ionization fractions from
change drastically when X-ray emission has been includetti, bour solution and a corresponding Widsic S30 model, but now
for supergiants and dwarfs. Since we find less iR hot models Wwith X-ray emission parameters as tabulated in Thble 2 (the m
with shocks (compared to models without), this indicatesthe jor difference is a filling factor of 0.02 instead of 0.03). Here, we
ionization balance is shifted towards even higher stages)(P  display the fractions as a function 6f.ss to enable a compari-

In this context, we note that Krticka & Kubat (2012) invesson of the photospheric regions as well. Again, the depiedio
tigated the reaction of Pwhen incorporating additional, strongHen (now located betweetkossv 0.1...0.01) is visible, and our
XUV emissivity (between 100 and 228 A) and micro-clumpinéesults coincide perfectly with those predicted by VéMic.

% thisis also true for models withfilerent X-ray emission parameters 27 enhanced emissivity in the XUV range; note, however, thatities
26 pecause it is the only UV resonance line(-complex) thatdadlgi refered to by Waldron & Cassinélli (2010) are included iratsdard’
never saturates, due to the low phosphorus abundance plasma emission codes
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joniz. fraction

emergent profile

emergent profile

FASTWIND —
WM—Basic

107" HHel

1072 | | |
10? 10° 1072 107 107° 0.6 | | 0.9 ! !

tau_Ross 1634.0 1638.7 1643.3 1648.0 4680.0 4684.7 4689.3 4694.0
Wavelength [A] Wavelength [A]

Fig. 10. Helium ionization fractions as a function @fqss for . . .
S30 models calculated by FASTWIND and WiMdsic, both with —9: 11- Synthetic Har 1640 and He 4686 profiles for our S30
odel. Each profile corresponds to &eient X-ray description.

():(e-[g]temlssmn parameters from Table 2. The agreement is Slidk fy = 0.03,T% = 3- 1P K, Ruin = 1.5 R.; dash-dotted: as
) solid, but withRnin = 2 R,; dotted: no shock emission.

Since the ionization balance changes already at quite lew o _ —
locities, this might &ect at least two important strategic IineszS andT = 1,3,510° K. Note that the onset radiuBinin, was

Hen 1640 and He 46862 From Fig.[T1, we see that this iSSet to its default value for all models. The lower two figures o
actually the case: He4686 displays stronger emission, whils
Hen 1640 displays a stronger emission in parallel with absorB
tion at higher velocities, compared to the non-X-ray modet{
ted). Thisis readily understood since 14686 is predominantly
a recombination line, such that the increase innHkeads to
more emission; to a lesser extent, this is also true for H840. it the lower two figures provide an impression on tHéedi
The lower level of this linen = 2 (responsible for the absorp-ential afect, i.e., the range of variation
tion), is primarily fed by pumping from the ground-state via T o ' ) )
Hen 303. We have convinced ourselves that the increased purfggrbon. Cmr and Cv are significantly #ected in supergiant
ing because of the strong EUV radiation field leads to a seongnodels with 30 kKs Ter < 40 kK, for intermediate to large val-
population of then = 2 state (even if He itself is depleted), so Ues offx andT¢". The depletion of Gi and Cv reaches a factor
that also the increased absorption is explained. of 10 (or even more) in cooler supergiant models when the-high
As already pointed out in Se€f#.1, changRg, from 1.5 €st values of X-ray emission parameters are adopted, which i
to 1.2R. does not make a big fierence. Increasingmi, to 2R,, feflected in a corresponding increase of.©n the other hand,
however, changes a lot, as visible from the dash-dottedigsofiCm and Civ are barely modified in supergiant models with the
in Fig.[T1. Except for slightly more emission (again becanfse lowest values offy or T¢", which is also true for dwarf models
increased Her in regions withr > 2R.), the diference to pro- With any value of our parameter grid (see Figs.JA.2). The
files from models without shock emission becomes insigmifica i0nization fraction of G increases also for the lowest values

simply because both lines predominantly form below the bn<y X-ray emission parameters, once more for the cooler nsodel
(here, also dwarfs ardtacted). G remains unmodified beyond

gach page display the ionization fractions for our dwarft)le
nd supergiant models (right), evaluated at the same totat
bove, but now overplotted for all values &f (different col-
ors) andTg (different symbols), and without a comparison to
the non-X-ray case. Thus, the upper figure allows to evathate
X-ray effects in comparison to models without shock emission,

radius.
40 kK due to its stable noble-gas configuration, as prewjousl
noted.

5.1.3. Dependence on filling factor and shock temperature Nitrogen. The behavior of Ni, N1v and Nv in the colder mod-

As we have seen already above, each ion reacts somewhat &g-is similar to the corresponding carbon ions, for affetent
ferently to the imposed shock radiation. In this section we dX-ray descriptions. For higheFes, increasingfx enhances the
scribe how a change of important X-ray characteristitscas dep!etlon of Nt qnd Niv in both supergiants and dwarfs, whilst
importantions. The figures related to this section are eseclin  the impact ofT$” is rather weak. At the largest values of X-ray
AppendiXA. The upper figure on each page shows specific ig#mission parameters, both stages become highly depleted (o
ization fractions with and without X-rays, as a functionTof;, to two orders of magnitude) for all models but D30 and D35.
for our supergiant and dwarf models (S30 to S50 and D30 to Shock radiation is essential for the description of bt al-

D50, respectively). The ionization fractions have beeruatad Most any temperature, particularly for models with < 45 kK
at the location where the impact of shock radiation is most ekFigs.[A.JA.4). Here, the increase of N(compared to non-X-
dent for the considered ion. Each of these figures contaires nfay models) can reach 4 to 5 dex at the lowest temperatures.
panels, where both the filling factor and the maximum shoék 45 KK, only a weak impact of shock radiation can be noted,
temperature are varied according to our grid, ifg.= 0.1, 0.3, Whilst for 50 kK a high depletion of N for extreme parame-

ters values becomes obvious. Once more, the impady a$

28 Most other Har and He lines are formed in the photosphere, andnore prominentthan aig®, mainly for the coldest models where

remain undisturbed. N v becomes enhanced by one order of magnitude when increas-
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ing fx from 0.01 to 0.05 and keepinfg® constant. The hottest

models with moderate to high parametefg & 0.02 andT¢°

2 2-10° K) indicate that also N1 becomes stronglyfected by 10°
changes in the X-ray ionization.

Oxygenlndependent of the X-rays description, the depletion of
O1v for hot models happens only in a specific range of the wind,
between 0.4 to 0.8, (similar to the case of He discussed in
the previous section). Also for X-ray emission parametéfs d
ferent from the central value of the grid, the behavior of

still very similar to Nv, where mainly the cold models are quite
sensitive to variations ofy (Figs.[AA.6). The shock radia-
tion increases the ionization fraction ofvy 5 to 6 dex (when

fx varies between 0.01 and 0.05, independentdj for the

ioniz. fraction

107® B
With X—rays
Without X—rays

coolest models, whilst these factors decreasgsasipproaches 100" ‘ ‘ ‘ ‘
40 to 45 kK. Models withT¢; = 45 kK are barely fiected, in- 102 10° 107? 107 10° 107
dependent of the specific X-ray emission parameters. Sitoila tauRoss

the case for N at highest values ofx, Tg®, andTey, the corre-
sponding depletion of @ points to the presence of a significanFig- 13. Radial stratification of phosphorus ionization fractions,
fraction of higher ionization stages. as a function ofrress for our model of HD 203064 aley =

As pointed out already in Sedf_5.11.1 (see also Sect. 5.3%.5 kK (see KKO9 for stellar, wind and X-ray emission param-
the X-ray radiation is essential for the description ofiQvhich ~ €ters). In ourimplementationHs barely modified by the X-ray
shows, particularly in the cold models, a high sensitivitypoth radiation field, whilst a considerable impact is seen for.P
fx andTg (Figs [AHAS8).
Silicon.Also when varying the X-rays description,Sistill re- I .
mains un&ected from shock emission in dwarf models. On the U A —Aa s AE B A - ADAME
other hand, for cool supergiant§sf < 35 kK), Siiv becomes i LS
even more depleted whefy increases (thoughg® has a negli-
gible influence). No variation is seen in\Gias expected due to
its noble-gas configuration.

PhosphorusPv shows a sensitivity to botlix andTg°, but in
this caseT¢® is more relevant. Though no fékrence between
models with and without shocks is seen for the lowest valfies o
T, particularly the supergiant models develop a depletidh wi
increasing shock temperature, even at lowigstAs noted al-
ready in Sec{_5.111, for extreme X-ray emission paraméeters
depletion of R is significant for all models (both supergiants i
and dwarfs), except for D30 (Figs_A&10). Finally, even R1 0.0 et : o
becomes highly depleted for hot modeTsg = 40 kK) at inter- 02 04 06 0.8 1.0
mediate and high values @€°, which indicates the presence of
even higher ionization stages.

To summarize our findings: When increasing the values f
fx andTg, the dfects already seen in Fig. 8 become even mo

0.8
0.6

/
0.4

PV ioniz. fraction * Bouret Mdot

0.2

g'g. 14. lonization fractions of Bv (asterisks) and R (trian-
es) as a function of normalized velocity, for an S35 (Sadidd

: : 40 (dashed) model. Both models have been calculated with a
pronounced, as to be expected. For most ions, the impait Ofclumping factorfy = 20, and a mass-loss rate reduced by a fac-

appears to be stronger than the choice ofa speifi(provided tor of ~4 compared to the values provided in Table 1. Compare

the latter is still in the range considered here), thoughalrd . = . ;
Ovi (for the cooler models) show quite a strong reaction to vaPll‘fIth Fig. 10 in'Bouret et all(2012).

ations of the latter parameter. Overall, the maximum viarat

of the ionization fractions Within_oqrgrid reaches a faaibd 0 and HD 163758) presented in Bouret et 4. (2012) who used
to 100 (dependent on the specific ion), where lower stages (écFGEN and S -fitting to calculatgderive the ionization

Crv, N1v, Orv and Pv) become decreased whénandTs" are g vions of phosphorus, and (iii) compared with the iotitza
!ncreased, vv_hllst the higher stages (e.gv, @v, Ovi) increase ¢ tions predicted by WMssic.
'?1 parallel w;t?( the X-ray _em'SS'OlF‘ %?rameltlers. do?ly f(zf"’s' Regarding the first point, we recalculated the 14 O-star mod-
g;&mpgtgs?5 -rays remains negligible in all models exdept o5 (i, the temperature range between 30 and 40 kK) presented
an ' by KK09, using parameters from their Tables 2 and 3, both-with
out and with shock emissionfy = 0.02 andu./V,=0.3), by
5.1.4. Comparison with other studies means of FASTWIND, using H, He, C, N, O, Si and P as explicit
) ) o o ions. Figurd_IP shows our results for the ionization fratiiof
Since the most important indiredtect of shock emission is the selected ions, as a function®f;, and evaluated a(r) = 0.5v..
change in the occupation numbers of Il wind, it is worth- - The Jayout of this figure is similar to Figure 8 in KK09, and has
while and necessary to compare the ionization fractionstieg  peen augmented by @evaluated a¥(r) = 0.05v,, and Nv eval-

from our implementation with those presented in similad&s. ated aw(r) = 0.8v.,, corresponding to their Figures 9 and 10.
To this end, (i) we recalculated the models described

in KKO09, (i) compared with two models (for HD 16691 2 Sobolev with exact integratioh (Lamers elal. 1987)
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Fig. 12. lonization fractions of selected ions as a functiogf, for 14 O-star models as detailed.in Krticka & Kubat (20R8,09)
and recalculated by us using FASTWIND. If not indicated othise, fractions are displayedwt) = 0.5v.,. As in previous figures,
triangles represent models with shocks, and crosses thtisauv This figure reproduces, in most parts, the layoutigfife 8 from
KKQ09, such that dierences and similarities between our and their results eaabily recognized. For details, see text.

Indeed, there are only few ions which display similar fracshock emission in our calculations (in other words, X-rag an
tions over thecompletetemperature range of the O-star modnon-X-ray models yield more or less identical results). dm-c
els considered by KK0O9 (which still misses the hotter Osstatrast, the models by KKO09 indicate a small depletion ofvSi
beyond 40 kK). For Gv, an agreement is present only for thavhen including the shock emission, by factors of roughly 3.to
coolest regimeTer < 32 kK) where both studies predicti€ Thus, our non-X-ray models have lessy&than those by KK09.
as the main ion, independent whether X-rays are presenttor no ] ) _ )
Whilst the fractions for non-X-ray models are comparabal  Again, phosphorus (in particular,¥ has to be analyzed in

for hotter temperatures, the X-ray models by KK09 show a muéhore detail. Comparing the last two panels of Eig. 12 with Big
larger depletion of Gv (fractions of 102 to 1073 for Tez > from KKO09, we see that our ionization fractions fow Rigree

34 kK) than our models (still above 1. with KKQ9 in the coolest models, and in the hottest models re-
%qrding Pv1. In the other temperature ranges, howevelftedi
ences by a typical factor of 2 (regarding/Pand 2 to 5 (re-
garding Pvi) are present. In their Fig. 12, KK09 display the ra-
H@I stratification of the phosphorus ionization fractidastheir
same factor is visible in the lower wind(¢) = 0.05v,,) for the _model of HD.203064’ whilst _the c_:orrespondmg results_ from ou
X-ray models, but the non-X-ray models are similar here, ~ ImPlementation are shown in Fig.113. Both codes yield quite
, similar fractions for Rv and Pv (with and without X-rays) in
For nitrogen (Nv and Nv), on the other hand, the resultshe external wind. The same is true foriFin the model with
are quite similar in most cases. The exception isfir models X-rays, but we have considerably lessiFor the non-X-ray
without shocks, where our results are lower iy dex) in the  gdel. Prominent dierences are visible in the lower wind and
intermediate and outer wing(f) = 0.8v.). close to the lower boundary. We attribute thisfelience to a
For Sirv, both results fairly agree for the X-rays modelshoundary condition (in the models by KK09) at quite low op-
though we do not see a significanfext from including the tical depths, where the electron temperature is still ctoste

For Ovi, agreement between both results is present only
the hottest temperatures, whilst between 30kKer < 37 kK
our models display a factor o100 lower fractions, for both
the non-X-ray models and the models with shock emission. T
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effective on€¥] Thus far, it is conceivable that quite a low ioniza-  This comparison clearly shows that in almost all consid-

tion stage (Rv) dominates their internal atmosphere (followeeéred cases the agreement is satisfactory (note thatséM-in-

by Pv and negligible R1), whilst in our case it is just the othercludes the photospheric ‘background’, whilst FASTWINDnl

way round, and Rt dominates, because of the much higher tenaccounts for the considered line(s)), and that larggeinces

peratures. are present only (i) for v and Ov in the outer wind, where
To check these discrepancies further, we compared dtASTWIND produces more () and less (Qr) absorption, re-

results also with calculations performed with CMFGENSspectively, and (ii) for strong Plines, where FASTWIND pre-

Particularly, we concentrated on two supergiant models @cts higher emission.

roughly 35 kK and 40 kK (HD 163758 and HD 16691, respec-

tively), as described by Bouret et al. (2012). In these nmdet

X-ray emitting plasma witlconstanshock-temperatur@g(r) =

3-10° K, afilling factor corresponding thy/Luo = 107, andan Al X-ray models discussed so far include theffeets
onset radius corresponding to 200 to 300 kinas used (J.-C. from direct and Auger ionization, which was shown to
Bouret, priv. comm.). In Fid.14, we present our results for P pjay an important role for the ionization balance in stellar
and Pv which can be compared with their Fig. 10, displaying P winds (e.g.,[ Cassinelli & Olsbh 1979, Olson & Casfor 1981,
alone. Though our modéfsdo not have identical parameters (ifijacfarlane et al. 1994, Pauldrach effal. 1994). In the fdhow
particular, our shock temperatures increase with velcthe e investigate the contribution of the latteffext to the total
ionization fractions behave quite similar: In the coolerdeb jonization in more detail, particularly since there islstitertain
(solid), the ionization of R decreases with velocity, and in thegepate on this question.

hotter one (dashed), it increases outwards. This is bedatise Figure[I displays how specific ions arfieated through-
cooler model, R is the dominant ion at low velocities, recom-,t the wind. for dwarf and supergiant models wittitelient
bining to Prv, whilst in the hotter model P dominates at low Ter and typic,al X-ray emission parametefs (= 0.03 andTe®
velocities, recombining to Pin the run of the wind. Of course, _3 16 K). Each ion is shown at threeféérent locationsv(r) S
there are some quantitativefidgirences, particularly in the inter- 3,, (close to the onset of the shock emissiarg)) = 0.6 v.
mediate win4, but we attribute these to afférent stratification (intchmediate wind) and(r) = 0.9v., (outer wind). a

of the clumping factorfg, and to the dierent description of the Two general comments: (i) Significanffects are to be ex-
X-ray emitting plasma (concerning the reaction of&h various pected only for quite high ionization stages, since in thioritst

X-ray emission parameters, see m'lo.)‘ .. of cases Auger ionization couples ions with a chargieténce
As a final test, we compared our solutions to the predictiops o (but see SedE2.2). E.g.;Cshould remain (almost) un-

by WM-asic, using our dwarf and supergiant models (Tdlle foified, since @ is absent in O- and at least early B-stars,

and X-ray emission parameters from Table 2). The results e

displayed in Fige_BI1 arld B.2 (Appendik B). Note that thegen d the K-shell absorption of &€ (with threshold at 35.7 A),

. ) resulting in the formation of @ (charge diference of one!), is
of comparison exte_nds now from 301050 KK, i.e., to much h'Ottﬁ\ most cases (but see below) negligible compared to thetdire
temperatures than in the comparison with KK09.

ionization of Giv (with threshold at~192 A for the ground-
Overall, the agreement between FASTWIND and Wikdic state ionization; remember that the radiation field is georat

is satisfactory, and all trends are reproduced. Howevas, latre H.onger wavelengths, which favors direct vs. Auger iontzali

we find discrepancies amounting to a factor of 10 in Speciffg’ o 2ot "3 should become significantlyfected, since @
cases, particularly for $v. Typical differences, however, are Onig strongly populated in O-stars, and the transition thotekfor

the order of a factor of two or less. We attribute these dfscre . S .
ancies to diferences in the atomic models, radiative transfer af direct ionization from @ (at~109 A.).'S now closer to the
-shell edge. Consequently, the transition rates (dependin

the hydrodynamical structure, but conclude that both cyidd h ot diation field imilar tharie t
rather similar results, maybe except fomSivhich needs to be Caig%rfrgipon ing radiation field) are more similar tharhin

reinvestigated in future studies. (i) In th it A onizati hould b
In Fig. we see how some of the encounterdtedinces .\ 1N e Same Spirit, Augerionization shou'd become neg-
9.B.3 ligible, at least in most cases, for the hotter O-stars (¢8® a

(compared at onlyne depth point,v(r) = 0.5v., except for L : A
Nv) translate to dferences in the emergent profiles. As proS€Ctl#)- Oncder is high, more direct ionization is present (be-

totypical and important examples, we have calculated lie p cause of the stronger radiation field at the gorresponctimgaﬂ- _
files for Niv 1720, Nv 1238,1242. & 1371, Ovi 1031,1037 frequency edges), and consequently the impact of Auger ion-

and Py 1117,1128, and compare them with corresponding Wl\j,g_ation should decrease. Though this argumentation icalfsi _
BASIC solutior,15 for’ models S30, D40, S40, D50 and S50 (f&orrect, the actual results depend, of course, also on the-wi
model D30, all these line are purely photospheric, and tloas ristren_gth, since h_|gh(_ar densities Iea_d to more X-ray e_rms_(s&w_
compared). Both the WNasic and the FASTWIND profiles identical fx), which increases the impact of Auger-ionization.

- i . : E.g., if we check for the behavior of W at 0.9v,, in Fig.[13, we
have been calolated ith a adially increasing MICrOUSMEE <. tnat for D40, D45 and DSD there is indeed e, whiss
producing the blue at;usr(b)rption edée zhd the ‘black trougse (Sfor S40 and S45 Auger ionization still has a certain influence
Sect[Z1l) in case of saturated P Cygni profiles. Now to more details. At first note that all ions from C, N,

O, Si and P that areotdisplayed in Figl_I5 are barely changed
30 |ndeed, we were not able to find statements or figures relatiubt by Auger I%r)lzattlofn, ¥V|th afg]g);mlug] ﬁ(iLen;:e (:Tio'oiﬁe)é
photosphericstructure of their models in any of the papers by Krti(:kéCorresDOn ing to factors of 0.8 to 1.2) in the fractionsutte

and co-workers, so our argument is somewhat speculative. with and without Auger. _ . B
31 535 and S40, but using a clumped wind with reduced mass-loss FOr carbon, & is the only ion which under specific con-
rates to ensure comparable wind structures ditions becomesfiected by Auger ionization. As visible in the
32 J.-C. Bouret provided us with an output of the ionizatiorcfrans ~ first line of Fig [I%, cold supergiant models display an iaseeof
for P1v and Pyv. Cv in the outer wind when Auger is included, since in this case

5.2. Impact of Auger lonization
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Fig. 15. lonization fractions of ions mostfi@cted by Auger ionization, at flierent depth points. All models have typical X-ray
emission parameters,( = 0.03 andTg® = 3-10° K). The triangles represent models including Auger iorigra¢standard approach,
similar to Fig.[8), and squares models without (i.e., ‘ordirect ionization has been considered). Solid lines refesupergiant
models, and dashed ones to dwarf mod&ds.clarity, the ionization fractions of dwarf models haveen shifted by one dex.

the radiation field at the corresponding K-shell edge besommost populated oxygen ion (@ changes to Qr after the inclu-
quite strong, compared to the radiation field around 192 & (s&ion of Auger ionization.

Fig.[d). This increase is compensated by a similar decrefase o Finally, the K-shell edges for phosphorus (not implemented
Crv, which, in absolute numbers, is quite small though. so far) and silicon (with quite low cross-sections) are tedaat

N vi (second line in FigT5) is the only nitrogen ion wher&uch high energies-(2 keV or> 6 A) that the corresponding
larger changes can be noted. In cool dwarfs, it becomes infRger rates become too low to be of importance, at least for th
enced already at 0\3,, and also in the intermediate wind, whichconsidered parameter range.
is also true for model S30. In the outer windffdiences appear  To conclude, in most cases thffezts of Auger ionization
clearly for all models, except for dwarfs withy; 2 40 kK. The are only significant in the outer wind (for affrent run of shock
corresponding change in X, on the other hand, is marginal,temperatures, they might become decisive already in therlow
again because N itself has a low population, even when Augepr intermediate wind), and for highly ionized species. The e
is included. fect is essential for the description ofiNand Ovi, particularly

Ov behaves similar to N (mostly no changes), but now ain the outer wind. Thus, and with respect to strategic UV res-
§ ance lines, it plays a decisive role only in the formatién o

weak dfect appears in the outer wind of cool supergiants (thi >
line of Fig.[I5), and even for @ (compare to the reasoning~ "' 1031,1037 (but see also Zsargo €t al. 2008).

above), changes in the lower and intermediate wind are \parel

visible (if at all, then only for the S30 model, see last life 05 3 pjelectronic Recombination of Ov

Fig.[I3). In the outer wind, however, considerabléatences

in Ovi (up to three orders of magnitude) can be clearly spottédter comparing the results from our first models accountorg
for all supergiants and cooler dwarf models, similar to theec shock-emission with corresponding Wadsic results, it turned

of Nvi. Only for the hottest models, théfect becomes weak. out that in a specific parameter range (for dwarfs around 45 kK
Fig.[I8 shows an example for an S40 model where the secobdth codes delivered largelyftérent fluxes around the @edge
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A series of studies had recently reconsidered tffects

10*F R of DR with respect tonitrogen (Rivero Gonzalez et al. 2011,
* 1 [20124.b), however no significarftects were found, particularly
f concerning the formation of the prominentiNA2 4634-4640-
4642 emission lines that was previously attributed to DR- pro
cesses (Bruccato & Mihalas 1971, Mihalas & Humimer 1973).

Nevertheless, we subsequently included DR also into our
B oxygen atomic model, and were quite surprised by the conse-
guences. Though in a large region of our model grid the ctenge
turned out to be negligible for the fluxes, in all supergiantels
and in the dwarf models around 45 kK the ionization fractions

joniz. fraction

108 With Auger loniz. were strongly &ected, leading to a decrease of Qypically by
L Without Auger loniz. a factor of 10 to 50.
10710 ‘ ‘ ‘ n For our most problematic D45 model, DR proved to be es-
10? 10° 1072 107 10 sential to even predict the correct main ion throughout thnelyv
tou_Ross and to produce a reliable SED around they@dge. Figl_1l7 dis-

plays the impact of DR for this model. Indeed, the population
Fig. 16. Radial stratification of oxygen ionization fractions, as af every ionization stage becomes modified in the wind, bot fo
function of 7ress for an S40 model withfx = 0.03 andTg® = Ouv this difference is large enough to change it to the main stage
3-1C° K. Auger ionization notably #iects the presence of@in  of the model. The reason for such drastic impact in the region
the outer wind tross< 1072 corresponding to > 4R, orv(r) > around D45 is based on the fact that only here the X-ray ieniza
0.7V.). The model without Auger ionization has morev@an tion is potentially able to allow for the dominance ofv@see
Ovi, and vice versa when théfect is included. Fig.[8), which then can be compensated by quite strong dielec
tronic recombination ratés.

Nevertheless, since in the majority of models ®ecomes
severely depleted (see above), independent of whetherait is
main ion or not, and also @ is afected, this leads to consid-
erable changes in the corresponding UV lines. Thus, we con-
clude that DR is inevitable for a correct treatment of oxygen
Moreover, because of this strong impact, the precision okeo
sponding data needs to be re-checked.

As afinal remark, let us note that the inclusion of DR has also
an impact on non-X-ray models, but to a much lower extent.

joniz. fraction

1076 \ g With DR - 5.4. Mass Absorption Coefficient
) i
- \wu& Without DR As already mentioned in Seck] 1, also the X-rayine
1078 ‘ ‘ ‘ emission (observed by means of CHANDRA and XMM-
102 10° 1072 107 107 Newton) has been modeled and analyzed during recent
tau_Ross years, by various groups. Such analysis particularly alow

us to obtain constraints on the presence, structure, and de-
Fig. 17. lonization fractions of oxygen, as a functionmedss for gree of wind inhomogeneities at X-ray wavelengths (e.g.,
a D45 model withfy = 0.03 andl'y® = 3-10° K, with and without |Oskinova et al. 2006, Sundqgvist etlal. 2012a, L euteneggsr et
dielectronic recombination (DR). Note the largéfeiiences for [2013b), to independently ‘measure’ the mass-loss ratesstO
all the stages whergoss< 1072 (V(r) > 0.05v,,), particularly the winds (e.g.| . Hervé et al. 2013, Cohen et al. 2014b, Rauw et al
change in the main ionization stage (fronv@ vito Orv) when [2015%), and even to derive nitrogen and oxygen abundg&hces
DR is included. (Oskinova et all_ 2006, Zhekov & Palla 2007, Nazé étal. 2012,
[Leutenegger et &l. 2013a). One of the assumptions made by var
ious authors is to consider the mass absorptiofficdent of the
at~160 A, which could be tracked down to completelyfei- cool wind materialg,(r), as spatially constant, which simplifies
entionization fractions of oxygen. In particular, our misdgis-  the analysisl(Owocki & Cohen 2006, L eutenegger &t al. 2013b,
played more G and less Qv than calculated by WMsasic. [Cohen et dl. 2014b). Other groups include detailed preutisti
After investigating the origin of this discrepancy, it texh for the spatial and frequency dependence, €f), calculated by
out that we, inadvertently, had not included the data for dineans of POWR (e.d., Oskinova etial. 2006) or CMFGEN (e.g.,
electronic recombinatifi (hereafter DR) in our oxygen atomicHervé et all. 2013, Rauw etlal. 2015), and there is an ongagag d
model3 Thus, DR processes had not been considered for oxy-
gen. 35 As an independent check of our findings, we also calculated- WM
Basic models without DR, and they turned out to be consistent with o
33 This process can be summarized as ‘the capture of an eldamgronnon-DR models.
the target leading to an intermediate doubly excited statestabilizes 3¢ Primarily, these abundance determinations involve mésguhe
by emitting a photon rather than an electrdn’ (Rivero Géezat al. strengths of corresponding emission lines in the soft Xegime,

20125). maybe correcting them for absorption. Note, however, thist diag-
34 For Si, P and @ — C1v corresponding data are still missing in oumostics isnot a wind absorption diagnostics, but that absorption is only
database. a correction needed to derive line luminosities.

17



L.P. Carneiro et al.: FASTWIND — X-ray emission from wind-eetded shocks

cussion whether the assumption of a spatially constaistjus-

tified and in how far it &ects the precision of the deduced mas: | | | | | | —
loss rates. Thoudh Cohen et &l, (2010, 2014b) have invéstige ~ 0-83 1.04 1.26 1.47 1.68 1.89 2.11 2.32 2.53 2.74 2.95
the variation ofc,(r) and its influence on the derived parametel log (x [em® g7'])

based on selected CMFGEN-models (also accounting for-var
tions in the CNO-abundances), a systematic study has nat b
performed so far, and in this section we will do so.

At first, let us consider why and under which conditiags
should become more or less spatially constant. The prins®rea
for this expectation is the fact that the K-shell cross sexdti(at
threshold and with respect to wavelength dependence) otihe !
ious ions of a specific atom are quite similar, and that theesor 1.0 =8
sponding edges (for these ions) lie close together. Prdwidey !

log (A [A]

that (i) all ions which are present in the wind are actually abl 0.8
to absorb via K-shell processes, and (ii) that there are ackb

ground’ opacities from other elemenis(r) indeed becomes (al- 0.0 0.5 | 1-[(3 R 1.5 2.0
most) spatially constant, since the total opacity is thersimple o9 W/
sum over the K-shell opacities from all contributing atoms, ‘ I I ‘ [ [
e () 0.68 0.90 1.12 1.34 1.56 1.78 2.00 2.22 2.44 2.66 2.88
K,j 2 -1
Kk(r) =~ ———ok(v)) ~ log (k< [cm® g™'])
Zk:(ZJ: p(r) )
Nk.(r)
x ok(v) =
Zkl(zjl p(r) )
ni(r
N Z k( )o_k(v) N 2k akok(v) = PP )
0] Ma(L+ 4Yie)

with ax the elemental abundanc¥,e the helium abundance

(both quantities normalized to hydrogen), ang the hydrogen

massk denotes the atomic species, anthe ion,ny j is the oc-

cupation number of ionk(j), andoy; ~ ok the K-shell cross 0.0 0.5 1.0 1.5 2.0

section, being almost independent jofin the last step of the log (r/R)

above derivation, we have assumed that the atmospherestongiig 18, Contour plots illustrating the radial dependence of the

mostly of hydrogen and helium. mass absorption céiicient, «,(r), as a function of wavelength.
Thus, we have to check under which conditions restrictiomhe upper panel refers to model D30, and the lower to model

(i) and (ii) might no longer be valid. For the light and abuntla S40, both with typical X-ray emission parameters (= 3.10°K

elements CNO, K-shell absorption is no longer possible foy Cand fy = 0.03). The positions of the Cedge (outer-shell ion-

N viand Ovu. For these ions, only ‘ordinary’, outer-shell ionizaization) and the @v and Ov K-shell edges are indicated.
tion is present, but also here the cross-sections are natitoo

ferent from the K-shell processes (both with respect tangtie _
and location of edge). Thus, even for highly ionized windst (hedges can be approximated by
or with strong X-ray emission) wherexg N vi, and Ovi are ac-

tually present somewhere, the above approximation isjs&ill _*k (Ao(K)) ~ e _oo(k) (/lo(HeII))3 >

tified. In so far, restriction (i) should play no role, sincesa  KHell Nhen oo(Hell)t Ao(K)

higher ionization stages are not too be expected to be signifi ax oo(k) (228A3

cantly populated. < a—Hem( ) (10)

Regarding restriction (ii), the situation igtéirent. The prime Ao}
background is given by the Hebound-free opacity, which Whereoy is the cross section at the corresponding edge. Using
becomes strong in ‘cool’ afdr helium-recombined winf$ solar abundances from Asplund et al. (200Q)C) ~ 35 A and
where in the following we always refer to the recombinatién Q15(O) ~ 20 A, o9 ~ 1.6, 0.9, and 0.8078 cn? for the threshold
Hem to Hen. Note that already Hillier et al. (1993) showed theross sections of He carbon (K-shell), and oxygen (K-shell),
importance of outer-wind hel_ium recombination on wind apac respectively, we findc/knen(35 A) = 0.42 andco/knen (20 A) 2
and emergent soft X-ray emission. 2.3. Thus, for cool arnfdr He-recombined winds, the Heopac-

Let's check on the maximum influence of the iHbound- ity dominates at the carbon K-shell edge, whilst at the oxy-
free opacity atimportant K-shell edges. For a crude esénve¢ gen edge the K-shell opacities are quite a bit larger than the
approximate its frequency dependencehy¥)® = (1/10)%, and background. Thus, we would predict that somewhat betow
assume the worst case thatiHis the only He ion presentin the 20 A (beyond 620 eV) restriction (ii) becomes valid, and that
wind. Then, a lower limit for the opacity ratio at specific Kedl  «, should become depth-independent. Vice versa, the mass ab-
sorption coéicient should vary with radius longward from the

37 Additionally, the outer-shell ionization of ® with edge at- 160 A 0Xygen or carbon K-shell edge, whenever the background mass
and the bound-free opacities from other, strongly abunidastcan play absorption coficient varies, mostly due to changes in therHe
a minor role, particularly if Ha is weak or absent. ionization throughout the wind.

18



L.P. Carneiro et al.: FASTWIND — X-ray emission from wind-eetded shocks

In the following, we discuss these issues by means of odecrease, but eventually reach a plateau from a certaingadi
grid models — all of them with shock emission described by o@which differs for each model). This radius then separates two
typical parametersT¢® = 3- 10° K and fx = 0.03). In particular, different regimes of, that might be parameterized in an appro-
we will provide estimates for suitable meansgfas a function priate way (see Hervé et 13 for details).
of Teg. Instead of a parameterization, it is also possible to cateul

Figure[18 displays contour-plots of the radial dependefcemeaningful averages of, and the corresponding scatter. The
the mass absorption cfiieient in a D30 (upper panel) and in ansize of this scatter then allows us to conclude when (w.atex
S40 model (lower panel), as a function of wavelength. In accdength andT¢;) a spatially constant mass absorptionfiicgnt
dance with our expectation from above, in both panels we natéght be used to analyze X-ray line profiles. Instead of dgttita
thatx, becomes constant wherk 1.2 RF§ and the wavelength average, we use here a density-weighted average (and a corre
is lower than 20 A (logt < 1.3). sponding variance), to account for the fact that the optlegth,

Longward of the Gv K-shell edge {4 > 21 A), the radial v is the quantity which needs to be calculated with high preci
variation ofk, depends onféective temperature and wind den-S1on:
sity. For the D30 modely, increases significantly with wave- Roax Roax
length, but nevertheless does not vary with radius, bedadis +, = f K, (Np(r)dr =: ,@f p(r)dr =

case the dominating ionization fraction of leemains constant Remin

throughout the wind. In contrast, somewhat hotter modets,(e _ Rmax

D35), but particularly models with denser winds such as S40 Ky = f Ky(r) F(r)dr, (11)
display a diferent behavior. Here, the lower wind is dominated RmR:

by Hem, so that the background is weak, and one can already _ o —\2

d?/scriminate the @v and C% edges around 1B, (indicated as Var(,) = mein (o (1) = k)" F (r)ar (12)
dashed lines). Compared to the dwarf models, the total the Riax

inner wind is much lower, shows much more structure, and isvith p.d.f. f(r)dr = p(r)dr/[f p(r)dr].

influenced by the carbon and nitrogen opacities. Once helium Rmin

begins to recombine in the outer wind, the background begins ) ) ) )
dominate again, and the K-shell features vanish. In this approadf, the density weights correspond to a probabil-

Fig.[T3 illustrates the radial variation of the mass absonpt ity distribution function (p.d.f.). o _
codficient for diferent wavelengths, and for our dwarf models F|g.IZI_ displays such mean mass absorpt|orﬁments,Kv,
with Ter from 30 to 50 kK. Independent Gfu, the radial vari- @S @ function of wavelength, averageover the interval betw
ation of, is marginal at (and below) 10 A. Around 20 A, thel-2 @nd 110.QR., for our dwarf modelE] The lower lpanr(]al de-
variations in the inngintermediate wind (until L&.) are some- NOtes therelative standard deviationyVar(x,)/x,. Also here,
what larger, due to changes in the oxygen ionization, whege {0!d and hot models are clearly separated, with D35 in betwee
specific positions of the corresponding edges play a rotegse (Cf- with Fig [19): ford 2 21 A, the cold models arefected by a
Fig.[Z3). At 30 A, we see a separation between D30 (black) wiﬁﬁ’ong Har-background, whilst this background is weak for the
high values ok, (Hen dominating), hot models with low valuesOtt€r ones. In this ‘long wavelength’ region, the radiaiation

of k, (Cv + low background, since helium completely ionized (?fxy is large for model D35, due to recombining helium. There is

and D35 (green) with a significantly varying, due to the re- @lso a considerable scatter between 18 and 21 A, because of ra
combination of Hen in the external wind. At 40 A, finally, the dial changes in the oxygen ionization. Overall, howeve,db-
behavior is similar, and only the values for the cooler models SUMPtoN of a constant mass absorptionftoent (suitably av-
are larger, because of the increasingiHimckground. eraged)is not too bad for theompletevavelength range (scatter
The analogous situation for supergiants is shown in[Flly. 28€low 20%), if we exclude model D35. Below 18 A, the scatter
Whilst for dwarfs the variation of, (when present) vanishes atoecomes negligible, except at the Ne, Mg, and Si edges.
around 10R,, here it is visible throughout the wind until large ~ EVvenifk,(r) can be approximated by a single numbgrthe
radii, for all but the coolest (black) and the hottest (redjdel. question is then about its value. For a comparison, the dashe
Note that the limiting values (at the outermost radius) arg-s line in Fig.[21 displays the (analytic) estimat” as provided
lar to those of the corresponding dwarf model§at= 30 and by Ed.[9, using solar abundances and K-shell opacities only,
35 kK (recombined) and &ty = 50 kK (Hem). In contrast, for With cross-sections from @, Niv, Orv, Nerv, Mgiv, and Siv.
models withTe; = 40 and 45 kK the opacity continues to in-At least for the hotter models, this estimate is quite appadg
crease outwards, since the recombination is still incoraple ~ When comparing to the actual case, except for a somewhat erro
[Hervé et al.[(2013) provided a similar figure to investigateé€ous description of the carbon edge(s): SinsedOminates in
the radial variation of,, in this case for a model @fPup calcu- the hotter models and there is~a4 A difference between the
lated by CMFGEN. Though the stellar parameters roughlyegré v K-shell and the G edge, this region is badly described by
with our S40 model, they considered a clumpy wind (with volour approximation. For the cooler models, on the other htdued,
ume filling factorfy = 0.05), and nuclear processed CNO aburflifference between the dashed and the solid curves is (mostly)
dances. Because this model shows an earlier recombindtiorfige to the helium backgroundshich varies as a function of
helium, a larger nitrogen and a weaker oxygen K-shell edge, tTer, 099, and wind-densitythus dfecting the actual value of
actual values ok, are somewhat flierent from our results (ex- ,. Even below 18 A, this background is still non-negligible fo
cept at shortest wavelengths), but the basic trends are sjoit model D30, with a maximum deviation of roughly 30% close to
ilar. In particular, our results suppart Hervé et al. (Z0d&lea the oxygen edge. Nevertheless, we conclude that for all fdwar
of parameterizing the run aof,: In any of thex,(r)-curves dis-

played in Figs_19 arld 20, these curves either increaseghitlsli  *° Note that the quantitRyi, indicates the lower boundary for the
averaging process, and must not be confused with the ordietraf

% to be on the safe side. In most cases, this limit — arising filom  the X-ray emission.
tuations in the opacity background —is even lower. 40 The impact of the chosen interval will be discussed below.
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Fig. 19. Radial variation of the mass absorption fiament in Fig.21. Upper panel: Density-weighted mean (Eg] 11) of the
dwarf models, for specific values of wavelength. Bla€k; = mass absorption cfiicient,x,, for the interval between 1.2 and
30kK, green: 35kK; blue: 40kK; magenta: 45kK; red: 50kK110 R,, as a function of wavelengths, and for dwarf models
All models calculated witl® = 3- 10° K and fx = 0.03. Note with T = 3-10° K and fx = 0.03. Solar abundances follow-
the diferent scales fox,. inglAsplund et al.[(2009) have been adopted. Dashed: approxi
mate, radius-independexft’™ (Eq.[@), using solar abundances
and K-shell opacities only, with cross-sections fronmv Qwith
threshold at 35.7 A), N/ (27.0 A), Oiv (20.8 A), Nerv (13.2 A),
Mgv (9.0 A), and Siv (6.4 A). The Cv edge (at 31.6 A) ap-
B pears as unresolved in our frequency grid. Dotted: as dabbed
100 // ] with nuclear processed CNO abundances as derivetdfap by

g Bouret et al.[(2012). Note that the nitrogen abundance issmor

SR than a factor of 10 larger than the solar one. Dashed andddotte
lines serve also as a guideline for comparison with simitgr fi
ures.
Lower panel: Relative standard deviatioR/Var(k,)/x, (see
Eq.[12), for the same models. The dotted line denotes avelati
scatter of 15%.

k [em? g7']
k [em? g7']

k [cm? g7']

Fig. 20. As Fig.[19, but for supergiant models. as 15()?

models withTe > 35 kK the assumption of a constant mass
absorption coficient approximated by2*"" is justified when
A1 < 18 A (at least within our present assumptions, i.e., so-
lar abundances and unclumped winds with not too large dptica
depths, such that the averaging down to R,2is reasonable;
for different models, see below). In all other cases, results from
NLTE-atmosphere modeling should be preferred.

The situation for our supergiant models is displayed in 10 -5 %0 0 0
Fig.[22. Below 20 A, the situation is similar to the dwarf case Waovelength [A]
though here the background s lower, even for the cooleseno
and the approximation af, by «>""" might now be applied at all
temperatures. Fat > 30 A, however, almost all models (ex-
cept for S50) can no longer be described by a radially cotistdines in Figs[2]l anf22 denote the approximate K-shell opac-

k, since all models witi e < 45 kK show recombining helium ities, <>*”', for the case of highly processed CNO material, based

[SINEN e

stdev (relative)
coocoo—

dFig. 22. As Fig.[21, but for supergiant models.

of different extent, leading to strong variations throughout tlgh the abundances derived forPup byl Bouret et al.l (2012).
wind. Here, the carbon and oxygen abundances are depleted by 0.8

Thus far, we considered models with solar abundances aamtt 0.6 dex, respectively, whilst the nitrogen abundanesis
unclumped winds. To illustrate the variation of the totalantremely enhanced (by 1.3 dex), compared to the solar values.
K-shell opacities with abundance (already investigategfy- Such a composition leads to weak C and O K-shell edges, but to
ticular models by, e.gl, Cohen el al. 2010, 2014b), the dottan enormous nitrogen edge (dotted vs. dashed line).
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Now, if the individual abundances are known during an anal- Most of our test calculations are based on a grid of 11 models
ysis, there will be no problem, angd might be approximated (supergiants and dwarfs withiig= 30 to 55 kK), each of them
by eitherx2*"" below 18 A or calculated by means of NLTE-with 9 different X-ray emission parameter sets, but many more
model atmospheres, simply accounting for these abundandegdels have been calculated for various comparisons divgju
However, considerable uncertainties even in the low wangtte models with optically thin clumping.
regime might result when the abundancesratknown. From A first test investigated the reaction when varying impor-
comparing the dashed and the dotted line, we estimate this tant X-ray emission parameters. For radially increasimackh
certainty as roughly 50% fat,, and thus forr, and M (when strengths, the emergent flux remains almostfigeded if the
the mass-loss rate shall be derived). A similar value hasdjr onset radius is lowered compared to its default value (rugh
been estimated by Cohen et al. (2014b). In the range betwdehR.), whilst increasing the onset has a consideratiecein
the oxygen and the carbon edge (20 to 35 A), the situationtiee range betweer350 A and at least the Heedge. Filling
even worse, and we conclude that the corresponding absorpfiactor and maximum shock temperatureat the ionization
codficients are prone to extreme uncertainties when the abdiractions, particularly of the highly ionized species. Vidafirm
dances have to be adopted without further verification. IR pssome earlier predictions for scaling relations for X-rayloosi-
ticular, gettingk, right around 25 A is important for measuringties (as a function d/v.,) in the case of optically thin and thick
the N emission lines at and near that wavelength (e.gi,24.9, continufd, but we noted that for our hottest models these lumi-
N vir 24.78), and thus measuring the N abundance directly. Butsities can become contaminated by ‘normal’ stellar tautia
longer wavelengths, whekg will vary even more strongly with for energies below150 eV. Thus, we suggested to choose a
radius, and even though nitrogen emission lines are nottijire lower integration limit of 0.15 keV (or even 0.3 keV, to be bet
affected, the (direct) ionization of CNO etis. affected, and so safe side) when comparing the X-ray luminosities dfefient
optical and UV line strengths ardfacted too, as discussed instars or theoretical models. Finally, we found an excebenee-
the previous sections. ment between FASTWIND and WMasic fluxes, demonstrat-

The impact of clumping is less severe. Comparing FEigl Citg @ similar ionization balance, and a satisfactory agesgm
(Appendix) with Figs[2lL anf 22, we see that models accouR€tween corresponding X-ray luminosities. Overall, thpact
ing for optically thin clumping (‘micro-clumping’) with tgical Of typical shock emissionfgects the radiation field in the wind
clumping factof®] and adequately reduced mass-loss rates gifa all wavelengthst < 350 A, thus modifying all photo-rates
rather similar results compared with unclumped models.imgafor ions with ionization edges in this regime.
the scatter ok, is negligible below 18 A. ‘Only’ the region Investigating the ionization fractions within our modeidyr
longward of 20 A is stronger contaminated by theiHaack- allowed us to study the impact of shock radiation for the prop
ground, since the clumped models recombine earlier than §#escription of important ions, i.e., those with meaningfind
unclumped ones. Note that the K-shell mass absorptiofiicogines (e.9., Gv, Niv, Nv, Ov, Ovr, Siv, and Pv). If we denote
cients themselves amot affected by optically thin clumping, Models withTez= 30 to 35 kK as ‘cool’, models witfTer= 35
since the opacities scale linearly with density. to 45 kK as ‘intermediate’ and models wiffi= 45 to 55 kK

Finally, Fig.[C:2 (Appendix) investigates the consequenc@s ‘hot’ (note the overlap)Z we can summarize our fmdm_gs as
of averaging, in the outer wind alone (in the interval betweerollows. Not (or only marginally) &ected by shock emission
10 and 11@R,), which would be adequate if the wind would be{With typical parameters and our parameterization of treekh
come optically thick at such radii (which for short wavelerg Strengths) are
and O-star winds is quite unlikely, because of the low valie o | ) _

x,). Anyway, below 18 A the dferences to the original values ® 1 dwarfs: G, Crv, Nur (cool), Niv (cool), Orv (interme-
are small. Note that the hot dwarf models now behave almost 913t€) Siv, Pv (Cookintermediate) .
exactly as estimated by*, because He vanishes in the outer ° " SuPergiants: @ (hot), Crv (hot), Niv (cool), Orv (inter-
regions of these objects. mediate), Siv (hoy).

Further conclusions on this topic are provided in the next
section.

almost all other cases, lower stagesu{CCiv, Nm, N1v,
O (hot), Sitv, and Pv) are depleted, i.e., corresponding wind
lines become weaker, and higher stages ,(®1v (cool), Ov,
Ovi) become enhanced, i.e., corresponding wind lines become
stronger when accounting for shock emission.
In this paper, we described the implementation of X-ray emis We studied in some detail how the ionization fractions
sion from wind-embedded shocks into the unified, NLTE atmehange when the two most important parameters, filling facto
sphergspectrum synthesis code FASTWIND, discussed varioasd maximum shock temperature, are varied. For most ioas, th
tests, and presented some first result. filling factor has a larger influence thdig°, but particularly Ovr

Our implementation follows closely corresponding work bynd Pv (the latter only for higher filling factors and shock tem-
Pauldrach et all (2001) (for WMasic), which in turn is based peratures) show a strong reaction to both parameters.
on the shock cooling zone model developed by Feldmeier et al. Due to the importance of Pwith respect to mass-loss and
(19974), with the additional possibility to consider isarimal wind-structure diagnostics, we re-investigated its baraand
shocks. The (present) description of the shock-distriiouéind confirm previous results that for typical X-ray emissiongrae-
strength is provided by four input, ‘X-ray emission paraenst ters this ion is only weakly or moderatelffected (by factors of
controlling the filling factor, the run of the shock temperat, two for intermediate and hot supergiants@)/v., = 0.5 and by
and the radial onset of the emitting plasma. We account for Kactors of 10 at/(r)/v. = 0.8), though for a strong X-ray radi-
shell absorption and Auger ionization, allowing for morarih ation field the depletion can reach much higher factors. A-com
one final ionization stage due to cascade ionization presess

6. Summary and conclusions

42 though a discrepancy with recent worklby Owocki etlal. (20433

41 £y = 20 corresponding to a volume filling factdy, = 0.05 identified, which needs to be investigated further
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parison of R ionization fractions with results from CMFGEN  Having finalized and carefully tested our implementation of
(Bouret et all. 2012) provided a reasonable agreement. emission from wind-embedded shocks, we are now in a position
Not only metals, but also He can bffected by shock emis- to continue our work on the quantitative spectroscopy of-mas
sion, due to the location of the Heedge and He 303 in the sive stars. As outlined in the introduction, we will conaere
EUV. Significant &ects, however, have only been found in then determining the carbon and oxygen abundances in O- and
winds of cool supergiants, where particularly 640 (emis- early B-stars observed during the two VElames surveys con-
sion and high-velocity absorption) and Hé686 (emission) be- ducted within our collaboration, by means of optical andewh
come stronger, due to increased recombination cascades-an@vailable, UV spectroscopy. During such an analysis, thay-
creased pumping of the= 2 level in case of Ha 1640. emission parameters need to be derived in parallel withttinerp
When comparing our ionization fractions with those calcunain diagnostics, at least in principle. We then have to kirec
lated by WMsasic, we found a good, though not perfect, agreéqu_far the derived abundances depend on corresponding-unce
ment, which turned out to be true also for various UV-linedainties. _
When comparing with_Krticka & Kubat (2009), on the other Note further that any such UV analysis also needs to con-
hand, a similar agreement over the complete covered tempéiiger the €ects of optically thick clumping (e.g.. Oskinova et al.
ture range was found only for few ions; for the majority, suc : i 18urlan et al. 2013, Sundayvist ef al.
agreement is present only at specific temperatures. 2014). In parallel with the implementation of wind-embedde
Itis well known that Auger ionization can play an importan8hocks presented here, we have updatedvino to also account
role for the ionization balance of specific ions. To further i Properly for such optically thick clumping (porosity in piiy
vestigate this issue, we compared the ionization fractasradl ~ cal and velocity space), following Sundqvist et al. (2014gse
ions considered in this study when including (default) axled- Models will be presented in an upcoming (fourth) paper of thi
ing this process in our NLTE treatment. Overall, it turned oP€res. o _ _ _
that only Nvi and Ovi (as previously known) are significantly ~ Regarding quantitative spectroscopic studies accouifiting
affected by Auger ionization, but, at least in our models (witl{-ray ionization éfects, the parameterization represented by
radially increasing shock temperatures), only in the owied. EQ.[7 is certainly not the final truth, and actually also netttiest
For the inner and intermediate wind, direct EBWV ioniza- €ncapsulation of the results from present-day numerioalisi-
tion due to shock emission dominates, which is generally trions. Though this probably does not matter too much for most
for all other considered ioffS. applications, it might be worth thinking about a better eepr
As an interesting by-product of our investigation, it tuineSentation, and how our results would change if the stronger a

out that dielectronic recombination ofCcan have a consider- Weaker shocks were allowed to be more spatially mixed.
able influence on the ionization balance of oxygem(@s. Ov), LDl simulations ~ (e.g., L Feldmeieretial. L_1997b,

particularly for dwarfs around 45 kK. DQSS@E—&%\MO—Q?(i I—ZQ—%3|—S—UMLSI—E‘QJMQbm|—2m3) indi-
In the last part of this paper, we provided an extensive di%"Elte that the velocity dispersion peaks quite clos&{ (~

cussion of the (high-energy) mass absorptionfiegient, x,, re- .5-2.0R,) and then falls &. And the same simulations show

garding its spatial variation and dependencelgn This topic 3'32 ??gfioitrgfn?o r?g?ﬁgf fgfﬁ"“a“{ r';r%rgr ttf:aemogrs:t{]vraetéo?:l
is particularly relevant for various approaches to analjyzay e . 9 p 9.
xmi) indicate a substantial amount of high-temperature

emission lines. To summarize and conclude, we found that ﬁis 7 —
imati i be iustifi asma (10" K) near Ry, (€.g.,Waldron & Cassinelli 2001,
the approximation of a radially constamt can be justified for Waldron & Cassinelli [ 2007). and_L = ratal (2006)

r 2 12R and4 < 18 A, and also for many models at longet, 4 "an onset radius of 10401 R. for the Sxv line. On

wavelengths. (ii) In order to estimate the actual value @ th
. ; the other hand, Cohen et al. (2014a) showed that the shock
quantity, however, the Hebackgrounffi needs to be COnSIdereoItemperature distribution is very strongly skewed towardikve

from (;;\etaned mode::_ngh,lat least for wavelengths .Iolngenthr? shocks, and our parameterization Elg. 7 allows us to incloale t
to 20 A. Moreover, hig y_processed CNO material can change + re already now.
the actual value ok, considerably, particularly for = 20 A,
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Appendix A: lonization fractions of selected ions:
Dependence on X-ray filling factor and shock
temperature

Figured Al td A 1D display the reaction ofiG Nv, Ov, Ovwi,
and Pv on varying the X-ray filling factors and shock tempera-
tures within our supergiant and dwarf models, as a function o
Ter. For further explanation and discussion, see $ect.15.1.3.

Appendix B: Comparison with WM-  Basic: lonization
fractions and UV line-profiles

In Figs.[B1 and_BR we compare the ionization fractions of
specific ions, as calculated by FASTWIND and Wwkic,

for dwarf and supergiant models, respectively. [Eigl] B.3 €om
pares corresponding strategic UV-line profiles forvNL720,
Nv 1238,1242, G 1371, Ovi 1031,1037, and # 1117,1128.
Further explanation and discussion is provided in $eci45.1
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See Secf. 5.11.4.
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Appendix C: Averaged mass absorption
coefficients - clumped winds and dependence
on averaging interval

Fig.[C1 displays the density-weighted mean (E¢. 11) of taesn
absorption cofficient as a function of wavelength, for dwarf
(left) and supergiant (right) models. The figure has a sintalg

out as Figd. 21 arid®2, but has been calculated for clumpee mod
els (fy = 20), and mass-loss rates reduced by a factor/20.
Fig.[C.2 is also analogous to Figis]21 22, but now the ab-
sorption coéficient has been averaged over the interval between
10 and 11(R.. For details and discussion, see Secil. 5.4.
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