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ABSTRACT

Context. Evolutionary models of massive stars predict a surface enrichniié¥itrogen, due to rotational mixing. Recent studies
within the VLT-FLAMES survey of massive stansve challenged (part of) these predictions. Such systematic detéoniaf
Nitrogen abundances, however, have been mostly performed ardpdter (B-type) objects. For the most massive and hottest stars,
corresponding results are scarce.

Aims. This is the first paper in a series dealing with optical Nitrogen spectroszfopytype stars, aiming at the analysis of Nitrogen
abundances for stellar samples of significant size, to place furthstraots on the early evolution of massive stars. Here we con-
centrate on the formation of the opticaliNlines at114634— 4640— 4642 that are fundamental for the definition of th&etient
morphological ‘f’-classes.

Methods. We implement a new Nitrogen model atom into the NLTE atmospghpeetrum synthesis codgstwinp, and compare

the resulting optical hr spectra with other predictions, mostly from the seminal work by Mihalas &hkher (1973, ApJ 179, 827,
‘MH"), and from the alternative codemvrGen.

Results. Using similar model atmospheres as MH (not blanketed and wind-freegre able to reproduce their results, in particular
the optical triplet emission lines. According to MH, these should be stromdgygad to dielectronic recombination and the drain by
certain two-electron transitions. However, using realistic, fully line-bléatketmospheres at solar abundances, the key role of the
dielectronic recombinations controlling these emission features is sdpérsefor O-star conditions — by the strength of the stellar
wind and metallicity. Thus, in the case of wind-free (weak wind) modelsrekelting lower ionizing EUV-fluxes severely suppress
the emission. As the mass loss rate is increased, pumping throughathreddnance line(s) in the presence of a near-photospheric
velocity field (i.e., the Swings-mechanism) results in a net optical tripletdméssion. A comparison with results froemrcen is
mostly satisfactory, except for the range 30,008 Rer < 35,000 K, wheremrcen triggers the triplet emission at low@gs than
rasTWIND. This dfect could be traced down to line overlaffeets between the M and Om resonance lines that cannot be simulated
by rastwinD SO far, due to the lack of a detailedu©model atom.

Conclusions. Since the ficiency of dielectronic recombination and ‘two electron drain’ stronglyetels on the degree of line-
blanketing-blocking, we predict the emission to become stronger in a metal-podoament, though lower wind-strengths and
Nitrogen abundances might counteract thfeet. Weak winded stars (if existent in the decisive parameter rangeldstiisplay less
triplet emission than their counterparts with ‘normal’ winds.
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1. Introduction vide the first statistically significant abundance measergsiof

. L _Galactic, LMC, and SMC B-type stars, covering a broad range
One of the key aspects of massive star evolution is rotationg (qiational velocities.

mixing and its impact, Evolutionary models including rasat For the Galactic case, the mean B-star Nitrogen abundance

(e.g., Heger & Langer 2000; Meynet & Maeder 2000; Brott et a|, . g .
2011a) predict a surface enrichment of Nitrogen with antzaissoélS derived by Hunter et al. (2009a) is in quite good agreement

. . . with the corresponding baseline abundance. For the Matella
ated Carbon depletion during the main sequence evoltfidre : :
faster a star rotates, the more mixing will occur, and thgdar Clouds stars, however, the derived Nitrogen abundances sho

. clearly the presence of an enrichment, where this enrichigen
the Nitrogen surface abundance that should be observed. . . ’ ; ;
Several studies (Hunter et al. 2008, 2009b: Brott et al. Bp1 more extreme in the SMC than in the LM heoretical consid

. ; o Terations have major fliculties in explaining several aspects of
have challenged the _pred|cteﬁe£ts of _rot_at|onal MIXING ON e accumulated results: Within the population of (LMC)esor
the basis of ob_servatlons performed within the VLT-FLAME ydrogen burning objects, both unenriched fast rotator an
survey of massive stars (Evans et al. 2006). These studies gfio“enriched slow rotators have been found, in conttaatic
: ) . _ to standard theory, as well as slowly rotating, highly emeit B-

* Appendix A, B, and C are only available in electronic form a&upergiants (see below). Taken together, these resulty that

httpy/www.edpsciences.org . . ) .
! due to a rapid achievement of the CN equilibrium, whilst thgtandard rotational mixing might be not as dominant as sual

Oxygen depletion implied by the full CNO equilibrium is only found
in rapidly rotating and more massive stars at later stages, e.g., Broft Baseline abundances for all three environments fromregions
etal. 2011a. and unevolved B-stars, see Hunter et al. (2007).
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quoted, angr that other enrichment processes might be presénhdamental for the definition of thefirent morphological ‘f'-
as well (Brott et al. 2011b). classes. During our implementation of Nitrogen into the HLT
Interestingly, there exist only few rapidly rotating B-atmospheréine formation coderastwino (Puls et al. 2005) it
supergiants, since there is a steep drop of rotation rates taned out that the canonical explanation in terms of diededic
low Tes ~ 20 kK (e.g., Howarth et al. 1997). Recently, Vinkrecombination (Mihalas & Hummer 1973) no longer or only
et al. (2010) tried to explain this finding based on two altepartly applies when modern atmosphere codes including line
native scenarios. In the first scenario, the low rotatioesatf blockingblanketing and winds are used to synthesize the N
B-supergiants are suggested to be caused by braking due tspectrum. Since the f-features are observed in the majofity
increased mass loss fdig < 25 kK, related to the so-called O-stars and strongly dependent on the Nitrogen abundance, a
bi-stability jump (Pauldrach & Puls 1990; Vink et al. 2000)thorough re-investigation of their formation process uiead,
Since the reality of such an increased mass loss is stilltddbain order to avoid wrong conclusions.
(Markova & Puls 2008; Puls et al. 2010), Vink et al. (2010) This paper is organized as follows: At first (Sect. 2) we re-
discuss an alternative scenario where the slowly rotating Bapitulate previous explanations for thexMNtriplet emission,
supergiants might form an entirely separate, non core lyaro in particular the standard picture as provided by Mihalas &
burning population. E.g., they might be products of binarg-e Hummer (1973). In Sect. 3 we discuss the dielectronic recom-
lution (though this is not generally expected to lead to §fowbination process and its implementation imierwinp. Sect. 4
rotating stars), or they might be post-RSG or blue-loopsstar presents our new M model ion, and in Sect. 5 we investigate
Support of this second scenario is the finding that the mére dependence of the triplet emission on various procegées
jority of the cooler (LMC) objects is strongly Nitrogen-écited compare our results with corresponding ones from the altern
(see above), and Vink et al. argue that “although rotatingl-mative codecmrcen (Hillier & Miller 1998) in Sect 6, and discuss
els can in principle account for large N abundances, the fdbe impact of coupling with @ via corresponding resonance
that such a large number of the cooler objects is found to l#ees in Sect. 7. The dependence of the emission strengtpesn s
N enriched suggests an evolved nature for these stars.’éfutar cific parameters is discussed in Sect. 8, and Sect. 9 prowiges
Nitrogen analysis of their (early) progenitors, the O-tygtars, summary and conclusions.
will certainly help to further constrain these ideas andspre In the next paper of this series (‘Paper II'), we will present
massive star evolution in general. Note that one of the sifien our complete Nitrogen model atom, and perform a Nitrogen
drivers of the current VLT-FLAMES Tarantula survey (Evangbundance analysis for the LMC O-stars from the previous-VLT
et al. 2011) is just such an analysis of an unprecedentedlsanfl-AMES survey of massive stars.
of ‘normal’ O-stars and emission-line stars.
Until to date, however, Nitrogen abundances have 1398n 5 '\ ; emission lines from O-stars - status quo
tematically derived only for the cooler subset of the previ-
ous VLT-FLAMES survey, by means of analyzinguNalone, The presence of emission in thenNriplet at114634— 4640—
whereas corresponding results are missing for the most mas42 A, in combination with the behaviour of Hel4686, is
sive and hottest stars. More generally, when inspectingithi#- used for classification purposes (‘f’-features, see Walldi®71,
able literature for massive stars, one realizes that netun- Sota etal. 2011), and to discriminate O-stars with suchdimis-
dances, in particular of the key element Nitrogen, have leen sion from pure absorption-line objects. As stressed by Gatec
rived only for a small number of O-type stars (e.g., Bouretlet & Mihalas (1971, hereafter BM71), these emission lines-orig
2003; Hillier et al. 2003; Walborn et al. 2004; Heap et al. @00 inate in the stellar photosphere and not in an “exteriorlshel
The simple reason is that they aredfidult to determine, since (see also Heap et al. 2006 for more recent work). In this case,
the formation of N/N1v lines (and lines from similar ions of the most plausible explanation is by invoking NLTFests.
C and O) is problematic due to the impact of various procesd@asNLTE, line emission occurs when the corresponding source
that are absent or negligible at cooler spectral types. function at formation depths is larger than the continuum in
One might argue that the determination of Nitrogen arténsity at transition frequenoy. Such a large source function
other metallic abundances of hotter stars could or evenldhobbecomes possible if the upper level of the transition is $ter-
be performed via UV wind-lines, since these are clearly-visably) overpopulated with respect to the lower one, i.e, i by
ble as long as the wind-strength is not too low, and the linéwith b, andb, the NLTE departure cdicients of the upper and
formation is less complex and less dependent on accuratéatolower level, respectively). Note that both ¢heients can lie be-
models than for photospheric lines connecting intermedist low unity.
even high-lying levels. Note, however, that the resultsuafhs For the N triplet produced by the 3p - 3d transitions (see
analyses strongly depend on the assumptions regardinghandrig. 1), such a mechanism should result in a (relative) aygup
treatment of wind X-ray emission and wind clumping (Pulslet dation of the upper level, 3d. In the early work about Of stars
2008 and references therein). A careful photospheric aigly the fluorescence mechanism developed by Bowen (1935) has
on the other hand, remains rather fieated by such problemsbeen suggested to trigger such an overpopulation. Manyesith
as long as X-ray emission and clumping do not start (verygeelo(Swings & Struve 1940; Swings 1948; Oke 1954) argued against
to the photosphere, and we will follow the latter approadm-c the relevance of the Bowen mechanism in Of stars, because of
centrating on optical lines. the lack of Om emission lines af13340, 3444, 3759 A which
This paper is the first in a series of upcoming publicatiorexe connected to the involved levels.
dealing with Nitrogen spectroscopy of O-type stars. Theomaj  An alternative suggestion is due to Swings (1948) and relies
objective of this project is the analysis of optical spedtcan on an intense continuum that may directly pump the resonance
stellar samples of significant size infldirent environments, to transition 2p— 3d (thus producing the required overpopulation,
derive the corresponding Nitrogen abundances which arédkeybsq > bsp) as well as 2p— 3s, while the transition 2p - 3p is
our understanding of the early evolution of massive starghé radiatively forbidden. The implied overpopulation of [&as
present study, we will concentrate on the formation of the odue to pumping may then explain why the transitions 3s - 3p
tical Nm emission lines aft14634 - 4640— 4642, which are at114097-4103 are always in absorptiding> bsp).
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3p — 3s lines. Until to-date, dielectronic recombination is the
canonical explanation for the formation of the f-features.

5x1o5 T T T T T T T T T T T T T T T T T T T

4x10% — 2s2p ('P°) 3d > 2s2p ('P%) 3d]

3. Dielectronic recombination

If two electrons are excited within a complex aton with sev-

S5
= 3x10 eral electrons, they can give rise to states with energitrs i
£ low and above the ionization potential. States above theaen
T 5x10° tion limit, under certain selection rules, may preferdhtiau-

toionize to the ground state of the ion plus a free electron.

Thus the ionization from an initial bound state A(i) to an
ionized final state A(f) can occur either directly, or by a (dif-
ferent) transition from the initial bound state A(i) to andrme-
diate doubly excited statd above the ionization potential that
finally autoionizes to A(f). In this respect, Photo-Excitation of
the Core (PEC) resonances (Yan & Seaton 1987) are parficular
strong, because they correspond to a single electron tianisi
Fig. 1. Grotrian diagram displaying the transitions involved in thetN which the outer electron is a spectator and does not change.
emission lines problem. The horizontal line marks the: Mnization The inverse process is also possible, if an ion collides with
threshold. The Nir 114634~ 4640 4642 triplet is formed by the ran- 5y gjactron of sfficient energy, leading to a doubly excited
e B s o sy Ste. Generally, he compound tate wil immeciatcyiamige

B> 25 pisp y again (large autoionization probabilitie&? ~ 103 — 104 s71).

electron transitions’ 3p»> 2p%(?S, ?P,2D). The levels above the ioniza- o o ,
tion limit are the autoionizing levels that feed level 3d via dielectronit!! SOMe cases, however, a stabilizing transition occunshich

recombination (Sect. 3]_) Cascade processe.s_)(aﬁ) can overpopu- one Of the eXCited electl’OI’lS, USUa”y the one in the |OW&B,’Sta

late the 3d state as well. The Swings mechanism involves the resonai@g@atively decays to the lowest available quantum stakés T

transitions 2p— 3s and 2p- 3d. Note that the (energetic) positions ofprocess is the dielectronic recombination, and can be summa

the autoionizing niveaus have been shifted upwards for clarity. rized as the capture of an electron by the target leading to an
intermediate doubly excited state that stabilises by émgita
photon rather than an electron.

Without such pumping of the 3s level, an auxiliary draining
mechanism for the 3p level is needed, since otherwise an over

population,bs, > bss, might occur due to cascade processes;1- The Nm emission triplet at 144634 4640 4642

implying the presence of emission.at4097-4103, which is not As pointed out by Mihalas (1971), there are two important au-
ozbsezrvezd. Indeed, the anomalous ‘two electron transit@pS  toionizing series in the Ni ion, of the form 2s2p@°)nl and
(°S,“P,“D) - 3p with transition probabilities comparable to thesopgp)nl, along with few bound double excitation states with
3p— 3sone electron transition have been identified by Nikitin & mjlar configuration. Since states of the form 2s2yre directly
Yakubovskii (1963) as potentially important draining peeses. coupled to 24l states, they are of great importance. In the fol-
Calculations by BM71 show that the presence of these dminiying, we consider only the states from the singlet seties,
processes is siicient both to ensure the overpopulation of 3dayse the transitions from the triplet series tn2states are not
(relative to 3p) and to prevent the overpopulation of 3ptheda glectric dipole allowed transitions in LS coupling.
to 3s. Thus, these ‘two electron transitions’ play a key.role The singlet series comprises only two bound configurations,
BM?71 also noted a problem for the Swings mechanism wheR2p3s and 2s2p3p, whilst the 2s2p3d configuration lies only
applied to realistic conditions. The 2p 3s and 2p— 3d reso- 1.6 eV above the ionization potential and is of major impects

nance lines are expected to be much more opaque than3p since the low position in the continuum produces strongediel
and 3d— 3p, and should be consequently in detailed balancetiignic recombination,

the line forming region. That would mean no pumping and no

overpopulation of 3d relative to 3p (but see Sect. 5.3). Tobp 25('S) (N1v) + €™ — 2s2p{P’)3dCP°, *F°). 1)
lem became (preliminary) solved when BM71 suggested a thim)te
potential mechanism. They realized the existence of a lauge
ber of autoionizing levels that either connect directlyhe 8d
state or to levels that can cascade downwards to 3d. Heree
latter state may become strongly overpopulatedigjectronic
recombination'DR’, see Sect. 3).

The most influential analysis of theiemission lines prob-
lem until now has been carried out by Mihalas & Hummer (197
‘MH’), building on the work by BM71. They used static, plane2s2ptP®)3d@r°, 2F%) — 2s2ptP°)3p(s, 2P, 2D) +hy, (2)
parallel models trying to explain thdfect for O((f)) and O(f) , ) , ) i
stars. As a final result, they were able to reproduce thethiplet that end in the doubly e_XC|ted bound configuration mentioned
emission at the observed temperatures and gravities iflglars@P0Vve, or the one that might overpopulate the upper levélef t
with absorption a214097-4103, by overpopulating level 3d pri- transition 3d— 3p,
marily via dielectronic recombination. The subsequent38p 20 2 2)
cascade produces the emission. The strong draim 3p° via 2s2ptP)3d(P°, °F°) - 25°3d(D) + . 3
‘two electron transitions’ enhances the overpopulatioBdfel- thus playing a (potential) key role in themNtriplet emission.
ative to 3p by depopulating 3p and prevents emission in tA&e latter route is displayed in the upper part of Fig. 1.

1x10°

that the core electron transition (see above),
28(*S) — 2s2ptPP), is equivalent to the resonance transi-
t'ﬁn in Niv. Thus, any 24'S)nl — 2s2ptP°)nl transition
’éves rise to strong, broad resonances (see Fig. 2), urliess t
2s2ptP°)nl state is truly bound.

The autoionizing states (Eg. 1) can stabilize via two adtern
gjve routes, either
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tion ensures that the area under the original data remaims co
served, and that all resonances are treated wifiicsnt accu-
racy. By means of this approach, the ionization and recoaabin
tion rates should be accurately represented, except fonmeie
nation rates at very low temperatures, where the recombimat
codficient is quite sensitive to the exact location of the resoean
(see Hillier & Miller 1998).

1075
107'® —

1077

a(v) (Mb)

107"8F 3.3. Implicit vs. explicit method

Though under similar assumptions both methods achievéssimi

10—|s;_ results, there are certain advantages and disadvanteagesr¢h
3 summarized in the following (see also Hillier & Miller 1998)
1072 I 1 1 ]
3x10" 4x10'® 6x10" 8x10'"®  1x10"® The implicit method has the advantage that for states that can

v (s autoionize in LS coupling their contribution to dielectiome-

Fig.2. Comparison of the ‘raw’ cross-section from the OPACITYcombmat'.On _(an(;i the inverse prqcess) is already includtdrw
project (black), and the smoothed one (gbdye), for the 3D state the photoionization data. There is no need to look for both th
of N Note the numerous complex resonances. An example for a PE@portant autoionizing series to each level and the osoilla
resonance, being much broader than the usual Rydberg ressnancestrengths of the stabilizing transitions. On the other hamere
marked by the vertical arrow. Dashed: corresponding resoniaeee- are also disadvantages. Narrow resonances are not alwdlys we
data in terms of the Seaton (1958) approximation frombasic. resolved, and, if the resonance is strong, the dielectreasiom-
bination rate from such a resonance could become erroneous.
Besides, the positions of the resonances are only appréxima
If line coincidences are important, this cafieat the transfer
Dielectronic recombination and its inverse process hawnbeand the corresponding rates. Hillier & Miller (1998) suggels
implemented intaeasTwinp in two different ways, to allow us to avoid the implicit approach for those transitions wheesett-
to use dfferent data sets. Specifically, we implemented tronic recombination is an important mechanism. In our new N
) - - ) model ion (Sect. 4) we have followed their advice. Finally, d
() an implicit methodwhere the contribution of the dielec-glectronic recombination rates calculated by the impiigthod
tronic recombination is already included in the photoianiz are inevitably based on the assumption that the autoianlein
tion cross-sections. This method needs to be used for dafgare in LTE with respect to the ground state of the nextdiigh
that has been calculated, e.g., within the OPACITY projefdn 3 In the rare case that this were no longer true, the implicit
(Cunto & Mendoza 1992) and method cannot be used. Then, the autoionizing levels need to

(i) an explicit methodusing resonance-free photoionizatiome included into the model atom, and all transitions neeceto b
cross-sections in combination with explicitly includedlst treated explicitly.

lizing transitions from autoionizing levels. This methodlw

be used when we have information regarding transition fre- o .

onances can be inserted at the correct wavelength if known.
Later on we discuss the advantages and disadvantages of [§@tfough one has to admit that resonance positions will never
methods, whereas in Appendix A.1 we provide some details be very accurate. For the PECs this does not matter though.)
the explicit method, and in Appendix A.2 we show that the inBften, however, the profile functions for the resonancesldre
plicit and explicit method are consistent as long as theiamio-  ficult to obtain (which, on the other hand, are included in the
ing states are in LTE, as often the case (or frequently assumeimplicit approach). The width of these Fano profiles is sethay

Photoionization cross-sections from the OPACITY projeciutoionization cofiicients, which, frequently, are not available.

data include the contributions of dielectronic recomboraand To overcome this problem, we follow the approach by MH and
will be used within the implicit method. All these cross-segs assume the resonance to be wide (which is true for the most im-
display complex resonances (where the largest and widest oportant PEC-resonances), such that we can use the mean inten
are the PEC resonances), which somewhat complicate the-impity instead of the scattering integral when calculatirgrttes,
mentation of this method. Since some of the resonances #ee qend become independent of the specific profile. When line coin-
narrow, care must be taken when sampling the cross-sectiatidences play a role, this might lead to certain errors thoug
If performing a straightforward calculation, the radiatitrans-
fer would need to be solved at each point of the fine-frequency i
grid required by the resonances in the ‘raw’ data, which wouft. The N1t model ion

increase the computationaffert considerably. To circumvent implemented a new Nitrogen model atom into therwino
the problem we implemented a method that is also usedin  j4iahase, consisting ofito N'v. In the following, we provide
basic (Pauldrach et al. 2001) anddarcen (Hillier & Miller o516 details of the M model ion, whilst the remaining ions

1998) (see also Bautista et al. 1998). The raw OPACITY ptojegij| he described in Paper II. Our N model consists of 41 lev-
cross-sections are smoothed (Fig. 2) to adapt them to the s(%)

3.2. Implementation into FASTWIND

dard continuum frequency grid used within the code, whi s, quite similar to the Wi model as used withiwm-basic. LS-
X 1 Y upled terms up to principal quantum numhet 6 and angu-
has a typical resolution of a couple of hundred ki go this P ptop pald g

end, the data are convolved with a Gaussian profile of tylgical 3 This will almost always be the case, otherwise the states are more
3,000 km stwidth, via a Fast Fourier Transform. This convoluer less bound.
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lar momentun = 4 have been considered. Table B.1 provideRable 1. Model grid used by Mihalas & Hummer (1973) and in our test
detailed information about the selected levels. All fineisture  series.
sub-levels have been packed into one LS-coupled térfwo
spin systems (doublet and quartet) are present and tréatel s~ _Model T|3233 3540 3533 3740 3735 4040 4035 4540 5040
taneously (see Fig. B.1 for Grotrian diagrams). Ter(kK) [ 32.5 350 35.0 37.5 37.5 40.0 40.0 450 50.0

We account for all (193) allowed electric dipole radiative logg |33 40 33 40 35 40 35 40 40

L : M 1.0 0.35 1.82 0.58 3.16 0.93 5.3 8.05 17.5

transitions between the 41 levels, as well as for (164) radia
tive intercombination transitions between the two spintesys
Oscillator strengths have been taken from Ni8/en possible, Notes. The mass-loss rates provided in the last row (in units of
and else from them-basic databaseNIST Nm data are mostly 10 M.yr-2) refer to our tests of wind feects (Sect. 5.3) alone. All
from Bell et al. (1995), and from OPACITY project calculat® other tests have been performed with negligildle
by Fernley et al. (1999).

Roughly one thousand bound-bound collisional transitionsple 2. Oscillator strengths for the ‘two electron transition’ as used by
between all levels are accounted for. (i) For all collisidies Mihalas & Hummer (1973) and within our new atomic model.
tween the 11 lowest levels, 28p, 2s 28, 2p°, and 283l (I = s,

p, d), comprising doublet and quartet terms, we use the-colli Transition fu (MH)  fi, (used in this work)
sion strengths as calculated by Bted et al. (1994), from the ab 2P ?D-3p?P 250-10° 4.38-107°
initio R-matrix method (Berrington et al. 1987). (ii) For stof 2p?2S5-3p?P°  2.00-10* 1.31-102
the optically allowed transitions between higher leveks. (from 2p %P - 3p?P°  240-107 4.02-10*

level 11 as the lower one on), the van Regemorter (1962) appro

imation is applied. (iii) For the optically forbidden tratisns

and the remainder of optically allowed ones (transitionslv

ing the highest level), the semi-empirical formula fromeXll 5. N 1 (emission) line formation

(21973) (withQ = 1) is used. i ) )
Photoionization cross-sections have been taken from tfthe following, we describe the results of an extensiveses

OPACITY Project on-line atomic database, TOPBa&unto & €S regarding our newly developediNmodel ion. In particu-

Mendoza 1992). These cross-sections have been Computed we check if the trlpl_et appears in emission in the qbsérv

Fernley et al. (1999) by the R-matrix method using the closBarameter range, and if thel097 line remains always in ab-

coupling approximation and contain, as pointed out presligu sr?rption. Notehthat these Iir}esshoqldl be sr,]tronglykcoeﬁlate.,
complex resonance structures. the stronger the emission in the triplet, the weaker the mbso

For excited Nu levels with no OPACITY Project data avail-tlon a114097, since both transitions share th‘? level 3p (Fig. 1).
A change in the corresponding departurefioent leads to a

able (5g°G and 6¢°G) and in those cases where we apply th . . ; 2OUS
explic(itgmethod fogr di)electronic recombination, resona[{)ﬁ[c)e)é §hange in both I!nesd For gxarr]ngle,bﬁpl becomes d'.”.“”'s,hed
cross-sections are used, provided in terms of the SeatcﬁﬁXlQSLéigos Tr%;elfggljesnio r;I(;]reyetm(ias;\ilg%fazggzn—tzl%rllscl)“—ozg 4(2568
approximation, and to less absorption a#097, due to less cascading.
For all tests, we calculated model-grids that cover the same
— 1 ’

a(v) = aolB(vo/v)* + (L = B)(vo/")*"], 4)  stellar parameters (O-type dwarfs and (super-) giants$es by

MH, listed in Table 1. All tests have been performed by means

with o the cross-section at thresholgl andg andsfit parame-  f ygrwivp, using ourcompleteNitrogen model atom.
ters from thewm-basic atomic database. For most cross-sections,

a reasonable consistency between these and the OPACITY
project data is found, if one compares the resonance-frae ¢6.1. Comparison with the results from MH
tribution only, see Fig. 2.

The most important dielectronic recombination and rever
ionization processes are treated by the explicit methogdin
ticular, recombination to the strategic 3d level). Cormyiing
atomic data (wavelengths and oscillator strengths of the s
bilizing transitions) are from thQ’M'baS.i(.: atomic._database ASn particular, we replaced data for dielectronic recomtiama(to
well. Finally, the cross-sections for collisional ioniat are de- the three draining levels, 22D, 2S2P), to level 3d, and to few
rlveq following the Seaton (1962) formula, with threshofdss- higher important levels — #14, 17, 20 and 21, see Table B&), t
sections fromwwm-basic. oscillator strengths for the ‘two electron transitionsale 2),
and the photoionization cross-sections for all levels \weba
Qfhe cross-sections for the latter did already agree).

Consistent with the MH-models, a Nitrogen abundance of

First, we test if we are able to reproduce the MH-results for
%?((f)) and O(f) stars. To this end, we need to invoke (almost)
identical conditions, regarding both atmospheric and aom
gmdels. Thus, we modified ourii ionic model, replacing part

f our new data with those used by MH (‘mixed’ ionic model).

4 When calculating the final synthetic profiles we use, when nec
sary, the un-packed levels by assuming that; — with occupation
numbem; and statistical weight; — is similar for each sub-level within

a packed level, due to strong collisional coupling. [N] & = 8.18 was adopted. This is a factor of 2.5 larger than the
5 httpy/www.nist.goyphyslalidatdasd.cfim, firstly described in Solarone, [N] =7.78 (Asplund et al. 2005?)-1__0 account for the
Kelleher et al. (1999) absence of a wind in their models, a negligible mass-lossafat

6 see Pauldrach et al. (1994). In brief, the atomic structure sode M = 10°Moyr ! was used.
PERSTRUCTURE (Eissner & Nussbaumer 1969; Eissner 1991) has been
used to calculate all bound state energies in LS and intermediate cod-[A] = log A/H + 12, with A/H the number density of element A
pling as well as related atomic data, particularly oscillator strengths with respect to Hydrogen
cluding those for stabilizing transitions. 9 Asplund et al. (2009) provide a slightly larger value,JN=
7 httpy/cdsweb.u-strasbg/fopbasgopbase.html 7.83+ 0.05, where this dierence is irrelevant in the following context.
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Fig. 3. Comparison of equivalent widths (EW) fori 14097 andi14640/42. All atmospheric models calculated with ‘pseudo line-blanketing’
(see text). Black diamonds: results from MH; red triangles: aewwmp calculations with ‘mixed’ Nu ionic model (new level structure, but
important transition data from MH); purple squares: mewwinp calculations with new M model; blue asterisks: as squares, but DR-contribution
to 3d level diminished by a factor of two. Here and in the following, positive megative EWs refer to absorption and emission lines, respectively.

Though line-blockingblanketing could not be included into NII4097

the atmospheric models in 1973, MH realized its significance% (l)'g - \ i

and tried to incorporate some important aspect by means of &, o’a i 3 |

‘pseudo-blanketing’ treatment. TherN photoionization edge £ ™

(at 261 A) lies very close to the Heground state edge (at % °7F '

228 A) in a region of low continuum opacity and high emergent g g'g ] I

flux (if no line-blocking due to the numerous EUV metal-lines * 4505 4096 4097 4098 2099

is present), and would cause severe underpopulation of the N wavelength (&)

ground state if the blanketingfect is neglected, as shown by NI[14634-4640-4642

BM71. MH argued that heavy line-blanketing and much lowerz 2'05_ 4 3

fluxes are to be expected in this region. To simulate thffsets, E 18 E

they extrapolated the Heground-state photoionization cross- 3 N E

section beyond the Lyman-edge up to therdge, using a3 S 1AE e iy . E

extrapolation. To be consistent with their approach, weged g 1-2F R HIA 3
o 1.0Ct /TN 2N S

in the same way by including this treatment im@TwinDp (See
Fig. 6). 4632 4634 4636 4638 4640 4642 4644

- . . . wavelength (&)
Figure 3 displays the comparison between the resulting

equivalent widths from the MH models (black symbols) and otig- 4. Comparison ofasrwino N line profiles from model ‘T3740°
models using the conditions as outlined above (red triai)glew'th psgudo Il’ne-blanketlng, using filerent atomic data sets. Solid
Overall, the agreement fan4634-4640-4642 is satisfactory  (P1ack): ‘mixed’ Nm model (see text); dotted (red): newnNmodel,
and slight diferences are present only for the hottest models. ashed (blue): new M model, but DR-contribution to 3d level dimin-
; . ished by a factor of two.
agreement with the MH results, our profiles turn from absorp-
tion into emission arounds; ~ 37,000 K for dwarfs and at
Ter ~ 33,000 K for (super-)giants. As well, th&1097 line is al- o _
ways in absorption throughout the grid, though our caléutest (dwarfs) part of the emission is suppressed because of thighe
predict moderately more absorption in this line. All lindsow  collisional rates & ne), driving the relative populations towards
the same trend in both sets, and the remainifiginces might LTE.
be attributed to still somewhatfirent atomic dat&t After demonstrating that we can (almost) reproduce the pro-
We note already here that in all cases the emission files calculated by MH when similar conditions are appliéu, t
more pronounced in low-gravity objects. In high-gravityjestts Next step is to investigate théect of the new Nu atomic data
implemented during the present work. In fact, this leadsticin
10 Here and in the following, we only display the total equivalenfOre triplet emission, see Figs. 3 (purple squares) and # (do
widths of the1146404642 components; the behavior.uf634 is anal- ted profiles). Even for the coolest models, where MH still ob-

ogous. tain weak absorption, our calculations result in strongssion.
11 number of levels, collisional data and LTE assumption concerniddlis big diference is produced by larger DR rates into 3d and a
the quartet system levels by MH. larger drain of 3p by the ‘two electron transitions’, duedoger
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Fig. 5. Comparison of equivalent widths (EW) foriN14097 andi1464(Q/42. Diamonds and triangles as Fig. 3. Purple squares: new results using
new atomic data and realistic line-blanketing; blue asterisks: as squat&Rkcontribution to 3d level set to zero.

oscillator strengths (see TableZ)Note also that tha4097 line .
becomes weaker, in accordance with the correlation peflict 2%10°f
above. C
The reaction of the emission strength on the dielectrortia da
also allows us to check the validity of the implementationlief [
electronic recombination by the explicit method, desdilire 4x10%}
Sect. A.1, particularly the dependence on the oscillatength '
of the stabilizing transition(s). Figures 3 (blue astesjsand 4
(dashed) show the reaction of the triplet lines if we dintirtise [
oscillator strength of the strongest stabilizing trawsitio 3d by 3x10*
a factor of two. This reduction leads to a significantly weaake .
emission throughout the whole grid, and a slight increagben
absorption strength 0t4097. For a further test on the consis- _
tency between implicit and explicit method, see Appendi@ A. 5,104}

100 . 1000
wavelength (4)

Trud(K)

5.2. Models with full line-blanketing
. . . Fig.6. EUV radiation temperatures for model ‘T3735’ with pseudo

I,n their study, MH COUId,nOt Cons'der,the prOblem f_or_ r(:"":ll's(dglshed) and full (solid) IFi)ne-bIanketing. Important ionizatioﬁ edges

tic atmospheres accounting for a consistent descriptidmef 5re indicated as vertical markers. From left to rightvNHen, N

blockingblanketing, simply because such atmospheric modeifound-state), and M 2p? 2D.

did not exist at that time. To investigate théfdrential éfect on

the Nm emission lines, we calculated the same grid of models,

now including full line-blanketing’ as incorporated texstwin, Let us first investigate the ‘inhibitionfiect’, by consid-
and compare with the MH calculations (Fig. 5, purple squases ering model ‘T3735' that displays one of the largest reac-
black diamonds, respectively). tions. The most important consequence of the inclusiome |i

Astonishingly, the triplet emission almost vanishes tigtou blockingblanketing is the decrease of the ionizing fluxes in the
out the whole grid. This dramatic result points to the impoce EUV. Figure 6 displays corresponding radiation tempeestias
of including a realistic treatment of line-blanketing whiemes- a function of wavelength, for the ‘pseudo line-blanketesiiy-
tigating the emission line problem in Of stars. It furthepiies, ple model constructed in analogy to MH (dashed) and the fully
of course, that the new mechanism preventing emission én linine-blanketed model (solid).
blanketed models needs to be understood, and that an @lterna  |ndeed, the presence of substantiallffetient ionizing fluxes
explanatiofmodeling for the observed emission must be foundround and longward of the iN edge is the origin of the dif-
ferent triplet emission, via two alternative routes. Fort et
12 A similar effect has already been noted by MH when they increasfa€ cooler models (not the one displayed here), signifigantl
the corresponding oscillator strengths in their atomic model. higher radiation temperatures in thaei\tontinuum @ < 261 A)
13 Using background metallicities corresponding to the ‘older’ sold¥f the ‘pseudo line-blanketed’ models lead to a strong gteun
abundances from Grevesse & Sauval (1998), but keeping: [B1L8. state depopulation. Moreover, the ground-state and thiegels
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are strongly collisionally coupled, from the deepest atphese
to the line-forming region of the photospheric lines. Thihg 121
ground-state and the 2pevels react in a coupled way. If the i
ground-state becomes depopulated because of a stronticadia .01
field, the 23 levels become underpopulated as well, giving rise [
to a strong drain from level 3p and thus a large source-fancti | 0.8
for the triplet lines. Corresponding models including distia

line-blocking (with lower EUV-fluxes) cause much less depop
ulation of the ground-state and the?dpvels, thus suppressing [
any dficient drain and preventing strong emission in the triplet © [
lines. i

For hotter models, e.g., model ‘T3735’ as considered here,
the operating fect is vice versa, but leads to the same result.
In the simple, MH-like model, the Zpevels become strongly
depopulated in a direct way, because (i) the ionizing fluxes a
the corresponding edges ¢ 261 A) are extremely high (the
‘pseudo line-blanketing extends ‘only’ until 261 A), and) (i
because also a strong ionization via doubly excited lewvels Fig. 7. Departure coficients for important levels regarding the triplet
present, again due to a strong radiation field at the correpg elmlsl;sl?_n, f?lr m?;’e' _‘T?h735’ Wlthdpsteilgo_lgﬁla?k) antc_i full (red) |l?(t3r-]

i anketin eve IS the grouna-state). € rormation region o (5]
transmon wavelengths around 290-415A. Due to the depopu riplet Iineqs is indicgted by v%rtical dashed lines. See text. ’
tion of the 23 levels, the coupled ground-state becomes depop*
ulated as well.

On the other hand, the depopulation via direct and ‘indirecla g 5 ¢ .
ionization from 23 does not work for consistently blocked mod- E solid —— from 3d
els, because of the much lower ionizing fluxes. Insofar, the e c E
tension of the Ha ground-state ionization cross section by MH;2
to mimic the presence of line-blocking, was noffstient. They
should have extrapolated this cross-section at least tedge
of the lowest 2p level. In this case, however, they would havé:

0.6

dep. coeff

0.2}

0.0l L
100.000 10.000 1.000 0.100 0.010 0.001

T Ross

a

-0.0 E- B SOOI SO

F doshed —- to 2p7 !

e=)popul

fobund mL_Jch lower Nir emission, too low to be consistent With® _g 1 E goshed-dotted—~ to 3s AU -
observations. S : | ST NS
In Fig. 7, we compare the corresponding departureficoe § : N
cients. Black curves refer to the simple, 'pseudo line-késed’ 8 02 3 ! ! R
model, and red curves to the corresponding model with fodHi E ! ! E
blocking-blanketing. Obviously, both models display stronglye ~©-3& : : : s .
coupled ground and Zstates in the formation region of photo- 100.000 10.000 ~ 1.000  0.100  0.010  0.001
spheric lines (heretress > 0.02), where these states are much Thow
more depopulated in the simple model. B 0.2f : - - - ]
For the conditions discussed so far, a significant depopulg- E colid = from dielec. recomb. ! E
tion of 2p7 is a prerequisite for obtaining strong emission lineg o, ;::::::-dott::r;-rgzonrz :tfute . .3
in the optical: only in this case, afffieient drain 3p— 2p? dueto 5 : groun /—.—»\

cascading processes can be produced. The consequence of Zlif
ferent draining iciencies becomes obvious if we investigatea —0.0F-
the run ofbs, (dashed). In the pseudo-blanketed model, this leve] E long doshed - to 3p
becomes much more depopulated relative to 3d (dasheddilotte® —o.1

leading to much stronger triplet emission than in the fulrbl S A /2
keted model. % —ook SR /3
The impact of the dferent processes can be examined inde2 LS~
tail if we investigate the corresponding net rates resg@dor 0k I
. . . c —U.OG 1 1 1 1 3
the population and depopulation of level 3p (Fig. 8, uppagha 100.000 10.000 1000 0100 0010 0001

In this and the following similar plots, we display the doiimg

individual net rates (i.en;R; — niR;; > 0 for population, with

indexi the considered level) as a fraction of the total populatidrig. 8. Fractional net rates to and from level 3p (upper panel) and level

ratel4 3d (lower panel), for model ‘T3735’ with pseudo (red) and full @mg
Indeed, there is a dramaticfiiirence in the net rates that deline-'blanketing. The formation region of the triplet lines is indicated by

populate level 3p via the ‘two electron’ drain (dashed). Vigier Vertical dashed lines.

for the ‘pseudo line-blanketed’ model the net rate inté ghe

dominating one (resulting from the strong depopulations) 2 o

this rate almost vanishes for the model with full line-blatikg. "ather similar. Consequently, 3p becomes less depoputatel

by 3d (solid) and the depopulation into 3s (dashed-dotteel) 4relative) depopulation into 3s remains tiiegted, and 3p has a
larger population (see Fig. 7), level 3s becomes strongeu{po

14 which in statistical equilibrium is identical to the total depopulatiodated as well. Thus, the blanketed models produce more pbsor
rate. tion in 214097 (cf. Fig. 5 with Fig. 3, squares in upper panels).

TRoss
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Fig. 9. Comparison of equivalent widths foriN 214097 and11464(Q/42. Black diamonds as in Fig. 3 (original results from MH). Other models
with [N]=7.92. Blue asterisks from.usty (OSTAR2002), red triangles fromstwinp, using new atomic data and realistic line-blanketing; purple
squares: as triangles, but with temperature and electron stratificatiomiftery. For details, see text.

Since in the older MH-models the triplet emission is also dU®STAR2002 grid® (Lanz & Hubeny 2003; see also Heap et al.
to the strong population of 3d via DR (Fig. 8, lower panel, red006). Contrasted to all other similar plots, we used an abun
solid), we have to check how the presence of full line-blagki dance of [N]= 7.92, to be consistent with tha.usty grid.
affects this process. In this case, the net-rate from DR (gre®bviously, ourrastwino results for the N emission lines in
solid) becomes even negative in part of the line formingaegi dwarfs match exactly those fromusry, whereas our results for
i.e., the ionization via intermediate doubly excited stgtartly supergiants display somewhat less emission (or more absorp
outweighs the dielectronic recombination. Thiffglience origi- tion). On the other hand, the absorption line1d097 is sys-
nates from two ffects: (i) the photospheric electron densities itematically stronger in all our models, which points téfelient
the older models are larger, because of missing radiaties- proscillator strengths. To rule out potentialfdrences in the at-
sure from metallic lines. Higher electron densities impiytter mospheric stratification, we calculated an additional gvith
recombination rates. (ii) In the fully blanketed models® thdi- temperature and electron structure taken freosry, smoothly
ation field at the frequency of the main stabilizing tramsitto connected to the wind structure as calculated rloyrwino.
3d (777 A) is slightly higher (see Fig. 6), which leads to mor€orresponding results are displayed by purple squareslifiad
ionization. Consequently, DR plays only a minor (or even ogpardly from those based on the origimaérwino structure, ex-
posite) role in the fully blocked models, contrasted to thie M cept for model T3233 where theffiirences il andne are larger
case. In the blocked models, the major population is via ttiean elsewhere. The remaining discrepancies for supdsgian
4f level (dashed-dotted). Note also that the Swings meshani be explained by somewhat higher EUV fluxes inthesty mod-

i.e., a population via the resonance line at 374 A (dasheds d €ls, favouring more M triplet emission. Nevertheless, the dis-
not p|ay any role in photospheric regionS, as a|ready arWed agreement betweanastwinp andrLusty IS Usua"y much Wea!(er
BM71 and shown by MH. than'between. thgse two codes and the_ results by MH, which un-

For a final check about the importance of DR to level 3d iflerPins our finding that the triplet emission becomes sigong
models with full line-blanketing, we tested its impact byitsh- Suppressed in fully blanketed models.
ing off the main stabilizing transition. From Fig. 5 (blue aster-
isks), it is ob_vious that theffect indeed is mz_;trginal th_roughout5_3_ The impact of wind effects
the whole gridThus, a correct treatment of line-blocking seems
to suppress both thefiziency of the draining transitions and theSo far, one process has been neglected, namely the (general)
dielectronic recombinationand we have to ask ourselves howpresence of winds in OB-stars. Note that MH had not the re-
the observed triplet emission is produced, since the poeseh sources to reproduce O-stars with truly “extended” atmesgsh
line-blocking cannot be argued away. Regarding their O(f) and O((f)) objects, on the other hahdre

Before tackling this problem, in Fig. 9 we compare ouwas no need to consider winffects, because the observediN
results (red triangles) with those fromusty (Hubeny 1988; triplet emission could be simulated by accounting for DR and
Hubeny & Lanz 1995f (blue asterisks), as provided by thetwo-electron’ drain alone. Actually, MH pointed out that Of-
supergiants (with denser winds) the Swings mechanism could

15 a code that assumes plane-parallel geometry, hydrostatic andRiy @ crucial role in the overpopulation of 3d: Velocity ésl
diative equilibrium, and calculates line-blanketed NLTE model atm@re able to shift the resonance lines into the continuurowéig
spheres and corresponding synthetic profiles. Due to its restrictions,
only objects with negligible winds can be analyzed. 16 Equivalent widths from own integration.
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Fig. 10. Comparison of equivalent widths (EW) foriN14097 andt14640/42. Black diamonds as in Fig. 3 (results from MH). Red triangles: new
results using new atomic data, realistic line-blanketing, no winds; purplanmgles: new results using new atomic data, realistic line-blanketing
and winds with a mass-loss rate according to the wind-momentum lumindsitipreprovided by Repolust et al. (2004); blue asterisks: as purple,
but with DR contribution to 3d level set to zero.

them to become locally more transparent, and deviationa frcause the velocity field sets in just in those regions whege th
detailed balance and strong pumping might occur. emission lines are forméld.

The impact of the wind on the population of the 3p level is

With the advent of new atmospheric codes, we are nd¥ptas extreme, and the ‘two electron transition’ drain nesias
able to investigate the general role of winds, and to explai¥gak as for the wind-free model. Thus, the presence of eonissi
how the emission lines are formed within such a scenario. Telies mostly on the overpopulation of the 3d level.
this end, we have re-calculated the model grid from Table 1, Again, we test the (remaining) influence of dielectronic re-
now including the presence of a wind. Prototypical values fgombination by switching 6 the stabilizing transition to 3d.
terminal velocity and velocity-field exponent have beendyseThough there is a certairffect, the change is not extreme. Note
Ve = 2,000 kms?, 3 = 0.9, and mass-loss rates were inferrediso that the net rate from dielectronic recombinationrigdain
from the wind-momentum luminosity relationship (WLR) prothe wind model than in the wind-free model, see Fig. 11 (green
vided by Repolust et al. (2004), whichfidirentiates between su-solid line). Nevertheless, we conclude that dielectroaammbi-
pergiants and other luminosity classes. Clumpifigas have nation plays, if at all, only a secondary role in the overgafan
been neglected, but will be discussed in Sect. 8. For a suynmaf the 3d level when consistent atmospheric models are d¢onsi
of the adopted mass-loss rates, see Table 1. ered.The crucial process is pumping by the resonance lines.

The reaction 0f14097 on velocity field ffects is more com-
With the inclusion of winds now, we almost recover th@lex. On the one side, there is still the cascade from 3p to 3s,
emission predicted in the original MH calculations (Fig.).104giving rise to a certain correlation. On the other, the resoe
Less emission is produced only for the two hottest modele to 3s (at 452 A) becomesfieient now, and can either feed
where the inclusion of a wind has nfiect. For all other models, (as argued in Sect. 2) or drain level 3s, in dependence opits o
however, the windfect is large, both for the supergiants and fotical depth. Under the conditions discussed here, the sgsmn
the dwarfs with a rather low wind-density. line is pumping at cooler temperatures, with a zero ffieiot on
the strength ofi4097 (since the cascade from 3p becomes some-
To understand the underlying mechanism, we inspect ag4ffiat decreased, compared to wind-free models). At higime+ te
the fractional net rates, now for the wind-model “T3735Peratures, the resonance line b.ecomes optically'fhirecause
(Fig. 11). Obviously, the wind induces a significant ovenpop °f @ lower ground-state population, and level 3s can castade
lation of the 3d level via the ground state rather than thiedie € ground-state. Thus, the absorption strength4@97 might
tronic recombination, just in the way as indicated abovee Bu 2€come significantly reduced, which explains, e.g., thensfr
the velocity field induced Doppler-shifts, the resonance(s) deviation of model ‘T4035’ from the MH predictions. For this

become desaturated, the rates are no longer in detaileddeala

anc! cms@erable pumping occur§ b.e-cause of the still qargel 17 An analogous desaturation through velocity field induced Doppler
radiation field at 374 A and the significant ground-state p@pu shifts in stars with low mass loss rates was found by Najarro et al.
tion (larger than in the MH-like models). Interestinglyistiloes (1996) in the He resonance lines of B giants.

not only happen in supergiants, as speculated by MH, but al$® Note that the oscillator strength is more than a factor of 10 lower
in dwarfs (at least those with non-negligible mass-loss)rdite- than that of the resonance line feeding 3d.

10
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Table 3. Stellar and wind parameters of our model grid used to com-

s 067 ' ' ' ' pare synthetic N/N m profiles fromeastwino andemrcen. The grid is
5 [ a subset of the grid presented by Lenorzer et al. (2004).
§ 041 —
° 1 Luminosity class V
a 02F . ] Model T R. logg M Veo
& e fem ' (K) (R) (cgs) (10°Moyr') (kms?)
b ooob . d2v. 46100 114 4.01 2.52 3140 0.8
A “"' | dashed —- to 2p j d4v 41010 100 4.01 0.847 2850 0.8
S [ doshed—dotted—~ to 3s ] dév 35900 8.8 3.95 0.210 2570 0.8
S -0.2F - d8v 32000 8.0 3.90 0.056 2400 0.8
3 L ] diOov 28000 7.4 3.87 0.0122 2210 0.8
2 i Luminosity class |
_0,4 - -
< 3 Model  Te R. logg M Voo B
© : ' ' ' (K) (Ro) (cgs) (10°Moyr?) (kms?)
100.000 10.000 1.oooT 0.100 0.010  0.001 94 44700 196 379 ) 5620 1.0
Ross sda 38700 21.8 3.57 7.35 2190 1.0
3 0.2F T T . . sba 32740 246 3.33 3.10 1810 1.0
D TF solid = from dielec. recomb. 3 s8a 29760 26.2 3.21 1.53 1690 1.0
° F doshed—-dotted —— from 4f E s10a 23780 30.5 2.98 3.90 740 1.0
‘s 0.1 [ doshed —- from ground state L ’—;
3 b meeee=Z N\, Tz ]
8_ _o.o - ——— 'i"‘iw— les Y s ] . ) . )
n E ona doshed - to 3 NN ] an impression of how many mdep_endent I!nes are present and
8 E 9 P N E which lines belong to the same multipfétAdditionally, we pro-
— -0.1F N E vide information about adjacent lines present in the speafr
e E AN ] (early) B and O stars, where the major source of contaminatio
S —02f Sso_ A arises from Gr and Cn.
S E 7 This set of lines can be split into fiveftérent groups. Lines
% _o.3k ] that belong to the first group (#2,5,9-11 in Table 4) are pcedu
c T ' ' ' ' by cascade processes of the (doublet) serié@€sl with n =
100.000 10.000 1.000 0.100 0.010  0.001

3,4,5andl = s, p, d, f, g, and additional (over-) population of

the 3d level. As outlined in the previous sections, the bigav

Fig. 11. Fractional net rates to and from level 3p (top) and level 3d (bo®f these lines is strongly coupled.

tom), for model ‘T3735’ (full line-blanketing) with no wind (red) and  The second group (lines #6-8)14510-4514-4518, results

with wind (green). from transitions within the quartet system. We considey ¢imé
three strongest components of the corresponding multithlat

. .are also the least blended ones.

and the hotter modela4097 is very weak, and even appearsin the third group (lines #1,3,4) represents three lines, at

(very weak) emission for model "T5040", 114003, 4195, and 4200 A, that are formed between higher lying
levels within the doublet system. These lines are weakerttha

6. Comparison with results from  cMFGEN ones from the p.revious two groups, but ;til] worph to use them
within a comparison of codes and also within a final abundance

In this section, we compare the results from psrwino models  analysis. Note that Mi14195 and Nu14200 are located within

with corresponding ones frommrcen, a code that is consideredthe Stark-wing and the core of Ha4200, respectively, which

to produce highly reliable synthetic spectra, due to itsapgh requires a consistent analysis of the total line complex.

of calculating all lines (within its atomic database) in te Lines at115320, 5327 A (#12-13) andl16445, 6450, 6454,

moving frame. For this purpose, we used a grid of models fgng7 A (#14-17) comprise the fourth and fifth group, respec-

dwarfs and supergiants in the O and early B-star range, whiglely. The former set of lines is located in a spectral regioat

has already been used in previous comparisons (Lenorzer eigrarely observed, and the latter comprises a multiplenftioe

2004; Puls et al. 2005; Repolust et al. 20Qajrwino models  quartet system, in the red part of the visual spectrum.

have been calculated with three ‘explicit’ atoms, H, He and 0~ Ajthough most of the lines listed in Table 4 are (usually)

new N atom. Stellar and wind parameters of the grid modejgiple in not too early O-type spectra, their diagnostic po

are listed in Table 3, with wind parameters following roughltential for abundance determinations isteiient. The lines at

the WLR for Galactic stars. The model designations correspoR4510- 4514- 4518 (from the quartet system) are certainly the

only coarsely to spectral types and are, with respect tontecgest candidates to infer abundances, since they are quitegst

calibrations (Repolust et al. 2004; Martins et al. 2005aJ0&- anq their formation is rather simple. Also thenNtriplet itself

what too early. All calculations have been performed with thyroyides valuable information. Due to its complex formatio

old’ solar Nitrogen abundance, [N 7.92 (Glrevesse & Sauval_ when in emission — and additional problems (see below and

1998), and a micro-turbulencg, = 15 kms™. Sect 7), these lines should be used only as secondary diagnos

For the comparison betweexstwino andemrcen results, we - tics whenever possible. The remaining lines in the blue gfar

consider useful diagnostic iN(to check the cooler models) andihe visual spectrum are rather weak amctrongly blended with
N m1 lines in the blue part of the visual spectrum. Table 4 lists im

portant Nm lines in the range between 4,000 to 6,500 A, togethet® A similar table regarding N, N1v and Nv lines will be presented
with multiplet numbers according to Moore (1975), to pravidin Paper II.

TRoss
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Table 4. Diagnostic Nm lines in the optical, together with adjacentsity, however, the abundance determination viastiould be no

blends. further problem.
Let us concentrate now on therNlines, beginning with the
# Wa\g\l)e ngth M# low-up- Blends triplet 114634 - 4640- 4642 and accountir)g for t'he fact that
1T 400358 17 20-33 ©.1400746 at cooler_temper_atures thd642 component is dominated by an
> 4097.33 1 810 @14097.26, 4098.24, H14101.74 overlapping Qi line (see Table 4). Except for the dwarf model
3 4195.76 6 13-22 ®.14192.52, 4196.26, 11419559, d6v and the supergiant mode8a and s6a, both codes pre-
Hen 14200.00 dict very similar absorption (for the cooler models) andssitn
4 4200.07 6 13-22 He14200.00 lines, thus underpinning the results from our various tpsts
5 4379.11 18 21-34 ©14378.03,4378.43, @14379.47, formed in Sect. 5. Interestingly, our emission lines fortib&est
N1 24379.59 dwarfs d4v andd2v, Figs. C.8 and C.9) are slightly stronger
6 451088 3 12-16 Nr14510.92, Nerd4511.42 than those predicted byrcen, a fact that is not too worrisome

7 4514.86 3 12-16 @r14513.83, Nei14514.88,

accounting for the subtleties involved in the formationqass.
CmA4515.81, 4516.77

8 4518.14 3 12-16 Ne14518.14, Qui4519.62 What is worrisome, however, is the deviation for models
9 4634.14 2 10-11 S 14631.24, Qva4632 dév, s8a andsé6a (Figs. C.7, C.11 and C.12). Whereast

10 4640.64 2 10-11 ©14638.86, Sin14638.28 winp predicts only slightly refilled absorption profiles for all
11  4641.85 2 10-11 @14641.81, 4643.39, N14643.08 three modelsecmrcen predicts almost completely refilled (i.e.,
12 5320.82 21 22-30 ©15322.53 EW =~ 0) profiles ford6év ands8a, and well developed emission
13 5327.18 21 22-30 - for s6a.

ig gjgggg ij iggg & 1644990 We investigated a number o_f possible reasons for this dis-
16 6454.08 14 19-25 ©16457.05, Ni16457.68 crepancy. At first, the dierence in electron density for model
17 6467.02 14 19-25 - s8a (see above) could not explain the strong deviations. Atleas

for our rasTwinp models, dielectronic recombination does not
Notes. Line numbers refer to the transitions indicated in Fig. B.1, ‘M#play any role, and we checked that this is also the case for the
are the multiplet numbers according to Moore (1975), and ‘low-up’ reyegen models, by switching® DR. As it finally turned out, the

fer to the corresponding (packed) lower and upper levels as pro“‘de(bhysical driver that overpopulates the 3d levetincex in the
Table B.1. considered parameter range is a coupling with tmer@sonance

line at 374 A, which is discussed in the next section.

. . . With respect to Nu14097, we find a certain trend in the de-
adjacent lines (see Table 4). In particular, the (thecaByiEvery yiation betweernrastwino andcmrcen absorption profiles. Both
interesting transition 3p» 3s, Nm14097, is located within the {5, qwarfs and supergiants, our line is weaker at cooler &mp
Stark-wing of H. Thus, these lines should be used preferentialiyres, similar at intermediate ones and stronger at hetteper-
as a consistency check, and employed as a direct abundaitce igy res.

cator only at low rotation. Lines in the yellow part of the icpt For Nm14379, thecwraex models predict more absorption

(group four) have not been considered by us so far, since qur X X
observational material does not cover this spectral raagé, Tor models withTer < 35,000 K, because of an overlappingio
and Cu line. For hotter models, the presence af {3 no longer

we are not able to judge their diagnostic value for O-typessta; N ’ : o
Finally, lines from Q;rOL?p five in theg red are usually rathyeplaw,e Important, but there is a still a fiierence for4379, going into
and might be used only in high/’$ spectra of slowly rotating €Mission at the hottest temperatures.
stars. For the quartet multiplet at14510- 4514— 4518, we find

A detailed comparison between the various (for the later 2 Similar trend as fon4097. For dwarfs, the lines are weaker at
subtypes) and MNi lines fromrastwinp andcemrces is provided Ccooler temperatures, similar dév and stronger in absorption

in Appendix C. Overall, the following trends and problemseéa at d4v. Likewise then, the emission @d2v is weaker than in
been identified. cMmrGen. For supergiants, the situation is analogous, at least for

For modelsl10v, d8v, ands10a (Figs. C.1, C.2, and C.3, re- all models but the hottest one where both codes predictiant

spectively), the agreement of theiNines is almost perfect. For EM!ISSION.

models8a (Fig. C.4), on the other hand, big discrepancies are Finally, lines14003 andi4195 (note the blueward Siblend
found. Most of our lines are much stronger than those feem at hotter temperatures) show quite a good agreement for both
FGEN, because of the following reason. Within the line-formingiwarfs and supergiants, with somewhat larger discrepsocily
region, the electron density as calculatedshyrwinn is a factor for modelsd4v ands4a.

of ~ 8 hlgher than the one as Ca'CUlatEdCbgFGEN, thus enforc- In summary, the overall agreement betweanadwhd Nm pro-
ing higher recombination rates fromiNto Nu, more Nuand  files as predicted byasrwino and cmrcen is satisfactory, and
thus stronger lines. This is the only model with such a laige dfor most lines and models theffiirences are not cumbersome.
crepancy in the electron density (e.g., the electron desdiom  Because of the involved systematics, however, abundarae an
modelss10a ands6a agree very well), and the reason for thigses might become slightly biased as a function of tempezatu
discrepancy needs to be identified in future work. Neveeti®! if performed either viaastwino or viacvrcen. Additionally, we
this discrepancy would not lead to erroneous Nitrogen abufave identified also some strong deviations, namely witheets
dances: When analyzing the observations, a prime diagno$§a\n line-strengths for supergiants aroufigi~ 30 kK 2% and

tool are the wings of the Hydrogen Balmer lines that reae, viegarding the emission strengths of thenNriplet, for models
Stark-broadening, sensitively on the electron densitierd fit g6y, s8a, andsé6a.

of these wings has been obtained, one can be sure that the elec
tron stratification of the model is reasonable (though theveld
gravity might be erroneous then). With a ‘correct’ electdam-  2° rooted within a diferent stratification of electron density.
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Table 5. Overlapping Nir and Om resonance lines around 374 A. NIl4634—-4640—-4642
1.25 T T T T T
transition(s) A low g up ou gf ratio 0
A)
N m (packed) 2p°P° 6 3d°D 10 25
N coupl. comp|374.434 2P, 4 3d?Ds, 6 1.5 0.60
Om (packed) 2°°P 9 3P 9 0.72
Oum coupl. comp|374.432 2p3P, 5 3 3 0.06 0.14

emergent profile

Notes. Packed levefgransitions and overlapping (‘coupled’) ones.
‘low’ = lower ternjlevel, ‘up’ = upper terrylevel, g, andg, correspond-

ing statistical weights. ‘Ratio’ indicates the opacity ratio between over- - ]
lapping and packed lines. Individual components at 374.20. .4374. 0.95¢ ]
for N (3 components) and at 373.80...374.43 A fom@6 com- 0905 . . . . . ]
ponents). Note that 0.01A correspond to 8 kM Pata from NIST 4632 4634 4636 4638 4640 4642 4644
database. Wavelength (A)

. . Fig. 12. Nm 214634 - 4640— 4642 for three versions of modsba,
7. Coupling with O mt as calculated bywmrcen. Solid black: standard version; Dotfeed:

After numerous tests we were finally able to identify the iorig photo cross-sections for level 3d without resonances (i.e., no DR);

: : . dashegblue: N resonance line at 374 A forbidden to beated by
of the later discrepancy. Itis the overlap of two resond O For the latter model, the optical triplet lines remain in absorption!

from Om and Nm around 374 A (for details, see Table 5) that
is responsible for the stronger emissiorcitrgen models com-
pared to theastwinp results. Whereas this process is accounted

for in cmrGeN, our presenkeastwino models cannot do so, be- o 65 coupled

cause Oxygen is treated only as a background element, and n GS no DR

exact line transfer (including the overlap) is performee Ndte sk e 6S decoupled |

that this is not exactly the Bowen (1935) mechanism as men- L

tioned in Sect. 2, since this mechanism involves also thdaye mome 3P DR

between another @ resonance line and the He.y-« line at I . I cecoupied
0.0 5

303 A, which does not play a strong role in ourGen mod-
els as we have convinced ourselgésiere, only the coupling
between Nu and Om at 374 A is decisive.

In the following we discuss some details of the process, by
means of themrcen models6a that displays the largest féir-
ence to theastwinp predictions. For a further investigation, we [
‘decoupled’ N from Omr by setting the corresponding oscil- -1.0
lator strength of the transition @ 2p? 3P, — 3s°F to a very
low value, and compared the results with those from the ‘cou- Log 7 .
pled’ standard model. Figure 12 shows that the well develope
emission lines from the standard models switch into ab&orpt Fig. 13. NLTE departure cdécients for three versions of modséa,
and become very similar to the correspondingrwino profiles s calcglated bymrcen. Lower group of curves: N ground state; in-
(Fig. C.12). On the other hand, discarding DR by neglectirey ttermediate group: level 3p, upper group: level 3d. See text.
resonances in the photo cross-sections from level 3d haosalm

no dfect on the profiles, in accordance with our previous ardyye Nyyo m resonance lines for the ‘decoupled’ and ‘coupled’
ments. (Actually, without resonances there is even mor&emi,qe (again, no fierence for individual components, due to the
sion than befo_re, which shows _that for this model the iomzrat superlevel approach). For the ‘decoupled’ case, the $ource
via dpubly excnled levels outweighs DR') function is significantly lower than the @ one, whereas for the
_ Figure 13 displays the corresponding NLTE departure coefq, pleq standard model both source functions are idahtit
ficients for the Nu ground state, level 3p and ;evel 3d. Becausg |ayel very close to the ‘decoupled’case. These changes
of the superlevel approach, there is nfietiencé? between level are yisyalized in the lower panel: because of the line operla
3d?Ds (coupled to Qm) and 3P Dy, (not coupled). Whilstthe yq Ny, source function increases by a factor up to 1.35 (in the
ground state and the 3p level remain similar for all three et®d |;q forming region of the optical triplet lines), whereasiQle-
(standard,.‘decoupled’ and ‘coupled’ with resonance-freeto - aases only marginally.
cross-section for 3d), level 3d becomes much stronger operp e source function equality itself results from the strong
ulated in the two ‘coupled’ models, compared to the ‘decedpl ¢ pling of the two resonance lines and the fact that both of
one. . _ _ _ them are optically thick from the lower wind on, with similar
The origin of this stronger overpopulation becomes obvioigacities (proportional to the product of cross-sectionization
from Fig. 14. The upper panel displays the source functidns @action and abundancéylt can be shown that the magnitude of

2L Insofar, the Qu lines at113340, 3444, 3759 mentioned in Sect. 223 |n the formation region of the optical lines, the opacity ratio be-
remain in absorption. tween the N and Om resonance lines ranges from roughly 5 for the
22 assumed to be balanced by collisions. coolest models to 0.5 for the hottest ones.

\
Nooooo. 3d decoupled
\

Log b (NII: GS, 3p, 3dP

-0.5
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-3 r 1 J includes the contributions from all transitions betweemn th
r 1 fine structure componentd= ' gfJi/ > gf;, exploiting the fact
g 1 that the reduced occupation numbers for the fine structuedsle
—4r g are equaln;/gi = n;/g;.
° F ] Let us first consider the case of no fine structure splittigg, i
< g ] the overlapping resonance lines should be the only onescbnn
Q _sF E ing the upper and lower levels. Without line overlap, we obta
- . ] the well-known result (solving for Egs. 5 and 6 in parallel)
@) L ]
B ; ; Sdecoup: Benle + on Sdecoup: Beolc +do )
-6 ; 7: N ,BN 4 (@] ﬁO
r ] Likewise, but accounting for the line overlap and assuming
Y 1 B < 1for both components, we find

—

=3 geoup

I oN 0o
cow _ geow_ fole O 00 _

° B By Bo

decoup do __ cdecoup 5_N
Sy + o So + B (8)
Thus, the coupled source functions are larger than in theudec
pled case, but (almost) independent on the ratio of theitrizon
bution. (In the above equation, the first term of the sum dogés n
depend on any specific opacity as long as the lines — coupled or
decoupled — remain optically thick).

For the case of two multiplet lines from bothniNand O,

with one of each overlapping, the corresponding result lier t
packed levels reads

Q

Q

lc 1,6 19
SCOUpzSCOUpz&-i-— _N+_O i
N ° B 3(ﬁN ﬁo)
where the escape probabilitigg andso refer to the total opac-
ity arising from both multiplet lines, and the factoy3lL can be
traced down to the fact that three (optically thick) linestioa&
pate in total, two single lines from i and Om, and one coupled

line complex.

Fig. 14. Line source functions for the /O m resonance lines at 374 A,  The corresponding source functions for the decoupled case
for two versions of modes6a, as calculated bymrcen. Upper panel: yith packed levels would read

N ‘decoupled’ (dashegblue); Om ‘decoupled’ (dashed-dottged);

9)

S_line(coupled)/S_line(decoupled)

N and Om ‘coupled’ (solid, identical)Lower panel:Source function  _jecoup  Belc 1 6n decoup_ Bele 160
ratios. Solid: N (‘coupled’yNm (‘decoupled’); dashed: @ (‘cou- Sy = v + 2B So = " + 250" (10)
pled’)/Om (‘decoupled’). The optical triplet lines are formed in the N 0
range indicated by the dotted lines. (the factor of two arising from two participating multiplétes),

and a comparison with Eq. 9 shows that in most cases the cou-
the coupled source function mostly depends on those pmeﬁed source function would lie in between the corresponding
that determine the individual source functions in additothe ©ones that neglect the line overlap. Again, our result is sl
mean line intensity. This can be easily seen by using thelSeboindependent of the opacity ratio between the overlapping N

approximation, and Om lines but also independent of the weights of the individ-
— ual lines within each multiple®®
J=(1-B)S +Bcle, ®) Generalization to more multiplet lines is straightforweaadd

with scattering integral, local and core escape probabilitigs Our analytic result compares well to the actual case wheze th
andﬁc, and core intensityc (Sob0|ev 1960) In case of over_NHI and O source functions for the Coupled case are identical
|app|ng |ineS, the source functidd and the Opacities need toand lie in between the values for the deCOUp|ed S|tuat|w, se

account for all components with appropriate weights. Fig. 14, upper panel. _ o
We now assume that the individual source functions (for the Thus, whenever the source function of then@B74 line is
packed levels) can be approximated by significantly larger than the one fromiy a decent ffect on the
— — emission strength of the optical triplet lines is to be expéc
Sn~xJ+0n, SoxJ+do, (6)  This situation is particularly met aroudg = 30 to 33 kK, since

where 6y and §o correspond to the additional source term¥ this region the upper level of thei@line is significantly pop-

(mostly from cascades to the upper levels), and the welikno ulated by cascades from higher levels.
factoP? in front of J_has been approximated by unity. First test calculations with a simplified Oxygen model atom

performed byrastwinp confirm the generalfect, but realistic
24 corresponding to (%) in a two-level atom, witt roughly the ratio results cannot be provided before a detailed model atomdeas b

of collisional to spontaneous radiative rate fméent, for the downward

transition. %5 aslong ag < 1.
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Fig. 15. Comparison of equivalent widths (EW) foriN14097 and114640/42 for models with dierent Nitrogen abundances and wind-strengths.
Black diamonds: [N} 7.78, mass-loss rates as in Table 1. Red triangles: as black diamondgitbhalf the mass-loss rate. Purple squares:
[N] = 8.18, mass-loss rates as in Table 1. Blue asterisks: as purple sdudresth half the mass-loss rate. All background abundances ane sola
(Asplund et al. 2005).

constructed. Let us note, however, that most of the othécalpt Mass-loss rates. Also in Fig. 15, asterisks (for [N} 8.18) and
N lines are barelyfdected by the resonance line coupling, anttiangles (for [N]= 7.78) correspond to a situation where the
that these lines can be used for diagnostic purposes alremdy mass-loss rates have been decreased, by a factor of two com-

In Paper Il we derive Nitrogen abundances for LMC O-stai3ared to Table 1. Whereas thffeet for the enriched models is
from the VLT-FLAMES survey of massive stars. Though thergignificant, the models with solar nitrogen abundance arehmu
are only few objects in the critical temperature range, astle less d@ected, though the predicted emission is still much stronger
for one object, N11-029 (09.7Ib), we encountered the prablethan for models without a wind at all, cf. Fig. 10 (triangles)
that the observed, refilled N triplet (EW ~ 0) could not be ~ The origin of this diferent behaviour is, again, rooted in
reproduced byastwin, though withcmrcen. We interpret this the specific run of the relative overpopulation of level 3dr F
problem as due to the resonance line overlap, but stresshasoa large Nitrogen abundance, the formation takes place in a re

fact that other diagnostic lines enable a satisfactory dhnce gion where the overpopulation increases quickly with iasfieg
analysis. mass-loss rate, whereas for a lower abundance (deeper-forma

tion) it remains rather constant over a certain range of &ion
depths, such that a moderate chang#lithas much lessfeect.
. Figures 13 and 14 (upper panel), with a formation region cor-
8. Influence of various parameters responding to [N} 7.92, visualize the general situation (irre-
spective of whether coupling with @ is important or not): an

Let us finally investigate the influence of important pararet increase of the Nitrogen abundance shifts the formatiorthdep

on the strength of the optical emission lines. We stressttigat ;
following results have an only qualitative fiirential character, to the right (towards lowetrosd, Where the departure cte

- : ient of level 3d and the source function display a ‘bump’edu
as long as the coupling with @ has not been accounted for, al len . ; : . ;
least in the rang@«; < 35KK. fo the large velocity gradient, inducing very strong pungplry

the resonance line(s). A decrease of the wind-strengthhen t
other hand, shifts the position of the bump to the right, ehil
Nitrogen abundance. Figure 15 displays the reaction on a vari{almost) preserving the formation depth with respectdgss
ation of Nitrogen abundance and mass-loss rate. All modeis h Thus, in case of a large Nitrogen abundance the strong averpo
been calculated with background abundances followinguxspl Uulation is lost wherM decreases, leading to a corresponding loss
et al. (2005). The (purple) squares correspond (almosepexcOf emission strength. For a lower abundance, howeyer, uhe fo
for the background) to our previous results for [NB.18 (0.4 Mation takes place in a region where the overpopulatioriajisp
dex larger than the solar value), and mass-loss rates acgord® ‘Plateau’, and a reduction &4, i.e., a shift of the bump to the
to Table 1. Reducing the Nitrogen abundance to solar valué§ht, has a much weakeffect.

[N] = 7.78, results in considerably less emission (black dia-

monds), which is a consequence of the fact that the rela#®® 0 \ying clumping. Since the N emission lines of O-stars are
population of the 3d level decreases significantly when éne f 15 me in the middle or outer photosphéfayind clumping has
mation depth proceeds inwards. The influence an097, on
the other hand, is less extreme, and follows the standand tre2¢ only for a very large Nitrogen abundance or mass-loss rate, (‘slash
that a higher abundance results in stronger absorptios.line  stars’ or Wolf-Rayets) the formation takes place in the wind.
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Fig. 16. Comparison of equivalent widths (EW) foriN 14097 and114640/42 for models with dferent background abundances, fNY.78 and
mass-loss rates as in Table 1. Black diamoddg;, = 1.0; red trianglesZ/Z, = 0.5; purple square</Z, = 0.2. Background abundances scaled
to solar abundance pattern from Asplund et al. (2005).

no direct &fect on their strength, as long as the photosphere &-Summary and conclusions

mains unclumped (which is most likely the case, e.g., Pudd.et ) ) ) ) ,

2006; Sundqyist et al. 2011; Najarro et al. 2011). Only if thi® this paper we described the implementation of a Nitroden |
transition region winghotosphere were clumped, such diredf0del ion into the NLTE atmosphegspectrum synthesis code
effects are to be expected, due to increased recombination HgWND, tO allow for future analyses of Nitrogen abundances in
optically thick clumps #ecting the resonance lines (Sundquisp-Stars:’ In particular, we concentrated on a re-investigation of
etal. 2011). Indirectfects, however, can be large, since cIumpShe l\_lm A14634-4640-4642 emission line formation. I_Drewous,
winds have a lower mass-loss rate than corresponding smogfiinal work by MH has suggested that the formation mecha-
ones. Since typicaM reductions are expected to be on the of2iSm of these emission lines in O((f)) and O(f) stars is domi-
der of 2...3 when accounting for micro- and macro-clumping@ted by two processes: the overpopulation of the 3d leeel vi
(Sundqvist et al. 2011 and references therein), Figure 4Brta ielectronic recombination, ar‘1d the strong drain of th,eému
isks vs. squares and triangles vs. diamonds) gives alsogmegm (towards 28) by means of the ‘two electron transitions’.

sion on the expectedtfects when clumping were in- or excluded ~ To account for the dielectronic recombination process in ou
in the spectrum synthesis. new Nm model, we tested two fferent implementations. Within

the implicit method, the contribution of dielectronic regoina-
tion is included in the photoionization cross-sectionoypted
from OPACITY project data), whereas the explicit methodsuse
resonance-free photoionization cross-sections andtbjirac-
counts for the dterent stabilizing transitions from autoionizing

Background abundances. Figure 16 displays theffects when levels. Both methods have been implemented in¢owmo, and

only the background abundances are varied, while, incondiae equivalence of both methods has been shown. _
tently, the Nitrogen abundance is kept at its solar valuetaad ~ First tests were able to reproduce the results by MH quite
wind-strengths correspond to the Galactic WLR. Diamondarrefvell, after adapting our new atomic data to values as used by
to solar composition, triangles #/Z, = 0.5 (roughly LMC) and them. This result was achieved by applying similar assuwnti
squares t&/Z, = 0.2 (roughly SMC). In line with our reason-Ii-€., wind-free atmospheres and the same approximaterteeit

ing from Sect. 5.2, the emission increases significantlymthe ~ Of line-blanketing. The triplet emission becomes evendased
background abundances decrease, due to reduced lingrigockvhen using our new atomic data, mostly because of higher os-
Note that for objects with unprocessed Nitrogen tiiise might  Cillator strengths for the ‘two electron transitions’.

be compensated by a lower Nitrogen abundance, and, even moreAfter switching to fully line-blanketed models (still wind
because of lower wind-strengthi¥l (x (Z/Z,)*’, Mokiem et al. free), however, the situation changes dramatically. Thke,
2007). Note also that the correlation between triplet eimiss strong emission present in the ‘pseudo line-blanketed’etsoid

and 14097 absorption strength has become rather weak, dudast (consistent with results from theusty OSTAR2002 grid).

the influence of the resonance line connected to level 3s (e have investigated this mechanism in detail, and shown tha
Sect. 5.3). Let us finally stress that because of the strong dids rooted in the overall lower ionizing EUV-fluxes (not gnl
pendence of emission line strength on line-blocking, aibns
assumption on the atmospheric iron abundance is requited, d?” Corresponding N/Nw/Nv model ions will be presented in
to its dominating &ect on the EUV fluxes. Paper Il
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until the Nmr edge as assumed by MH), either directly or intually, one of its fine-structure components, at 374.43 Ahai
directly, and the strong collisional coupling of the growstdte resonance line from @, which is of similar strength throughout
and the 2p levels. In any case, these levels become much les® O-star domain. We studied thiffext by means of the cor-
underpopulated in fully line-blanketed models, thus pn¢éiveg responding:mrcen calculations (sinceastwinp lacks a detailed
an dfective drain of the 3p level. We also questioned the rof@m model), and also by analytic considerations.
of dielectronic recombination regarding the overpopolatof As long as both resonance lines are optically thick, source
the 3d level. After setting the DR contribution to the 3d leee function equality is achieved. Under most conditions, teu*
zero, almost no reaction on the triplet lines was found thhamwt pled’ source function lies in between the individual, ‘depted’
the whole model grid. Both results lead to the conclusion, thanes from Nu and Our. In the critical temperature range now,
under realistic conditions of line-blockifiplanketing with so- the decoupled @i source function is predicted to be much larger
lar background abundances, both the drain and the dieféctrothan the Nm one (due to substantial cascades from upper levels),
recombination lose their key role as assigned to them by MH.and leads, after being coupled withul\l to significant values
This key role is now played by the stellar wind. Already MHor the combined source function, beyond the decoupled N
suggested that the emission lines of Of stars (contrast®€(ff) case. Thus, the important 3d level becomes more pumped, and
and O(f) stars) might be formed due to the Swings (1948) medhe triplet emission occurs at cooler temperatures thahowtit
anism, an overpopulation of the 3d level by pumping throingh t coupling. When the coupling is neglected dnrcen, the pre-
corresponding resonance line in an “extended atmosphEne’. dicted triplet emission vanishes and the profiles becoméagim
suggestion could not be proven though, since MH had not tteethose fromeastwino.
tools to model such atmospheres. Nowadays, this is no langer It might be suspected that the impact of then@esonance
problem, and when we include the wind in our calculationsi{wiline overlap introduces an additional parameter to be known
mass-loss rates following the ‘unclumped’ Galactic WLR), #vhen the Nitrogen abundance shall be determined via thettrip
turns out that we obtain almost the identical emission asgme lines, namely the Oxygen abundance. As we have shown by our
in the original MH simulations (performed without wind andanalytic considerations, however, this parameter renaitier
without realistic line-blanketing). By inspection of thetmates unimportant® as long as both resonance lines are optically thick,
into and from the 3d level, we noticed how the wind induces thwhich is true in the interesting parameter range. We havedes
overpopulation of the 3d level via pumping from the grouradest this prediction by lowering the @ oscillator strength immrcen
rather than by dielectronic recombination. A prerequisitthis by a large factor (50), and found nofigirence in the coupled
process is that the wind-strength is large enough to dispkg- source function and triplet emission.
nificantly accelerating velocity field already in the phgitbsric Summarizing, not only the M resonance line itself is re-
formation region of the triplet lines, to allow the resonatioes sponsible for the (strong) triplet emission, but also therkap-
to leave detailed balance. ping Omnr resonance line, at least at later O-types. Indeed, for one
The most important implication of our study is that undetorresponding object studied in Paper Il, N11-029 (09,7
Galactic conditions DR plays only a secondary role, botter encountered the problem that the observed tiplet could not
stars with “compact” and with “extended” atmospheres, whsr be reproduced byastwinp, though withcmrcen, and we inter-
the key process is the overpopulation due to the resonareia li preted this problem as due to the resonance line overlagfans
the presence of an accelerating velocity fidbte that without we need to incorporate this process intsrwinp if we aim at
such a velocity field the resonance line loses its impactghou deriving Nitrogen abundances at cooler temperatures ftwm t
Consequently, it is to be expected that hydrostatic NLTEesod triplet lines alone. Fortunately, the contamination of diker
such asruusty andpetai/surrace, Will not be suited to quanti- optical lines by this process remains weak, so that thess lin
tatively synthesize the M triplet lines (and, to a lesser extentcan be used already now, and the Nitrogen abundance determi-
also Nm14097, because of their interrelation), unless the windation byrastwinn is not hindered.
strength is significantly below the Galactic WLR or the backy,, gty implies two important consequences that need to be
ground metallicityZ, is much lower than the Galactic one (S€ugted in future comparisons with observations.
Heap et al. 2006 who performed Nitrogen diagnostics for SM
O-stars by means af.usty). Note also that our results have bee@i) Since the @iciency of DR and ‘two electron’ drain

derived for O-star conditions only, and should be valid agjlas is strongly dependent on the degree of line-blankgting
the Nt emission lines, to a major extent, are formed in the pho- pjocking, we predict that in a metal-poor environment (e.g.
tosphere or in the transition region. For objects with gigantly in the Small Magellanic Cloud witl/Z,, ~ 0.2) the emis-

denser winds, e.g., WN-stars, our analysis would certaiegdn  sion becomes stronger again, due to less EUV line-blocking.

to be extended, since additiondllets might be present or might  On the other hand, in such a Ia&-environment also the

even dominate. ~wind-strengths and the base-line Nitrogen abundance be-
In order to check our new model atom and the predictive come lower, and the combineffects need to be investigated

power ofrastwinp, we performed first comparisons with results  in detail.

from the alternative model atmosphere cosiecen, for a small (jj) As outlined above, the triplet lines from O-type stare af

grid of O-type dwarfs and supergiants. For this objectivessed photospheric origin and depend, via thenNand Om) res-

a set of important Nt and Nt lines in the blue part of the v_|sual onance lines, on the actual wind-strength (independent of

spectrum. The overall agreement between both codes isymostl clumping and X-ray properties), determining the onset of

satisfactory, though some systematic deviations demand-a f  the accelerating velocity field. Thus, their emission sitba

ther clarification in terms of a comparison with observation might be used to constrain the stellar mass-loss rate (af-
Within the range 30,000 K& Ter < 35,000 K, however, ter the line-formation has been shown to work reliably), if
some major discrepancies have been found. Heresen trig- the Nitrogen abundance can be derived independently from

gers the emission a4634- 4640— 4642 earlier, i.e., at cooler  other lines. In particular, ‘weak-winded’ stars (e.g., Bstu
temperatures, than calculations frexerwino. This dfect could
be traced down to the overlap of theuNresonance line (ac- 2 except for certain dierences in the EUV-fluxes etc.
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et al. 2003; Martins et al. 2005b; Puls et al. 2008; Marcolinanz, T. & Hubeny, I. 2003, ApJS, 146, 417
et al. 2009; Najarro et al. 2011) have a rather weak wind fegnorzer, A., Mokiem, M. R., de Koter, A., & Puls, J. 2004, A&A22, 275
their luminosity, being a factor of 10 to 100 thinner thanpr%amo“”o' W. L. F., Bouret, J., Martins, ., et al. 2009, A&498, 837

arkova, N. & Puls, J. 2008, A&A, 478, 823

dictedobserved for their counterparts with ‘normal’ windSyarins, F.. Schaerer, D., & Hillier, D. J. 2005a, A&A. 436,45
Thus, it might be suspected that weak-winded stars displ@yrtins, F., Schaerer, D., Hillier, D. J., et al. 2005b, A&AL14 735
much less emission than stars with ‘normal’ winds of similavieynet, G. & Maeder, A. 2000, A&A, 361, 101

type. This requires, that a) there are weak-winded staes ajéhalas, D. 1971, ApJ, 170, 541

at intermediate O-types, and b) that the winds of their ‘no

Mihalas, D. 1978, Stellar atmospheres (2nd edition) (Sanndisao:
W. H. Freeman and Co., 1978)

mal” counterparts are not strongly clumped, which woulghinalas, b. & Hummer, D. G. 1973, ApJ, 179, 827
diminish also their emission because of lower-than-thbugkiokiem, M. R., de Koter, A., Vink, J. S., et al. 2007, A&A, 473,30

mass-loss rates.

Moore, C. E. 1975, Selected tables of atomic spectra - A: At@nargy levels

Using the N triplet as an independent mass-loss diagnos-- Second edition - B: Multiplet table; N I, N II, N Ill. Data dieed from the

. analyses of optical spectra, ed. Moore, C. E.

tics would be somewhat similar to the corresponding appligjarro, F., Hanson, M. M.. & Puls, J. 2011, ArXiv e-prints
cation of the NIR Bg-line (Najarro et al. 2011, see also Pul$uajarro, F., Kudritzki, R. P., Cassinelli, J. P., Stahl, @.Hillier, D. J. 1996,
et al. 2008), but with the advantage that the emission stieng A&A, 306, 892

of the triplet is a rather monotonic function M, whereas

Br, changes its behaviour from weak to normal winds corg-

siderably.
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Appendix A: Dielectronic Recombination: In stellar atmospheres, one needs (in addition to the sponta
Implementation to  FASTWIND neous emission to levg) to account for stimulated emission as

well, i.e.,
In the present work we implemented dielectronic recomimnat

into rasTwiND, Which, so far, could not (or only approximately) ,r R I AR c?
deal with this process. To this end, new rates (both for the di® = Aajt Bapd = Ay 1+ 2hv3‘J (A4)

electronic recombination and for the inverse process) bdmbt . ) ) ) o =
inserted into the system of the rate equations. with By; the Einstein cofficient for stimulated emission antl

the scattering integral (profile weighted, frequency iraéed

mean intensity) for the stabilizing transition. Since timportant

A.1. Explicit method resonances are broad, the scattering integrals might tecesp
by the mean intensities],, of the pseudo-continuum (i.e., in-
ecluding all background opacitigsmissivities) at the frequency

df the stabilizing line.
Finally, we can define the total dielectronic rate to leyel
from any possible autoionizing stete

To calculate these rates for the ‘explicit method’ (see S22),
we follow the formulation as provided by Nussbaumer & Stor
(1983). In compact notation, the dielectronic recomborafor
an element X and charge+ 1 proceeds via

m+1 — m m

Xp +e — Xa d xb + hy (Al) neN|r(n+l Z a’DR(ai ]) ~ nenT—FliCiT%S/ZX (A5)

wherep is a parent state of tha + 1 times ionized element X, i Y

ais an autoionizing state arlis a bound state. We denote the i R 2 —

initial state of expression A.1, composed of the recomigjmam X Z g(a) exp(-Ea /kT)A; (1 + WJH )

and the free electron, as a continuum stat/e refer to the first i ij

process as dielectronic capture and to its inverse as ai#aio hich might need to be augmented by departurefumentsb,

tion. In general, dielectronic captures and autoionizesibnk inside the rhs sum if the parent levels are not the grourté-sta

statea to a large number of continuum states not in LTE with respect to the ground-state. The inverse ugwa
As a final resulf® Nussbaumer & Storey (1983) could extate involves only the line process(es),

press the dielectronic recombination fiagent between au- 2 @

toionizing statea and bound stat¢ apr(aj), as nTZ Bia i = nrjn Z o ASJ_ g 3. (A.6)

neNg™tapr(@j) = ba(ng)*Af;, (A.2) ' ' !

with Bji the Einstein-coféicient(s) for absorption. It is easy to
with Af; the corresponding radiative transition probability foshow that for LTE conditionsn" = (nf")* and Planckian radi-

the stabilizing transition (Einstein cigient for spontaneous ation in the lines) the upward and downward rates cancel each
emission, corrections for induced emission will be applied other exactly, as required for thermalization.

low), total ion densityN;™* (elementk), (n])* the LTE popu- Though we have followed here the derivation by
lation of statea with respect to the actual (NLTE) ground-statéNussbaumer & Storey (1983), our final results for the dowiwar
population of the next higher ion and the actual electrorsitgn and upward rates are identical with the formulation as used b
andb, the related NLTE departure cieient. Mihalas & Hummer (1973) in their investigation.

The last quantity can be expressed in terms of (i) the au- These rates have been implemented itawio and are
toionization coéicient(s),A%,, between stata and all possible used whenever the ‘explicit method’ is applied. The onlyunp
compound-states that can forma, (i) the radiative transition parameters that need to be specified in the atomic data imgut fi
probabilities AR, between stataand all possible bound and au-are the transition frequencies and the oscillator-sttefgir the
toionizing states with lower enerdyto which statea can decay, Stabilizing lines,fja, which relate to the producgAf; via
and (iii) the departure cdicients of the contributing parent lev-

X _ i 8n2e?
eli,lbp (here with respect to the ground-state of the same I0é1a,A§j =— nggj fia. (A7)
n) me
nm Yo bpAd For convenience and for consistency with the formulation of
b, = rﬁ = a—CR. (A.3) ‘normal’ recombination rates (see Sect. A.2), the quarttify)*
Na 2eAac+ 2i Ay is expressed in terms of the LTE-population (with respeettto
tual ionization conditions) of the lower, stabilizing Ié\(erj“)*

Usually, the autoionizing probabilities for staare much larger
than the radiative probabilities for decay, and often thenly . m
one parent level, namely the ground-state ofiier, n, = ™1, (nz)" = (7)) 9 eXp(-hva;/KT), (A-8)
i.e.,bp = 1. Under these conditions (which are similar for ex- N o

cited parent levels assumed to be in LTE with respect to te that the downward rate (for a specific autoionizing lejel
ground level)b, — 1, andthe dielectronic rate depends only oncan be expressed as

the LTE population of state a and the radiative transitioolpr 8r2e?

ability A%;. All dependencies on the autoionization probabilitiessN™apr(aj) = [ba](nrj“)*—cavezIj fia eXpChvaj/KT) x

have ‘vanished’, and we need only the valuerdf)( that can be Me
derived from the Saha-equation and the ground-state piqrula % (
of ion m+ 1, without including the autoionizing levels into the

rate equations.

*ga

e —
1+ 2] ) A9
+ Zh‘/gj aj ( )

Summation over all contributing autoionizing states yselde
2% See also Mihalas 1978 for a simplified derivation. final rate.




J.G. Rivero Gonalez, J. Puls, & F. Najarro: k emission line formation revisite@nline Material p 2

In this explicit method, the rates for dielectronic recombiThen, indeed, we recover the result from Eq. A.9 (explicit fo
nations and inverse processes are calculated in a septepte rmulation),
and then added to the rates involving resonance-free retoi
ization cross-sections alone. In our model ion (Sect. 4)use |, . < 87°€ , ¢ -
such cross-sections defined in terms of the Seaton approaimai ~«i = Mj Z mecd i fii expChvij /kT) | 1+ o Jij [.(A.17)
(Eg. 4), which, together with the data for the stabilizingnisi- ! "
tions, have been taken from thes-basic atomic database. Not&f, a5 outlined in Sect. A.1, the autoionizing levels arefitlose
that we consider processes both fytmground-states as well astq | TE. Note that this is a necessary condition for the iniplic
fromyto excited states within iom+ 1, so far on the assumptionmethod to yield reliable resul®,otherwise one has to use ex-
that the autoionizing levels are in LTE (i.e., without inding clusively the explicit approach and to include the autdiong

these levels into the model atom and rate equations). levels into the model atom and rate equations.
The proof that the rates for the inverse photoionization pro
A.2. Implicit method cess, calculated either by the implicit method (using tpted-

toionization cross-sections) or via rates from resondrex-

Within the implicit method, the DR contribution is al-cross-sections plus rates involving the excitation of teosd
ready contained within the ‘conventional’ recombinatiates, electron, are consistent, is analogous and omitted here.

(nj/nk)*Ryj, to yield a total number of recombinations

ni\" ]
nk(n_l) R = N"Ryj. (A.10) A.3. Consistency check
k To check the consistency of our implementation of implicitda
As usual,ny is the actual population of the recombining ion iréxplicit DR treatment, we carried out the following testrski
statek and {;/ny)* the LTE population ratio of the considered0 ensure consistedata we derived the oscillator strength cor-
level to which the process recombines (either directly artiie  responding to the wide PEC resonance in the total photaeniz

intermediate doubly excited stat&); is defined as tion cross-section (Fig. 2) by integrating over the croastisn

and applying Eq. A.18! The resulting valuef( = 0.45, which

4 > ai(v) [ 23 AP A1l is somewhat smaller than the data provided by thebasic
Ryj = 47 W b\ )€ v (A-11) databasef = 0.60) was then used within the explicit method,

at the original wavelength (which coincides with the pasiti
with mean intensityd, and total photoionization cross-sectiorpf the resonance). As displayed in Fig. A.1 for the case of
(including resonancesy;ix(v). _ o ~ model ‘T3740" with ‘pseudo line-blanketing’ (see Sect.)5.1

_ In the following, we show that this formulation is consistenyoth methods result in very similar line profiles for theimis-
yvlth the rates derived in Sgct. Al We split th'e cross-secti sion triplet, proving their consistency. Figure A.1 alssplays
into a resonance-free contribution, and a contributiomftbe  the strong reaction of the I triplet when the oscillator strength
resonances, is either increased or diminished by a factor of two.

aj(v) = @)") + @ ). (A.12)

30 which has been used to calculate the total cross-sections as provided
by, e.g., the OPACITY Project.

31 Of course, the underlying contribution responsible for direct ion-
ization needs to be subtracted.

The total recombination rate is then the sum of direct aniédie
tronic recombination,

ni"Re = 0" (R + R), (A.13)
with NII4634—-4640-4642
2 o T T T T T
@) [ 2m3 i
ny*ROR = n;*4r f K ( - JV) e™Kdy  (A14) -
res v C 1 8-— -
The resonances are narrow enough so that most of the freguenc I
dependent quantities can be drawn in front of the integval-e "§ -
uated at the average position of the resonances s 1.61 ]
- -
n; RER ~ (A15) & b ]
2hv3 2 !
Ar i _—hwi /KT f re E F
nj* ———e ( a--s(v) 1+ —=J, dv). o L
Z hvij ¢ res(i) ( 2hvi3} ) 1.2f ]
The integral over the cross-sections of the resonanceg-corr [
sponds to the cross-section of the stabilizing transitions 1.0 - -
4 e 4632 4634 4636 4638 4640 4642 4644
AT f a;iestZ Bj = —ﬂn—fji, (A.16) wavelength (A)
hVij res(i) hVij MeC

Fig. A.1. Consistency of implicit and explicit method. Comparison of
with Elnste|n_coﬁic|ent BJI and OSC'”ator-strengtH‘“ . L|ke_ N I /1/14634— 4640- 4642 proflles from model ‘T3740’, fOI’ _Ca|Cu|a-
wise tions using a dferent treatment of DR to the 3d level. Implicit method
' (solid/black), explicit method (dottérkd), explicit method with oscil-
resy g £ lator strength for the stabilizing transition increased (dagited) and
Ls(i)“ji J,dv oc T Jij. decreased (dashed-dotteldck) by a factor of two.
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Fig. B.1. Grotrian diagrams for the b doublet (left) and quartet (right) system. Level numbers refer téeTBHL. Levels # 8, 10, 11 refer to the
3s, 3p and 3d levels involved in the formation ofiN114634— 4640— 4642, and # 3, 4, 5 refer to levels2@D, 2S,?P) that drain level 3p via
‘two electron transitions’. Important optical transitions are indicated leggilines and numbers referring to Table 4 in the main section.

Appendix B: Details on the N m model ion

Table B.1 displays the electronic configurations and tereigde
nations of our N ionic model, and Fig. B.1 the corresponding

Grotrian diagrams for the doublet and the quartet systemds, i
cating important diagnostic transitions in the optical @ct. 6).

Table B.1. Electronic configurations and term designations of our N
model ion. The level numbers correspond to the entries in the Grotrian
diagrams, Fig. B.1.

# Configuration Desig.| # Configuration Desig.
1 122(S)2p 2pPP° |22 1€2s2pf)3p 3p'2D
2 182s2p 20 %P |23 122s2pfP°) 3p 3p’2S
3 182s2p 207 2D |24 12 2s2pfF°)3d 3d'4F°
4 1822s2p 20725 |25 1€ 2s2pfP°) 3d 3d'4D°
5 1€2s2p 2p? 2P | 26 12 29('S)5s 5¢S
6 12 2p3 2024 | 27 12 2s2pfP°) 3d 3d'2D°
7 122p3 2p°2D° | 28 1€ 2s 2pfP°) 3d 3d'4P°
8 12 2g('S) 3s 3¢S |29 122('S)5p 5p*P°
9 1g2p° 2p°2F° | 30 1€ 2s2pfP°) 3d 3d'2F°
10 1222(*S)3p  3p?P° |31 1€29(1S)5d 5D
11 12 2¢(*S) 3d 3D |32 1€2s2pfP’)3d 3d2P°
12 182s2pfP’) 3s 3s™P’ |33 12 29('S) 5f 5f2F°
13 122s2pfPY)3s 3s2P° |34 1€29(1S)5g  5¢?G
14 12 29(1S) 4s 4SS |35 1222(1S)6p 6p*P°
15 1€2s2pfP’)3p 3p’2P |36 12 29('S)6s 6S
16 12 2s2pfP’) 3p 3p’*D |37 122s2ptP’) 3s 3s"2P°
17 1222('S)4p  4pP° |38 1£22(!S)6d 60D
18 122s2pfP’)3p 3p’*S |39 12 29('S)6f 6f2F°
19 122s2pfPY)3p 3p#P |40 1829(1S)6g  6¢°G
20 1222(3S)4d  4PD |41 1£2s2pfPY)4s 4s4PP
21 18 28(!S) 4f 420

Appendix C: Comparison of line profiles with

results from CMFGEN

In this appendix, we display a comparison ofuNand partly
N ) line profiles fromrastwino (black) andemrcen (green), for

all models from the grid presented in Table 3. For a discussio

see Sect. 6.
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Fig. C.1. Comparison of Nt line profiles from present work (black) andFig. C.4. As Fig. C.1, but for modes8a.
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Fig.C.9. As Fig. C.5, but for modedi2v.
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Fig. C.13. As Fig. C.5, but for modet4a.
s2a: NII4003 s2a: NII4097
o 102 o I
3 101 3o
a. a. 0.9
‘é‘ 1.00 — , — ‘5‘ o8
go
g 0e0 V g o7
© 098 ® o6
4001.5 4002.8 4004.2 40055 40953 4096.6 4098.0 4099.3
wavelength (&) wavelength (&)
s2a: NII4195 s2a: NII4379
» 105 » 102
€ 1o0f——-—"r i S0
: ; — : AN
2 095 g 4 %100 — ——
£ £
g 090 1 §ose
5 5
£ ossf { Eoss
© 0.80 © 097
41937 4195.0 4196.4 41977 43770 4378.3 43797 4381.0
wavelength (&) wavelength (&)
s2a: NII4634-4640-4642 s2a: NII4510-14- 18
o 1.08 o 104
£ 108 £ 108 A
2 04 g
= |.oa 2102
s 1 B
o IR o
B roz| | 2 1.01
R 3 B C— - B 100
® 100 © 099
4633.0 4636.3 4639.7 46430  4509.0 45123 45157 45100
wavelength (&) wavelength (&)

Fig.C.14. As Fig. C.5, but for mode$2a.



