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Abstract

A sample of 26 Be stars from thidagnetism in Massive Sars (MiMeS) spectroscopic
survey are analyzed for their photospheric nitrogen abocesin an #ort to detect rotational
mixing in the Be stars. Be stars are massive stars, between 3@atiches the mass of the
Sun, that are surrounded by a thin, equatorial disk of gatiaauces emission lines in their
optical and near-infrared spectra. Be stars are the mogtlyaitating stellar population on
the main sequence, where stars produce energy by core ydtmgning. New, non-LTE
line transfer calculations are performed for the kn, the dominant ionization stage in the
photospheres of the B stars, and an extensive error anadypesrformed via Monte Carlo
simulation to determine the achievable accuracy of nitnogleundances among these stars.
To analyze the measuredimNequivalent widths from the MiMeS survey, théexts of both
gravitational darkening, due to the rapid rotation of theta B star, and the veilingfiect of
emission from the Be star circumstellar disk are consideBamth of these fects are found
to be small for the sample populatiorffecting the final nitrogen abundances at the level
+0.1 dex. The final, average nitrogen abundance for the MiMe MM = 7.78,
has a value in good agreement with the solar abunda#jce, 7.83, and recent, high-precision
abundance measurements for main sequence B stars. Néeestiiee MiMeS sample standard
deviation is over a factor of two larger than that of the obedrnitrogen abundances in the
atmospheres of B stars in the solar neighbourhood, with n@myabundance objects and a
few high abundance objects. No discernible trend of thegén abundance can be seen with
stellar gravity, log (as a proxy for stellar age), or stellar equatorial veloaitghe MiMeS
survey. It is suggested that possible disk emission in thdihe transitions may explain the
lower abundance objects, and this will be the subject ofr&tuork.

Keywords: stars: abundances - stars: atmospheres -stars: rotatidiative transfer -line:
formation
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Chapter 1

Introduction and Overview

Stellar Evolutionary models of rotating, massive starsastitat rotation &ects a star’s life-
time, geometry, chemical composition, and many of its olestparameters, such aextive
temperatureTer), gravity (logg), colour, etc., (Maeder & Meynet, 2012, Palacios, 2013)e On
of these predicted changes (which is the subject of the custady) is an increase in nitrogen
abundance in their atmospheres. This nitrogen increassacmted with changes in the abun-
dances of a number of other elements, such increased helidolegreased carbon and oxygen
abundances (Meynet & Maeder, 2000, Heger et al., 2000, Hedg@nger, 2000, Maeder &
Meynet, 2001, Brott et al., 2011, Ek8in et al., 2012). These changes are caused by a large
scale, rotationally induced, circulation within the stelenvelopes, known as meridional cir-
culation, that brings CNO processed material from the stetiee up to the surface and fresh
hydrogen from the stellar envelope into the core (Eddingi®25, Talon, 2008). Such models
predict that these abundance changes are related to tlae st¢htional velocity, and that the

effects will be amplified with increased stellar rotation.

Although evolutionary models of rotating, massive staes successfully able to explain
the observed helium enrichment in O-type stars and the masgegancy of massive stars
(Maeder, 1995), the predicted nitrogen enrichment is atithatter of debate. While several
observational studies provide evidence of the predictedgen enrichment (e.g. Maeder et al.
(2014), Nieva & Przybilla (2014) Maeder et al. (2009), ané$x& Lambert (1992)), others do

not find any significant nitrogen enrichment, (e.g. Hunteale(2009), Dunstall et al. (2011),
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and Lyubimkov et al. (2012)). However, many of the studiest thid not find the predicted
nitrogen enrichment were performed on objects with lowgxtgd rotational velocities; a large
fraction of these objects may be slowly-rotating objecis] eotational mixing is infficient at
low rotational velocities. For example, no nitrogen enmemnt was found for models with an
initial rotational velocity of 100 kmd by Talon et al. (1997) (see their Figure 10). Many
theoretical models find that the stellar rotational velpai¢eds to be higher than a threshold

value in order to produce a significant mixing.

For this study, | will look at Be stars with moderate to highjpoted rotational velocity.
The consensus is that all Be stars are really rapidly rotaibjgcts (Townsend et al., 2004,
Fremat et al., 2005), although some will appear as slowerasdlow v sini due to low incli-
nation angle). As the fastest rotating main-sequence stars, Be starg regéxpected to have
significant nitrogen enrichment in their atmospheres (lEakd982). Be stars are defined as
“non-supergiant B-type stars whose spectra have, or hacedtrar, one or more Balmer lines
in emission” (Slettebak, 1988). They are characterized (isually) doubly-peaked Balmer
emission lines, excess IR emission, and intrinsic polédma These are explained by the ex-
istence of a rotationally-supported, circumstellar dB&rter & Rivinius, 2003). Be stars have
measured rotational velocities that averag80 % of their critical rotational velocities, and
they may rotate even faster (Cranmer, 2005). Finally, Be sggm&sent a significant fraction
of the B spectral type stars with an average fraction @7 % which reaches 34% in the B2

subclass (Zorec & Briot, 1997).

The spectral analysis of early-type Be stars is very chaihgndue to various féects that
need to be properly considered and accounted for, such akToeffects, rotational broad-
ening, gravitational darkening, and circumstellar ensissiRadiative transitions dominate in
the atmospheres of early-type stars driven by photons freeper and hotter regions, and pho-
ton losses from the outer boundary; these can cause a sagmitibange in the ionization and
excitation balances in the line formation region (Kuruc®79). As a result, assuming local

thermodynamic equilibrium (LTE) will not be suitable forgranalysis.



In addition to non-LTE #ects, rotation changes the observed spectral profiles fesp d
and narrow Voigt profiles to broad and shallow rotation pesfilvith low continuum contrast.
Rapid rotation can also cause strong line blending. Consdguiest a few strong lines of each
element can be detected and used for measuring abundanaesbily to model these lines
can be highly fiected by the accuracy of the atomic data. As a result, a ddtedlculation of
the error bounds on the estimated abundances will be refjuirgtead of the traditional way

of estimating the errors from the scatter of the estimateshdhnces using weak lines.

In the current work, therurtt code (v2.0) of Carlsson (1992) was used to solve the non-LTE
problem of Nu in order to get grids of equivalent widths of the lines of net& over grids of
stellar parameters suitable for B-type starsumi solves the radiative transfer equation coupled
with the statistical equilibrium equations simultanegushd can be used to get the emergent
photospheric line profiles in non-LTE. Also, estimates & tincertainties of the equivalent
widths due to errors in the atomic data were obtained thr@ugaries of Monte-Carleaurrr

calculations following Sigut (1996).

Another dfect of rapid rotation is the oblateness of the stellar serfasulting in a lati-
tudinal dependent temperature and gravity: the temperand gravity will be higher in the
polar regions and lower at equatorial regions instead ofuthieorm stellar temperature and
gravity of a non-rotating star with the same mass. This phetmn is known as gravitational
darkening, first suggested by von Zeipel (1924). Thiea now has direct interferometric
confirmation for nearby stars (see the review of van Belle 2055 a result, the observed
spectral line profiles will be dependent on the stellar rotet velocity and inclination of the
stellar rotation axis to the line of sight. Gravitationatkkening dfects on the observed lines
were studied using the STARD code of Sigut (2014, private communication). The non-LTE
line profiles computed usingurrt were used as inputs for these codes in order to represent the

local photospheric emission.

Finally, emission from the circumstellar disk caffiert the observed photospheric spectra.

Due to the dfficulty of the treatment of the disk emission, in addition te &xpected rotational
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broadening and gravitational darkening, Be stars have beduded in many of the previous
studies of the nitrogen abundances in B-type stars (e.g. ilnkdy et al. (2012); Gies &
Lambert (1992)). In other studies, Be stars were includetthieir disk emission was corrected
for in a approximate way that might cause significant unagies in the estimated nitrogen
abundances (e.g. Lennon et al. (2005); Dunstall et al. (0However, computational tools
are now available for a more accurate spectral analysis. sifihiex andBeray codes (Sigut

& Jones (2007); Sigut (2011), respectively) solve the tadiaransfer equation within the
circumstellar disk and can be used to provide a proper tesatof the disk emission. The
photospheric lines computed usingrr can again be used to represent the local, photospheric

spectrum of the central star.



Chapter 2

Early-Type Stars

2.1 Introduction

Massive stars have great importance in astrophysics;ftivemation and evolution have a dras-
tic influence on their parent galaxy’s physical, chemicald anorphological characteristics.
Energetic, ionizing photons and strong stellar winds froassgive stars inject energy into the
interstellar medium and provide it with metals synthesiwatthin stellar cores through ther-
monuclear reactions (Crowther, 2004). As these stars euiblge strong radiation and stellar
winds cause the photo-evaporation of any remaining cirteltas material, forming compact
HIl regions which will expand away from the star, causinggddwaves in the parent molecular
cloud and triggering further star formation (KennicuttPD8). The death of these stars through
powerful supernova explosions will also provide the intdtar medium with heavy elements
and will trigger further star formation (Preibisch & Zinrese, 2006). Massive stars are the pro-
genitors of black holes and neutron stars. Cosmologicalreasens of high redshift galaxies
show that massive stars play a crucial role in the re-iomunaif the early universe (Kennicultt,

2005).
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2.2 Physical Characteristics of Massive Stars

Massive stars are defined as stars that have masses highhetooeigd with supernova and
correspond to main sequence stellar masses equal to oegteah~ 8 M, (Langer, 2012).
This includes the early-B type stars, BO through B3 (8-M& and O type stars (16-12€.)
(Zinnecker & Yorke, 2007). Massive stars have higfeetive temperatures, from19,000 K
for B3 stars (Habets & Heintze, 1981) up#60,000 K for O2 stars (Crowther, 2004).

Massive stars have absolute visual magnitudes equal tseithan -1.49 mag and bolo-
metric magnitudes equal to or less than -3.39 mag (Habetsi&t#és 1981). The initial mass
function with a Salpeter slope predicts that for ever§000 low-mass stars with masses less
than 2M,, there are only sixteen early B-type stars and 10 O-type §Zamaecker & Yorke,
2007). Although massive stars are rare, they provide mogteoémitted UV radiation in the

universe (Zinnecker & Yorke, 2007).

2.3 Surface Abundances of B-type stars

The measurement of atmospheric abundances of GalacticeBstgs has been the objective of
many studies (S@nberner (1988); Langer (1992); Gies & Lambert (1992);1ei& Georgiev
(2008); Lyubimkov et al. (2012)). These measurements csinthe éficiency of rotational
mixing in massive stars and place constraints on evolutyomadels of massive stars. Gies
& Lambert (1992) studied 39 Galactic, early B-type stars, @8ugh B3, and their measured
(LTE) abundances of some B stars showed an increase in eitregrface abundance and a
decrease in carbon and oxygen surface abundances. Howesanily, the CNO abundances
of 22 Galactic B-type stars with masses between 5 anillWere measured by Lyubimkov
et al. (2012) and the results (presented in Table (2.1)) dsimow the predicted changes of
the CNO abundances via rotational mixing by theoretical (kg Brott et al. (2011) and
Ekstitom et al. (2012)).
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Nieva & Simbn-Diaz (2011) studied 13 narrow-lined, early B-type stars wilini <

60 kms? in the Ori OB1 association. This study did not find the prediatbanges of the
surface abundances by rotational mixing. Nieva & Przyl{il@12) measured the elemental
abundances of 27 early B-type stars in the solar neighbodrheithin 500 pc from the sun,
using echelle spectra with high resolutidd,> 40000, and high signal-to-noise ratio, 250-
800. Nitrogen enrichment was found in one third of B starglisti in this work. The average
abundances of these 27 stars, plus 9 stars from Nieva &®Bibhaz (2011), are shown in
Table (2.1) from Nieva & Przybilla (2012). Note that the bBbundances are expressed in the

logarithmic measure, defining an abundaAder each element as

A = Iog(%) +12, (2.1)

H

whereNy is the total number density of hydrogen atoms and ions. Héme@bundance of
hydrogen isA = 12 on this scale and all other elements have smalitealues. Typically, the

logarithmic units of abundance are measured in “dex.”

The metallicity of early, B-type, main-sequence stars inMagellanic Clouds has been
measured in many studies, such as Korn et al. (2000) and Hemntd. (2005). Recently, a
large, spectroscopic survey for massive stars in the fidldsnomber of stellar clusters in the
Milky Way and the Magellanic Clouds was carried out using titerd=-Large Array Multi-
Element Spectrograph (FLAMES-Gifa) on the Very Large Telescope (VLT). (Evans et al.,
2005). More than 50 O-type and 500 B-type stars were includetis survey. The stellar
parameters log,, vsini, Te;, and the elemental abundances of the B-type stars, werespadli
by Hunter et al. (2007), Hunter et al. (2009), and Trundlel.e2807). These works give the
extensive measurements of elemental abundances of Brstiwes Magellanic Clouds and the

Milky-Way.

The predicted nitrogen enrichment in a sample of early B-typé-sequence stars in the

Magellanic Clouds and in the Milky-Way from the VLT-FLAMES ey was investigated
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by Hunter et al. (2008b) and Hunter et al. (2009). Hunter e(24108b) show that 20% of a
sample of 100 early B-type stars in the Small Magellanic CI&MC) stars are rapid rotators
with nitrogen enrichments in agreement with the predictégen enrichment by rotational
mixing. A further 40% of the sample are slow rotatovsini < 50 kms?, with nitrogen
enrichments that cannot be explained by rotational mixihgstead, diferent mechanisms,
like mass transfer in close binaries, are suggested. Siyildunter et al. (2009) investigated
the predicted nitrogen enrichment by rotational mixing isaaple of 135 early B-type stars
in the Large Magellanic Cloud (LMC) and 50 early B-type starsha Milky Way. About
20% of the LMC sample were rapidly rotating and nitrogen@red, and another 20% of the
sample were slowly rotating and nitrogen enriched; no gegroenrichment was found in the
Galactic sample. Dunstall et al. (2011) studied the nitnogbundances in a sample of Be
stars in the Magellanic Clouds from the VLT-FLAMES survey. hitrogen enrichment was
detected, i.e. the nitrogen surface abundances of Be staessiweilar to those of normal B
stars. A major defect of this work; however, is that the diskssion in the Be star spectrum
was corrected in an ad-hoc way by forcing the silicon abuodast each star to match the
expected LMBSMC average by addition of a featureless disk continuum. disle emission
is wavelength dependent as will be discussed later in Ch8pt&tellar continuum dilutions of
up to 60% were used.

These studies show that B stars in the LMC have overall nngteds close to one third of
those in the solar neighbourhood, and B stars in the SMC hatalliities close to one tenth

of those in the Milky Way solar neighbourhood.
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Table 2.1: Average elemental abundances of Galactic, seguence B stars.
Element Solar Milky-Way
Aspl05 Lyub12 Nieval2 Nievall Hun09 Gies92 mean

He 1093 1099+ 0.01 1100 | 11.00+ 0.00

C 839 831+013 833+0.04 835+0.03 800+0.19 820 8.24+0.10

N 778 780+012 779+004 782+007 762+012 781 7.77+0.06

O 866 873+013 876+005 877+003 863+0.19 868 8.71+0.05

Ne 784 809+ 0.05 809+0.05 797 8.05+ 0.05

Mg 7.53 756+ 0.05 757+0.06 725+0.17 746+ 0.14

Al 6.37 6.45 6.45+ 0.00

Si 751 750+ 005 750+0.06 742+0.07 758 750+ 0.04

S 714 7.21 7.21+0.00

Fe 745 752+ 003 752+0.06 172 7.59+0.04

Sources. Lyub12, Lyubimkov et al. (2012); Nieval2, Nieva & Przybi(2012); Nievall, Nieva
& Simon-Diaz (2011); Hun09, Hunter et al. (2009); Gies92, Gies & Larn{#992); Aspl05,
Asplund (2005).

2.4 Evolution of Massive Stars on The Main Sequence

Evolution on and after the main sequence stage dependsr&nséss, rotation, composition,

and mass loss history. The latter is sensitive to the meitglind initial main-sequence mass
(Woosley et al., 2002, Heger et al., 2003, Langer, 2006,r&kset al., 2010). Massive stars,
like all stars, reach the main-sequence once the temperatd the pressure of their cores
become high enough to start hydrogen burning. Unlike lovgsrgtars, massive stars burn

hydrogen through the carbon-nitrogen-oxygen (CNO) cyclth the reaction sequence

C(p, v) *N(e™v)°C(p, ) *N(p, 7)°O(e"v)*N(p, @) *°C, (2.2)

rather than the p-p chain, releasa@4.97 MeV per helium atom.

During their main sequence phase, stars remain in hydiostgilibrium by the support
of the gas pressure and the radiation pressure maintaingdebgnergy generated by ther-
monuclear reactions in their cores. Unlike low mass stadiation pressure in massive stars

represents a significant fraction of the total core presandghis fraction increases with stellar
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mass. For a Bl star, the core ratio of radiation pressure to gas pressuatess to 15%. This

rises to 46% for a 4N, star, and dominates in very massive stdsy 120M,.

Massive stars have convective cores due to the steep tetm@egaadient in their core. In
the core, the radiative gradie;q, is greater than the adiabatic gradieéwy, satisfying the

Schwarzschild criterion for convection. The radiativedieat is defined as

3 «kLP
Viad = , 2.3
0~ 16racG M, T4 23)
and the adiabatic gradient, as
oinT P6
Vad = = . 2.4
o (a In P)ad CopT (24)

Here is the Rosseland mean opacily;, is the mass enclosed within a sphere of radius r,
L, is the luminosity at the surface of this sphere, and given bys = —(0Inp/dInT)p,.
The radiative gradien¥, 4, represents the thermal gradient required to carry théftataby
radiation only. The adiabatic gradieMyy, represents the thermal gradient inside a moving
fluid parcel that does not exchange heat with the surroundgiedgium. WherV, 4 is greater
thanV,4, an outwardly displaced fluid parcel will be hotter than thereunding medium and
will continue to rise. On the other hand;, is less tharVyy in the envelopes of massive stars
due to the weak temperature gradient; as a result, no caonemtcurs and the energy will be

transported by radiation (Maeder, 2009).

Due to the convective nature of the cores of massive staesctiemical composition of
the core will remain homogeneous because convection teesare much shorter than the
timescale of thermonuclear reactions (Carroll & Ostlie, 200he cessation of the hydrogen

burning in the core represents the end of the main-sequénge. s
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2.4.1 Hfects of Rotation on Massive Star Evolution on the Main-Sequence

The study of the evolution of massive stars with rotation wasmportant step, and the in-
clusion of rotation solved many contradictions betweeneolzions and the predictions of
theoretical models of evolution of massive stars, like tkierded cluster main-sequence, the
observed helium enrichment in fast rotating O-type stansl the discrepancy between the
spectroscopic and evolutionary mass of massive stars (@4a£895).

In general, the inclusion of rotation leads to the defororatf the surfaces of massive stars
that increases with increasing rotational velocities. Agsult, the assumption of spherical
symmetry will not be realistic for rapid rotation. The cefugal force reduces thefiective
stellar gravity, and the reduction is latitude dependeitt) itls maximum at the stellar equator
and a zero reduction at the pole. This reduction in the stgtivity afects the stellar radiative
flux, and therefore the locdly, that is now dependent on the stelldieetive gravity through
von Zeipel's relation

Ter(6) = Colger ()|, (2.5)

whereC,, is a constant ange;(0) is the dfective gravitational acceleration at stellar co-latitude
6. The implication of von Zeipel's relation is that rotatingus are distorted, witR.q > R, and
have an &ective temperature that varies with latitude. Gravitadlasharkening and itsféects

will be discussed in much more detail in Chapter 7.

Rotational Mixing

Theoretical studies predict that rotating stars undergongithat can bring processed material
from the core to the surface and unprocessed material frertelope into the core (e.g. Brott
etal. (2011), Ekstim et al. (2012)). This mixing results from rotationallydirced instabilities

within the envelope, such as the meridional circulation ginéar turbulence. Consequently,
massive stars are expected to show changes in their atmra@spbandances due to this ro-

tational mixing, such as the increase of helium, nitrogesmadlances and the decrease of the
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carbon and oxygen abundances with age during the main4segué&he net predicted abun-
dance changes can depend on the treatment of the mattgrdrabg meridional circulation as

either an advection or flusive process.

Meridional circulation, or Eddington-Sweet circulatios,a large-scale motion that is ca-
pable of transporting angular momentum and matter withemss(Eddington, 1925). This
circulation results from the latitude dependence of thempidl gradient within rotating stars

that leads to the non-coincidence of the isobaric surfacdglae isothermal surfaces.

Assuming stars are born on the main-sequence with rotafwofles close to that of rigid
body rotation, meridional circulation will transport thegular momentum from the stellar sur-
faces to the stellar cores until an equilibrium rotationalfile is reached. Such an assumption
is usually taken in theoretical models (Talon et al., 199@yNet & Maeder, 2000, Heger et al.,
2000). Consequently, the rotational velocity will be a fumetof radius, and stars will have a
differential rotation profile. Dierential rotation introduces shear mixing that can alsusjart
matter and angular momentum. As a result, the net transporatter and angular momentum
can be treated as the sum of these tffeas (Maeder & Zahn, 1998). If the transport of matter
by meridional circulation is an advective process, mendiairculation could lead to drastic
changes in the surface abundances of He and CNO in massiseldtavever, observed abun-
dances in O and B type star do not support such large changktherefore, thef&ciency of

matter transported by rotational mixing must be lower thgreeted.

Chaboyer & Zahn (1992) suggested that strong horizontaulenice can suppress the
transport of matter by meridional circulation. They invdkihis dfect to explain observed
abundances in giant stars with masses between one and @vorsdses that do not show any
boron depletion expected from rotational mixing. ChaboyeZahn (1992) argued that this
assumption can explain the observed thickness of the tashdayer in the sun (the layer be-
tween the radiative core and the convective envelope) astdetby helioseismological studies.
Consequently, the transport of matter by meridional cirtioteshould be treated as dftlisive

process. Although this assumption was based on obsersaifdow mass stars, Zahn (1992)
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argued that this assumption can be valid in massive stardadtiee stable vertical thermal

gradient in the radiative envelopes of massive stars whippress any vertical turbulence.

However, this is not the case for the transport of angular evgom. Zahn (1992) showed
that the transportation of angular momentum by meridiomautation can still be treated as an
advective process. In this case, meridional circulatiahterizontal turbulence act onftBrent
physical quantities: horizontal turbulencéegts the angular velocity and meridional circula-
tion afects the specific angular momentum. For the transport ofematbwever, meridional
circulation and horizontal turbulence act on the same ghysjuantity, the element concentra-
tion. Consequently, if strong horizontal turbulence can bgemize the angular velocity over
horizontal surfaces, it cannot suppress the advectivepi@atation of angular momentum by

meridional circulation (Zahn, 1992).

During early stages on the main sequence, stars are neatyicilly homogeneous and
rotational mixing will therefore not befigcient. However, as thermonuclear reactions within
the cores lead to significant changes in composition, tl@gtmean molecular weight gra-
dient established suppresses meridional circulation, féatteknown as the:-barrier. This
reduces dferential rotation within the star and weakens the shearngjdue to the density
stratification that induces a buoyancy force prohibiting aartical motion,i.e., parallel to
the rotational axis (Maeder & Zahn, 1998). However, hortabturbulence induced by the
strong diferential rotation within the star, as suggested by Chaboygaln (1992), reduces
the molecular weight gradient by homogenizing the chendoaiposition over the horizontal
surfaces (Chaboyer & Zahn, 1992, Zahn, 1992). This redusgahibiting éfects on the
transport of matter and angular momentum. Also, if horiabturbulence is not strong enough
to overcome the prohibitingfiects of theu-barrier, it can cause mixing by enhancing other

existing turbulence like, the shear turbulence (Maeder &rZd998).

In conclusion, the transport of matter by meridional ciatidn and shear mixing repre-
sents a dtusive process that depends on the rotational profile and #aamolecular weight

gradient within a star. On the other hand, the transport gliEan momentum within a star
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should be treated as an advectivéiuiive process, where meridional circulation will advect
the angular momentum inward and the shear turbulence ills# it outward. The transport
of angular momentum also depends on the rotational profietla® mean molecular weight

gradient within the stars (Maeder, 2009, Zahn, 1992).

Modelling Results

Including rotation in the models of massive star evolutian ead to significant changes when
compared to non-rotating models, such as the increase ofidhesequence lifetimes, the in-
crease of the luminosity at the end of the main-sequenceharchange of surface abundances.
Rotating models predict that massive stars will appeardaiomh the zero age main-sequence
(ZAMS) due to surface oblateness and gravity darkening.sMasstars appear brighter at the
terminal main sequence (TAMS) because of the reduced gpdwd to the increase in helium
abundance in the atmosphere. Rotating models predict thesise of the nitrogen and helium
surface abundances and the decrease of carbon and oxygetaabeas by rotational mixing.
In addition, rotating models predict longer main-sequdifeémes for massive stars, due to
fresh hydrogen brought from the envelope to the core by ttaiomally induced mixing.

The evolution of a WM, star with rotation on the main-sequence is given by Talorl.et a
(1997). This study investigated how rotatioffiezts evolutionary tracks in the HR diagram, in
addition to the rotational profiles within the stars and ttraaspheric chemical composition.
Stars were assumed to be born on the main sequence witronatiagirofiles close to that of
rigid body rotation and with homogeneous composition, ardies were computed for two
initial surface equatorial rotational velocities, 100 krhand 300 km s,

Models with fast rotation (300 knT$) have a strong, dierential rotational profile at the
TAMS, compared with those with slow rotation (100 kmy)s This is explained by the in-
crease of theféiciency of the transport of angular momentum by meridionadutation with
increasing the initial stellar rotation-see Figure (2Als0, this study shows that models with

fast rotation have significant changes in surface abundaaicthe end of the main-sequence
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Figure 2.1: The evolution of the rotational profile of aM, star during the main-sequence as a function of
the Lagrangian mass coordinate. Panel (A) shows modelshigthinitial rotational velocity, 300 kn$, and
Panel (B) represents models with low initial velocitiesDIn s*. In both panels, the solid line represents the
rotational profile on the ZAMS, the dotted line, the rotatibprofile at the middle of the main-sequence, and the
dashed line, the rotational profile at the TAMS. Figure froafon et al. (1997).

as compared with those with slow rotation. Figure (2.2) wahthe increase of helium and

nitrogen abundances and the decrease of hydrogen, carb@xygen abundances for the two

initial rotation rates.
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Figure 2.2:The evolution of the H, He, C, N, and O surface abundances daar during the main-sequence
for two different initial rotational rates. Figure from Talon et al. I3

Talon et al. (1997) also show that rotatidiiezts the evolutionary tracks of massive stars in
the HR diagram, as reproduced in Figure (2.3). As noted befoodels with fast rotation (300
km s1) appear fainter on the ZAMS and have longer main-sequefetiaries. The evolution-
ary tracks of slowly rotating models (100 kmtswere similar to those of non-rotating models
with a moderate overshooting. Convective overshootingessgrts the extension of convective

flows beyond the formal boundaries predicted by the Schwhilgscriterion (Maeder, 2009).
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Figure 2.3:Evolutionary tracks of a § star on the main-sequence foffdrent initial velocities. Figure from
Talon et al. (1997).

Also, models with fast rotation are brighter at the end ofrttegn-sequence due to the decrease
of the opacity of the stellar atmosphere that results froeniticrease of the helium surface

abundance by rotational mixing.

Meynet & Maeder (2000) studied the evolution of rotating anes stars with masses be-
tween 9 and 120 solar masses. The evolutionary tracks onRhaidfjram for rotating models
with initial rotational velocities equal to 300 km'sand non-rotating models are shown Figure
(2.4). Rotating models tend to be be fainter on the ZAMS anghiver at the TAMS. Also,
rotating models with initial masses equal to or less tharii0have longer main-sequence
lifetimes, such that the main-sequence lifetime of 31 Ztar with initial rotational velocity
equal to 300 km¥ increases by close to 20%, in agreement with the results lohTet al.
(1997). This can explain the observed extended cluster-sejnence. Also, rotating models

with initial stellar masses higher than 40, have shorter main-sequence lifetimes due to the
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Figure 2.4:Evolutionary tracks with and without rotation for starshvihasses betweer\, and 120M,. The
dotted lines represent non-rotating models, the solig|in@ating models with initial rotational velocity equal t
300 kms?, and the long dashed lines, rotating models with initiahtional velocity equal to 400 kmts The
dashed part of the evolutionary tracks with initial stelieeisses represent the WR stage. Figure from Meynet &
Maeder (2000).

large mass loss rates, such that they evolve to the Wolf-Ragge from the main-sequence

directly.

Meynet & Maeder (2000) also find significant changes in thenelgal abundances in the
atmosphere of rapidly rotating stars which increases witiheiasing the initial rotational ve-
locities and initial stellar masses, as shown in Figures)(@nd (2.6). Figure (2.5) shows the
increase of the (MH) ratio for a 20M,, star due to rotational mixing with increasing initial
rotational velocity. This demonstrates how rotational ingxcan significantly enhance atmo-

spheric nitrogen abundances in rotating stars.

Similarly, the mass fraction of helium, and the/(N ratio increase with initial rotational
velocity. Such behaviour reflects the increase of tfieiency of rotational mixing with initial

rotational velocities. Figure (2.6) shows the increasehef (NC) ratio with initial stellar
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rotation and the initial rotational velocity. For a B, star, the (MNC) ratio increases from
0.25 to 1.77 on the TAMS as the initial rotational velocitgiieases from 0 to 300 km's
Also, this figure shows that the predicted nitrogen enriaminaand carbon depletion in the
stellar atmospheres due to rotational mixing can explagnabserved nitrogen and carbon
abundances in the atmospheres of blue supergiants. Thevedsetrogen abundances in blue
supergiants are lower than those observed in stars thatinaezgone dredge up phases, while

the observed carbon abundances in blue supergiants aex iiMaynet & Maeder, 2000).

Figure (2.7) shows predicted isochrones for rotating antnatating models of dierent
initial stellar masses. Note the coincidence of the isaobsmf rotating and non-rotating mod-
els within 0.1 dex in age. This result reflects the fact thatgbsition in the HR diagram is
not unique; a high mass star with low initial rotational \@tg can have the same place on

the HR diagram as a lower mass, more slowly rotating starbbtit objects reach this point
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Figure from Maeder & Meynet (2000).

at different ages. This result may explain the mass discrepanagbetthe evolutionary mass

and spectroscopic mass of massive stars.
Including mass loss in evolutionary models significantfgets the surface angular velocity
and the ratio of the surface angular velocity to the critiegbcity, as shown in Figure (2.8).
This behaviour depends strongly on the initial stellar masass loss increases with initial
stellar mass, and as a result, stars with masses higher thaih, 1ose a larger portion of
their surface angular momentum and slow down very quicktgrsSwith masses less than or

equal 12M,, however, have lower mass loss rates and preserve mostiostiniace angular
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momentum. As a result, stars with masses less than or equalNg, will have high surface
angular velocities close to the critical values, and thdyga through strong anisotropic mass
loss in the equatorial region close to the end of the maintsece. This might provide an
explanation of the occurrence of the Be phenomenon (Meynetagdér, 2000). The recent
work of Ekstiom et al. (2010) gives further support for this interestieguit. Observations
of Be stars in young open clusters (Keller et al. (1999); Manteet al. (2007); Mathew et al.
(2008)) show that this explanation can be a possible saef@rthe formation of Be stars, but
not the only one. Also, the sharp peaks shown in Figure (28)e interpreted by the increase
of the rotational velocity at the end of the main sequencetdilee overall contraction of the
stars. Also, the second peak shown in the\imodel can be explained by the increase of the
stellar rotational velocity as the star evolves on the bide ef the central helium burning, i.e.

the blue loop.
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2.4.2 Observational Constraints on Rotational Mixing in Massive stars

Observations of early B-type stars in the Milky Way and in thagdllanic Clouds have not
provided clear evidence foifficient rotational mixing in massive stars. For example, some
observational works agree with the predicted surface emént of nitrogen and helium and
the depletion of carbon by rotational mixing (Maeder et 20009); Fierro & Georgiev (2008);
Lyubimkov (1991); Herrero et al. (1992); Sahberner (1988)), while other studies do not
find the predicted changes in the surface CNO abundancesi(hlab et al. (2012); Nieva &
Przybilla (2012); Dunstall et al. (2011); Hunter et al. (20

However, most of the works that did not find evidence for a gleaim the surface abun-
dances used samples of stars with low projected rotaticglatities (1.e. low sini) which
may not have #icient rotational mixing. Although these are just projeai@ational velocities,
only a few percent of each sample could be nearly pole-onaistaassuming random distri-

bution of inclinations. Low projected rotational velocibpjects were selected in order to get
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narrow-lined spectra where elemental abundances can bsunedawith high precision. Stars
with high projected rotational velocities, however, haeeywide and shallow spectral lines,
and as a result, accurate line equivalent widths diecdit to obtain in this case. In addition,

gravitational darkening must be considered in any anabfsiapidly rotating stars.

Schinberner (1988) investigated the CNO abundances in fourgatr rich OB stars, OBN
stars, using the co@dspectrograph of the ESO 1.5 m telescope at La Silla, Chittaamoud@
spectrograph of the MPG 2.0 m telescope at Calar Alto, Spal résults show that the N
abundances in OBN stars are 10 to 30 times larger than those a@bimparison stars, while
the C abundances of OBN stars are close to 10 times lower tloae tf normal stars. Also,
it was found that the O abundances in OBN stars are solar. @ing@sults were obtained by
Lyubimkov (1991), who aimed to review the recent measuresafithe surface abundances of
B-type stars from literature. He found a trend of increasiitigpgen and helium abundances,
with a slight decrease in the carbon and oxygen abundandts,age, in agreement with

predicted rotational mixing- see Figure (2.9).

Among the 27 B stars included in the recent study of Nieva &HBitla (2012), it was
found that one third of the sample have higher nitrogen adnoels that can be explained by
surface enrichment through rotational mixing. On the otieerd, recent measurements of the
surface abundances of early B-type stars in the solar neighbod obtained by Lyubimkov
et al. (2012) and Nieva & Sion-Diaz (2011) do not show the predicted abundances changes
of rotational mixing. However, such studies were done farsstvith low projected rotational

velocities,v sini < 66 kms?.

Similar studies were done for early B-type stars in the Magtl Clouds (Dunstall et al.
(2011); Hunter et al. (2009); Hunter et al. (2008b)) who dad find the predicted nitrogen
abundance enrichment in early B-type stars with high ratatiovelocities. Dunstall et al.
(2011) show that there is noftkrence in the observed nitrogen abundances in the atmespher
of Magellanic Clouds B and Be stars (Figure 2.10). This is ssirgy because Be stars, as

a population, are the fastest rotating main-sequence (dtadsn 2001, Fukuda 1982). Rapid
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Figure 2.9: Observed increase in nitrogen abundance with age for tlaeges of stellar masses, where the
filled circles represent main-sequence early B-type statdlze filled circles represent yellow supergiants. Figure
from Lyubimkov (1991).

rotation is thought to be the key driver of the Be phenomeregfiore, lowv sini Be stars are

still expected to be rapidly rotating stars but seen at laslination angld.

Nevertheless, Maeder et al. (2009) emphasize that nitregechment is a function of stel-
lar mass, rotation, metallicity, age, and multiplicity,damot just a function of stellar rotation

alone, as assumed by Hunter et al. (2008b). As a consequdaeeler et al. (2009) argued
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that the inclusion of field stars, the broad mass range oftdre £.0- 30M,,), the low number
of B stars with projected rotational velocities higher tt2&50 km s, and the expected binary
error, significantly bias the results of Hunter et al. (200&»nnsequently, Maeder et al. (2009)
reanalyzed the data from Hunter et al. (2008b) and showadhthatmospheric nitrogen abun-
dances increase with increasing stellar rotation for Bsstath masses within a narrow mass
range and with the same metallicity and age. This gives stfipraotational mixing, as shown

in Figure (2.11). This point is still a matter of debate, andHer investigations are required.

This work was complemented by another study for a larger gaofiB stars from Hunter
et al. (2009) by Maeder et al. (2014). Again, Maeder et allQ@rgued that observed nitrogen
abundances provide some evidence, and the observed scafterabundances is attributed to

the low quality of data . Maeder et al. (2014) reinvestigalteoaccuracy of the estimated stellar
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parameters and abundances for a subsample of 31 B stars fnoter-t al. (2009)» 10%

of the sample, by comparing the observed spectra with ndadyinthetic spectra, where the
stellar parameters and abundances of Hunter et al. (200@) ad®pted in the computation of
these spectra. Results show that they did not get a good nratolany cases, e.g. they did
not get a good match for the observed Khes in 6 cases. Also, they found that many of the
stars in this sample have a binarity signature. Consequeh#yauthors suggested a careful

reassessment for the results of Hunter et al. (2009).

Recently, Kohler et al. (2012) introduced a new method of testing thdipted nitrogen en-
richment due to rotational mixing in early B-type stars by paming their ages measured using
evolutionary tracks in the HR diagram with the predictedsaggsuming that the stars were en-
riched due to rotational mixing on the main-sequence. Ttherlages were calculated based on

their measured masses, nitrogen surface abundances tamoiral velocities. In this study, the
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rotational velocities were measured by the profile fittinghod using the non-LTE TLUSTY
models from Hunter et al. (2008a). The objects included enstudy were selected such that
their nitrogen abundances are not larger than the maximenigied nitrogen abundances en-
hancements by rotational mixing at velocities equal torthe@asured rotational velocities. It
was found that the ages calculated for 7 out of 17 stars agiteethose measured using the
evolutionary tracks, i.e. an observed nitrogen enrichroéfgss than a half of these stars can

be explained by rotational mixing.



Chapter 3

The Classical Be stars

3.1 Introduction

Classical Be stars are defined as non-supergiant, B speqteaktars which have, or had at
some time in the past, one or more Balmer emission lines éBleitt 1988). Although the Be
phenomenon is dominated by the B-type stars, it can also bedfoulate O-type and early
A-type stars (Porter & Rivinius, 2003). The emission lineffe the existence of circumstel-
lar material, and these lines havéfdrent profile shapes: singly-peaked profiles or symmetric,
although sometimes asymmetric, doubly-peaked profilesuiing that the circumstellar ma-
terial of all Be stars has the same geometry, thedkint profile shapes represenftelient
projections on the sky giving an indication that the circtetiar envelopes of Be stars are not
spherically symmetric.

The Be phenomenon was first interpreted as the existence dfudoos ring around the
central B-type star in the work of Struve (1931). The first g1gd mechanism for the forma-
tion of Be star disks was the ejection of matter from the eqiatoegions of rapidly rotating
stars that have rotational velocities close to their altielocities, vyt (Struve, 1931), which
corresponds to the circular orbital velocity at the equatothe stellar surface. Using equa-
tion (7.12), the critical velocity for a BO star is 490 kms?. The rapid rotation of Be stars
is confirmed by many studies (Porter, 1996, Keller, 2004 )td?d1996) shows that Be stars

have rotational velocities in the range of 70%-80% of theitical velocities. Recently, the

28
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study of Townsend et al. (2004) shows that the observedaotdtvelocities of Be stars can be
significantly underestimated due to gravitational darkgnand Be stars may have rotational
velocities equal to or exceeding 95% of their critical véies. The conclusion is disputed,

however, by the statistical study of Cranmer (2005).

In addition to the observed optical emission lines, Be sthmwspolarized light which
gives further confirmation of the disk-like structure of ttiecumstellar material of Be stars
(Poeckret et al., 1979). Also, Be stars show an IR excess iemigstheir continuum energy
distributions (Gehrz et al., 1974, Singh, 1985, Tur et &195). This can be interpreted as free-
free emission from circumstellar material with a disk-léteucture around the central B-type
star (Coé & Waters, 1987). In addition, interferometric studiesrmany Be stars confirm the
disk-like structure of their circumstellar material ditlgdKraus et al., 2012, Meilland et al.,

2012).

Be stars represent a large fraction of the Galactic B-typs,stirse to 17% overall, with a
maximum fraction of 34% at the B1 spectral type (Zorec & Bri®&91). Recent observational
studies for open clusters in the Magellanic Clouds (Maedal.£1999, Martayan et al., 2010)
show that the fraction of Be stars increases with decreasetglheity. These studies reflect

the important role that metallicity may play in the Be phenoore

Be stars undergo long and short period spectroscopic andmletric variations with time
scales from hours to decades (Porter & Rivinius, 2003). Harkst al. (1988) showed that
one third of Be stars have asymmetric, doubly-peakedFbdfiles and found that the violet to
red peak intensity ratio, iR, of the lines undergo long period, cyclic variations witheiscales
of years to decades. Recent studies show tfRRtriability can be interpreted by the existence
of one-armed spiral density waves (Porter & Rivinius, 2008us et al., 2012). Also, most
Be stars show long period variability from years to decadddagoes either from emission
to absorption or absorption to emission, which is integutets the dissipation or formation of

the disk, respectively.

The precise evolutionary stage of Be stars is still a mattelebfite. Are Be stars born on
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the main sequence as rapid rotators or do they spin up durgigrmain sequence lifetimes
as supported by the previous models? Spectroscopic andrpltic studies of open clusters
play an important role in answering this question becaus#ysig Be stars in stellar clusters
provides the age of the stars with reasonable accuracy. tayes have shown that the Be
phenomenon can be seen at any age on the main sequencegy.eathbe born on the main
sequence as rapid rotators (Keller et al., 1999, Martayaal. 2007, Mathew et al., 2008).
Other studies suggest that the Be phenomenon is restrictéte teecond half of the main
sequence with a maximum fraction at ages between 13-25 Mypré@gat & Torrejon (2000),
Martayan et al. (2006)). Other observations show that Be stam be found in young clusters,
< 10 Myr, with large enhancements of Be stars among evolvetierkjslO - 30 Myr (McSwain
& Gies, 2005, Wisniewski & Bjorkman, 2006, Tarasov & Malchenk012).

The exact mechanism for the formation of Be star disks isatiflatter of debate, but it is
speculated that the rapid rotation of the central B stargpéayimportant role in the formation
of the disk. However, is the rotation the only factdifeating the Be phenomenon or are there
other important factors such as the metallicity? What is th@utionary stage of Be stars?
Are they born on the main sequence as rapid rotators or dostiiayup on the main sequence
stage? All of these questions do not have clear answers.

In the following subsections, | discuss the spectral festwof Be stars, possible mecha-

nisms of the formation of the disks, and the disk geometry.

3.2 Spectral features of Be Stars

Observed emission lines in Be stars have well-defined prdfdg@es: singly-peaked profiles,
symmetric and asymmetric doubly-peaked profiles, and lmiés deep central absorption.
Typical examples of these line profiles are shown in Figud€l3. Most of the observed
Be stars~ 50-70%, have symmetric, doubly-peaked emission lines (semk et al., 1988,

Dachs et al., 1992). Theftierent shapes of the observed emission lines can be explayrtad
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different inclinations of the observed Be stas, the anglei, between the stellar rotation axis
(assumed perpendicular to the disk) and the line of sight.t&s svith low inclination angles
i will show singly-peaked lines, while stars with larger ineltion angles will show doubly-
peaked features (Struve, 1931, Hanuschik et al., 1988h@grsin Figure 3.1(a). In addition
to the observed Balmer emission lines, many Be stars can shasgiemin Far, Mgu, and
other metals (Dachs et al., 1992, Hanuschik, 1987).

Emission lines in some Be stars have doubly-peaked profildsogntral depressions that
go below the continuum. This results from disk absorptiomn #hese stars are called Be shell
stars. They represent a significant fraction of all Be stdssecto 20% (Hanuschik et al.,
1988). The relation between Be stars and Be shell stars wastigaeed by Porter (1996) who
made a comparison between th&ni distribution of all Be stars with a distribution of Be shell
stars convolved with the distribution function for randamalinations (i.e. p(i) disini di). He
found the resultant distributions are essentially the smmafirming that Be shell stars are Be

stars that are seen nearly edge-on.
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Figure 3.1:Panel (a) shows the dependence of the observed line profilésecstellar inclination; observer
(A) is viewing the system pole-on while observer (C) is viegvithe system equator, or disk, on. Figure adopted
from(Slettebak, 1988). Panel (b) shows example obseHwedHg, and Far emission lines for four Be stars
(Porter & Rivinius, 2003).
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3.3 Possible Formation Mechanisms of Be Star Disks

There are many proposed mechanisms for the formation of Belisties, namely the wind-
compressed disk model, the magnetic-torqued disk model,tla@ viscous excretion disk
model. A critical observational test for all models is thegy need to produce dense, equatorial
disk (o ~ 1011 - 1071° g/cm?® near the star) in Keplerian rotation with little radial floBelow,

| will give a brief description of each model. However, moktiee recent observational studies
of Be stars give strong support to the viscous excretion distteh

One suggested disk-formation mechanism was the wind-aesspd disk model (Bjorkman
& Cassinelli, 1993). In this model, a supersonic, radiayivdliven, polar wind in a rapidly ro-
tating B spectral type staw (> 0.6vyi;) is responsible for the formation of the circumstellar
disk. The rapid stellar rotation will drift the polar windswards the equator under the influ-
ence of gravity. When the supersonic, highly-ionized, palerd from both poles of the star
approach the equatorial region, they will cross the lowsery, low-ionized equatorial wind
causing shocks that will increase the temperature and thsitgleof the shocked region and
form a thin equatorial disk.

Cassinelli et al. (2002) introduced another mechanism fek érmation known as the
magnetic-torqued disk model. In this model, a stellar mégrfesld and rotation play an
important role. A stellar wind ejected from the star at lad#s up to 45 degrees is confined by
magnetic field loops and will drift to the equatorial regiofshe magnetic field loops rotate
with the underlying star as a rigid body. This will exert acjoe on the confined equatorial
matter, enhancing their azimuthal velocities until Kejaevelocities are reached, and the disk
becomes centrifugally supported. In this model, the indgeeof the disk will be the first point
at which the gas attains Keplerian rotation, and the outantary will be the point at which
the magnetic energy density is equal to the wind energy tierideyond the outer boundary,
material can be driven away from the star by the stellar wind.

Both of the previous mentioned models are able to reprodue®liserved dependence

of the Be phenomenon on spectral type, namely the maximunudrery of Be stars at B2



34 CuaprTeER 3. THE CLASSICAL BE STARS

spectral type. However, two-dimensional hydrodynamicutations show that these models
are unlikely to be valid scenarios of the formation of Be staksl(Owocki et al., 1996, Owocki
& Ud-Doula, 2003).

Formation of Be star disks through the mass transfer in a dos®y was suggested by
Pols et al. (1991). They argued that this model can accourdi$tx formation in up to 60%
of observed Be stars. However, this mechanism cannot extilaidisk formation in single,
isolated Be stars.

Finally, the viscous excretion disk (VED) model was introdd by Lee et al. (1991) as a
possible mechanism for the formation of Be star disks. Inrtteslel, matter will drift outward
by exchanging angular momentum fed into the inner edge odlisie(in ad-hoc manner) via
viscous stress, similar to what is happening in accretisksdbut in the opposite direction. on
a viscous timescale, = R?/v, where R is the radial distance ands the viscosity, typically
assumed to be given by= acH wherea is the ad-hoc viscosity parametet,is the sound
speed of the medium, and H is the scale height of the disk.

The basic VED model is supported by the results of many s$udiech as Porter (1999) and
Carciofi et al. (2012). Porter (1999) was able to reproduceotizerved IR emission excess
of y Oph using a non-isothermal VED model with power-law denaitygl thermal structure
using a plausible disk densities of log= —11.2. Carciofi et al. (2012) show that the viscosity
parametergq, has a value close to 1 in the Be star 28 CMa. They were able todepe
the observed decline in the V-band magnitude of that Be stpresenting a disk dissipation
episode, using the viscous disk model with= 1 and estimated the mass injection rate in to

the disk as (B + 1.3) x 108M,/yr.

3.4 Disk structure

The first speculation about the geometry of Be star disks wettuwe (1931); he suggested

that Be stars possessed thin, circular, equatorial ringe. fatt that Be stars have equatorial
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Figure 3.2:A [12]-[60] colour vs [12]-[25] colour diagram (numbers imdzkets are wavelength in microns)
for a number of Be stars. The solid line represents the piextlicolours from the Planck function and the dotted
line represent§, « 2, for free-free emission. Figure from (Go& Waters, 1987).

disks, and not spherically symmetric envelopes, was coafirby the existence of polarization
in the continuum emission from the Be stars caused by elecitatiering (Poeckret et al.,
1979), and the dierent profiles of the observed emission lines as discuss#teiprevious

section.

Coté & Waters (1987) used a geometrically thin disk model andvsidicthat the observed
near IR emission excess in Be stars, shown in Figure 3.2, iditted with a power-law energy
distribution,F, o« v?, wherea is a constant that has a value close to 1, representing rieee-f
and bound-free emission from the disk with a power-law dgrstructurep o r=", wherer is

the radial distance and the indexvas found to have value between 2.5 and 3.25.

Observations of Be stars at cm and mm wavelengths give fuctirdirmation to the pro-
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posed power-law density structure of Be star disks and giwaatons for the range of values
of the density at the inner edge of the disk, fggbetween-10.7 and-119 g/cm?, the disk
radius,Ry, between 31 and 108, and the power law index, between 2.5 and 3.3 (Waters et
al., 1991, Waters & Marlborough, 1994). van Kerkwijk et 4l995) argued that the value of
the power law indexn, should be greater than 3.5 to match the observed cornelagtween
W(Ha) and (J-L) colour of the observed Be stars.

Finally, Carciofi (2010) suggests that the valuedies between 2.0 and 5.0 and explains
this large scatter in the value noby a deviation of the disk’s density structure from the pewer
law form to a more complicated function due to non-isothdymigcous difusion dfects or

tidal interactions in close binaries.

3.5 Be Stars and Rotational Mixing

As discussed earlier in this chapter, Be stars are the fastasing stars on the main-sequence.
In addition, they mostly represent a more evolved stage emtlain-sequence, i.e. Be phe-
nomenon mainly exist in the second half of the main-seque@mnsequently, they are ex-
pected to show higher nitrogen abundances compared to h8dtype stars. However, Be
stars are usually excluded in the abundance analysis stddie to the dficulty of treating
their spectra. Surprisingly, no significant nitrogen emment was found in the recent studied
sample of Be stars in the Large Magellanic Cloud by Dunstall ¢2@11). They found that the
surface nitrogen abundances in Be stars are similar to tHossmal, slowly rotating B stars.
However, their treatment of the disk contamination seemntseta significant source of error.
They treated the disk contamination as a featureless digsem, while it could be dependent
on the wavelength. In addition, the disk contamination ddag either emission or absorption,

as will be discussed later in Chapter (8).



Chapter 4

The Non-LTE Radiative Transfer Problem

4.1 Introduction

The goal of solving the non-LTE radiative transfer problefthim a stellar atmosphere is to
obtain the atomic level populations, consistent with trdeation field, as a function of depth.
These populations are needed to compute the opacity andrtissiety of the gas in order
to predict the emergent radiation. Prior to solutions of form, the atomic level populations
were determined under the simplification of local thermayit equilibrium (LTE) through
the use of the Saha ionization and Boltzmann excitation eqsivhich are functions solely of
the local temperature and electron density. The LTE appration is of acceptable accuracy
in many cases for low and intermediate mass main-sequearce\shere the radiation field
does not dominate the rates of population and depopulafiatomic levels. However, this
is not the case for massive, main-sequence stars and ewtlwesdwith much lower density
atmospheres. In the atmospheres of early, main sequengeeBstsrrs, the LTE assumption
can be a poor approximation due to the presence of strong Qtomizing radiation emitted
from deeper layers. This non-local radiation from hot, desgpons can alter the populations
of the energy levels in the line forming region from those poted in LTE. As a result, this
radiation alters the populations of the atomic levels whisélf afects the radiative transfer,
resulting in a highly non-linear system. Consequently, #wative transfer equation must be

solved simultaneously with the statistical equilibriunuations that determine the atomic level

37
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populations by requiring the rates into and out of each atdewel to balance.

For the B stars, radiative equilibrium, hydrostatic eduilim, and plane-parallel geometry
are still valid approximations. For the most massive maiguence stars, the O-type stars,
strong radiation pressure drives strong stellar winds aradrasult, hydrostatic equilibrium and
plane-parallel geometry are not valid assumptions. Siigjlavolved stars with low gravity

have extended atmospheres.

4.2 The Radiative Transfer Equation

In a stellar atmosphere, energy is transferred by radiafldve@ change in the intensity of
monochromatic radiatiorl,, over a physical stegs along a ray in some direction is defined
by the radiative transfer equation,

dl,
E:nv_)(vlv, (41)

wherel, is the specific intensity;, is the emissivity in units of ergcms* Hz ! ster?, andy,

is the opacity with units of crt. The transfer equation can can written as

dl,,
u =1,-S,, (4.2)
dr,

whereS, is the monochromatic source functid, = n,/y,, andr, is the vertical (opposite to

the gravitational acceleration) optical depth given by,

Z
T, = —f xydz, (4.3)

(o)

wherez direction represents the normal to the stellar surfacee Hés the cosine of the angle

“The material in this section is mainly based on Mihalas (39%8harmer (1985) and Rutten, R.J. (2003).
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between the line of the sight and the surface normal,cosf such that

_dz

ds= —
|l

(4.4)

This second form of the radiative transfer, Equation (42}he standard form. It relates the
specific intensity to the thermodynamic and atomic propsertif the medium represented by

the source functiors,, and the optical depttr,.

If the source function is known, then the transfer equatiem loe formally solved for the

intensity as
0 t
|+(TV,,U > 0) — f Sv(tv) e(tv_Tv)//J& , (45)
7, H
for outgoing rays, and
T dt
|~ (7,,p < 0) = fo S,(t,) e“v*v”ﬂﬁ , (4.6)

for incoming rays. Note that zero incident external radathas been assumed for the second

of these equations.

Given the intensity we can compute the moments of the raxhdield, namely the mean

intensity
1 +1
Jvzéfl IHleJ’ (47)
the (Eddington) flux,
1 +1
Hvzé‘f1 Ly pedu, (4.8)
and the radiation pressure moment
1 +1
szzfl |y % it (4.9

These moments are required for several quantities on siténat depend on the radiation

field. For example, the mean intensity determines the ratdl atomic processes depending
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on a photon through

« d
Rijfjc; ‘]Vo-ij(v)h_:7 (4.10)

whereR; is the rate of the radiative transition froiffi to j"" levels,o;(v) is the atomic cross
section for the process art is the photon energy. The radiative flux is closely assodiate
with radiative equilibriumj.e., the conservation of energy as a whole through the steltan-at
sphere. If we integratél, over all frequencies to obtain the total flitk thendH/dz = 0 is a
statement of radiative equilibrium. Similarly if we intege K, over all frequencies, then the
total radiation pressure is just Ac K which is in a direction opposite to that of the gravitational

acceleration.

In general, the source function is not known at the start iee& depends on the atomic
level populations and therefore the radiation field. Howewethe idealized case of LTE, the
source function is given by the Planck function,

2hv® 1

S, =BT = 55— -

(4.11)

which is a function of only the local (electron) temperature

Useful insight into the relation betweénandS, can be obtained by assuming the source

function is a linear function of optical depth,
S, =ay+ a1, (4.12)
whereay anda; are two constants. In this case, the emergent radiation-a0 is
IO, u>0)=ay+au = S,(r, =) . (4.13)

This approximate solution is known as the Eddington-Barte&ation and illustrates that the
emergent intensity is characteristic of the source functiban optical depth of order unity

along the ray.
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4.2.1 Local Thermodynamic Equilibrium

Local thermodynamic equilibrium can be realized in two waygetailed balance in which
the rate of each atomic process is balanced by its inverdey tire dominance of collisional
processes. The latter always enforce LTE if the particleaig} distributions are Maxwellian
at the local electron temperature. The former is enforcegh déthin the stellar envelope and

core where all photons are trapped locally.

In LTE, the Boltzmann equation can be used to compute the pbpalof atomic levels of

energiess; andE; with statistical weights); andg;, respectively:

N9 eEmeam (4.14)
NG

The Saha equation gives the ratio of the populations of twisecutive ionization states in of

a specific element:

(4.15)

n o Ne h2 Ui

N1 i(ZFmekT) 2Ui+1e—l/kT
In the Saha equatioy, is the electron number density, ahds the ionization energy. The

guantitiesU; andU;,, are the thermodynamic partition functions defined as

Nmax
Ui= ) ge =K, (4.16)
n=1

summed over all levels of the ionization statevith a similar equation folJ;,;, summed over

all levels of ionization state+ 1.

The Saha and Boltzmann equations can be combined togethéretdhg ratios of the
population of any two excited states in any two adjacentzatnon stages. Such calculations
of the level populations need only the electron density @naperatures as function of depth

within the atmosphere.
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4.2.2 non-Local Thermodynamic Equilibrium

In the non-LTE case, the atomic level populations are detexthby the requirement of sta-
tistical equilibrium in which the rate out of any atomic léves balanced by net rate into that

level, namely

Nmax Nmax

D nPy= > nPy. (4.17)

j# j#i
There is one such rate equation for every layek1,2,...,Nnax. HereNpax is the maximum
number of atomic levels considered aRgandP;; are the total transition rates from leveb
j andj toi, respectively. The rate3; andP; can be decomposed into radiative and collisional

parts, i.e.,

Pj=Rj+Cj. (4.18)

The radiative ratdz; depends on the local radiation field through the mean irttedsiinte-
grated over the atomic cross section. The collisional Gatelepends on the cross section for
the collisional process integrated over the velocity digtion of the particles. In a stellar at-
mosphere, this distribution can always be taken to be a MésBedtzmann distribution at the
local electron temperature. For this reason, the colledicaites are always in detailed balance,
i.e,

n Cij =nCji, (4.19)

wheren; andn; are the LTE level populations that follow from the Saha-Boiénn equations.
For this reason, if collisional processes dominate allsiatecan be shown that the statistical

equilibrium equations above recover the LTE populations; n;".

4.2.3 Numerical Solution of The Non-LTE Radiative Transfer Problem

The numerical solution of the non-LTE line formation prahlstarts with initial estimates of
the atomic level populations, such as their LTE values, aedd estimates are substituted in

the statistical equilibrium equations. Also, initial @séites of the mean intensities are obtained
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from the Planck function. However, these values will noisfatthe statistical equilibrium
equations. To overcome this problem, the atomic level iprs are perturbed yn™, rep-
resenting the required corrections for the atomic levelytenions to satisfy the statistical equi-
librium equations. The superscriptrepresents thei" iteration of the numerical solution. The

initial statistical equilibrium equation can be written as

Nmax NYTBX
n{“ZP{?—n{"ZP{?—E{“:O, (4.20)
j#i j#i

whereE" is the error in the net rate, which should be zero. Introdyitire correctionsn and

linearizing, the rate equation becomes

Nmax Nrmax Nmax

Nmax
—EM = 6n" Z P™ 4+ " Z SPT — Z SnPT — Z 6P (4.21)

j#i j# j# j#

The corresponding corrections for the ra@f3,, are given by

B +1 oo
5p{?:5F{Tj‘:%fl fo 6,61 dv ., (4.22)

in the case where the rait¢o j is a bound-bound radiative transition with Einstein abgorp
codficientBp;. dl,, is the corresponding change of the specific intensity of ideative field.

This change in the intensity can be related to the sourcdiumthrough
5|vu(Tvy) = Avp[dsv(Tvy)] s (423)

whereA,, is known the “lambda operator” which represents as an iateyer frequency and
optical depth of the formal solution of the radiative trarséquation. As the source function
perturbationsS,(r,,) can be related to the perturbations to the upper and lowetsl®f the
transition involved,

6Sy = g'on + ¢j'ony’, (4.24)
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wherec" andc’jn are codicients determined numerically, Equations 4.21 can be sastgstem
of linear equations for the population correctiong' that can be solved by standard techniques.
This is only a brief sketch of the numerical solution to theelitransfer problem. The
reader is referred to Carlsson (1992) for the specific impigat®n in the case of thaurt
code used in the current work. An entire field of radiativensfar was started by Scharmer
(1981) who first suggested that great computational adgantauld be gained by using not
the full A-operator occurring in Equation 4.23 but a well-constrdc@proximate operator
that nevertheless retains the essential physics. Appeairintoperators are further discussed

by Hubeny (1992).



Chapter 5

Non-LTE for Calculation N ™

5.1 Introduction

The departure from LTE is a well known occurrence in the aprheses of B-type stars (Kurucz
1979). Consequently, it is important to solve the non-LTEatk transfer problem of the
singly ionized nitrogen atom in order to obtain accurateogién abundances for the B stars.
This was done using theurrt code (v.2) of Carlsson (1992). The goal of such a calculatioo i
compute grids of the non-LTE equivalent widths of the stestgptical N1 lines commonly
used in abundance analysis. Also, an important additiooal i to obtain estimates of the
error bounds in the computed equivalent widths due to emdiee atomic data. This was done
via Monte Carlo simulation following the procedure of Sigd©96). This method is useful for
cases where the traditional way of estimating uncertaritean the dispersion of the measured
elemental abundance using many weak spectral lines in ptitaple.

The structure of this chapter is as follows: In Section (512)ive a brief summary of
previous, non-LTE calculations for Nand in Section (5.3) | discuss the atomic data used to
construct the nitrogen atom. In Section (5.4), the resdlte@current, non-LTE nitrogen cal-
culations are given, and the error bounds on the predictatvagnt widths due to random
errors and systematic errors are discussed. The resulteahtltimucrr analysis are pre-

sented in Section (5.5). Section (5.6) discusses the adtieaccuracy of nitrogen abundance

*A version of this chapter is a published article in the Moptibtices of Royal Astronomical Society; "Non-
LTE equivalent widths for Ni with error estimates” Ahmed, A. & Sigut, T.A.A. 2016, MNRA&S5, 1099A
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determinations in B-type stars.

5.2 Previous Works

The N non-LTE problem has been the subject of many previous warggi¢n (1979); Becker
& Butler (1988); Becker & Butler (1989); and Przybilla & Butler@@1)) which difer both
in the technique used for the line formation calculation andhe accuracy of the atomic
data. This section aims to give a brief summary of these pusvhon-LTE line formation
calculations for Ni available in literature. Dufton (1979) investigated th@aspheric nitrogen
abundance for a number of main-sequence B-type stars ugngthLTE line formation code
of Auer (1973), which is based on the complete linearizatn@thod (Auer & Mihalas, 1969).
A singly-ionized nitrogen atom was constructed that inellidhe lowest 13 singlet energy
levels; the other spin systems were omitted to save comepntaime. For reference, Figure
(5.1) (page 50) shows a Grotrian diagram fon Montaining the energy levels used in the
present work. Among the 26 permitted radiative transitiomssidered by Dufton (1979), ten
were included in the linearization method and another seagsitions were kept at fixed rates
at the local electron temperature. The remaining tramstidid not have accurate oscillator

strength values, so they were omitted from the calculation.

Dufton & Hibbert (1981) extended this work by including thé [bwest triplet energy
levels, and they recalculated the oscillator strength$ fionultiplets used in the non-LTE line
formation calculation. In total, 44 allowed radiative tsétions were considered, all with wave-
lengths less than 2m. The transition rates of 9 of them were included in the lirezdion
methods, while the rates of another 14 were kept fixed at tted Electron temperature. The
remaining transitions did not have reliable f-values, |ytvere omitted from the calculation.
The photoionization rates from the ground states afdhd N, and those from the N ex-
cited levels 2p 3$P° and 2p 3p°P, were included in the linearization technique, while the

photoionization rates of the other excited states of Were kept fixed at the local electron
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temperature. The predicted non-LTE and LTE equivalenthgidtf three singlet lines (3995,
4447, and 4228 A), and three triplets lines (4631, 5045 ar@) % were calculated fof ¢
between 20,000 and 32,500 K, microturbulent velocitiessben 0 and 10 knT$, and nitrogen
abundances,, between 7.4 and 8.6 (whetg = log(N/H) + 12, and N and H are the number
densities of hydrogen and nitrogen, respectively). In ganéhe predicted non-LTE equiva-
lent widths were significantly stronger than the correspagpdTE values, and the fference
increased witlT ;. For example, the predicted equivalent width@&995 A was stronger by
10% at 20,000 K, rising tez 30% stronger at 30,000 K. This line strengthening was emptii
by the overpopulation, relative to LTE, of the lower levefdle considered transitions due to
non-LTE dfects. Consequently, this non-LTE line strengthening redutt lowering estimated

nitrogen abundances by 0.1-0.2 dex at 20000K and by 0.3exaid30000K.

An extensive, singly-ionized nitrogen atom was constmidig Becker & Butler (1989,
1988). They aimed for a more accurate treatment of the ndh-€fflects in ionized nitrogen
in the atmospheres of B-type stars. They constructed nonadtH_TE equivalent width grids
of 35 radiative transitions in the wavelength region betwd800 A and 5000 A, calculated
for Teg between 24,000 and 33,000 K, Igdetween 3.5 and 4.5, microturbulent velocities
between 0 and 10 kmi§ andey between 7.449 and 8.449. In this work, the non-LTE popu-
lations of energy levels with Principal quantum number ug for the Nr and N, the lowest
five levels of N, and the ground level of N were explicitly considered. The remaining en-
ergy levels of N, N, and N, up to n=10, were kept fixed at their LTE values. Their results
showed strong non-LTE strengthening of the predicted edgmi widths for some lines (e.g.
14630.5A and 4242.0A) that could lower estimated nitrogamaiances by up to 0.25 dex,
while there was significant non-LTE line strengthening farstnof the lines that could lower
estimated nitrogen abundances by 0.1-0.2 dex, on average4@96.08 A and 4446.96 A).
Becker & Butler (1989) compared their estimated equivalenltha with Dufton & Hibbert
(1981) for common transitions. This comparison showedttiit predicted equivalent widths

were smaller than those of Dufton & Hibbert (1981). Becker &1Buf1989) argued that this



48 CHaPTER 5. NON-LTE ror CaLcurarion N 11

difference was due to the overestimation of the pbpulation by Dufton & Hibbert (1981)
because of the lower number oflNenergy levels (ground level only) which led to redistribu-
tion of population to Ni. It should be noted that Becker & Butler (1989) have an impartan
limitation in that they used LTE model atmospheres blarkéteonly the 100 strongest lines.
In the non-LTE problem for a trace element, the backgrouratqgpheric model sets not only
Te(7) and Ng(7), but also the photoionizing radiation field, and a comptetatment of line

blanketing can be an important ingredient in such calcoreti

Korotin et al. (1999) (K99, hereafter) investigated theagen abundance ¢fPeg, a B2V
type star, in order to test nitrogen enrichment due to raati mixing. In this work, the non-
LTE line formation was calculated using tlerr code of Carlsson (1992). For this purpose,
a nitrogen atom was constructed which consisted of 109dedground levels of N the 93

lowest energy levels of N, the 12 lowest levels of Ni, and the ground state of M.

K99 included all allowed radiative transitions with wavegghs less than 10m. Ninety-
two transitions computed in detail and the rates of the rejst fixed. All N energy levels with
principal quantum number up to= 6 and angular quantum number ugfte 4 were included.
The estimated non-LTE equivalent widths were larger thanlifE equivalent widths for all
observed lines except far4227.74 A (3 P —3d D) where they were equal. Non-LTE and
LTE equivalent width grids for 23 transitions &f between 16,000-32000 K were calculated,
similar to those of Becker & Butler (1988). In general, theresv\gaod agreement between
both works but with some fferences. Firstly, the fierence between the LTE and non-LTE
equivalent widths in K99 were larger than those of Becker & 8ufl 988), and the maximum
differences occurred at low&g;. Secondly, the maximum calculated equivalent widths occur
at lower T, and this was attributed to theffiirent model atmospheres. K99 used the fully
line-blanketed, LTE atmospheres of Kurucz (1993a), whbtly line-blanketed LTE model
atmospheres were used by Becker & Butler (1988), as previowdbd by Becker & Butler
(1988).

Przybilla & Butler (2001) aimed to perform non-LTE line fortran for Ni/N 1t in order to
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determine the nitrogen abundance of a number of A and B tygys:sYega (AOV), and four
late-A and early-B supergiants. In this work, an extensit®@gen atom was used with recent
and more accurate atomic data. The non-LTE level populatrariuded energy levels with <
7, plus the 8s level for N and energy levels with < 6 for Nm; the LTE populations fon up
to 10 were calculated and included in the equation of partiohservation. Also, the non-LTE
population of Nur ground level was included. All bound-bound radiative traoss between
the set of non-LTE levels were included, and thealues were obtained from the opacity
project (Cunto & Mendoza, 1992). This work was focused maanystudying objects with
lower Teg, < 12,000, where N is the dominant ionization stage. Consequently, there were
only weak non-LTE &ects on the M lines, and the authors suggested further investigation at
higher dfective temperatures.

In conclusion, many previous studies have investigatedomeL TE problem of Ni aiming
to get accurate equivalent widths using improved techrsiguel more accurate atomic data.

However, none of these works presented a detailed analysie oncertainties in the estimated

equivalent widths, which is the main objective of the cutreark.

5.3 Nitrogen Atomic Data

5.3.1 Nun

The N atom used in the current calculation was composed of 1064dt8ss(lowest 93 M LS
states plus the lowest 12iNLS states and ground state oW with a total of 580 allowed
radiative transitions, 563 allowed radiative transititsetween Ni LS states and 17 allowed
radiative transitions betweeniNLS states. All Nr and Nmr transitions withf-value greater
than or equal to 0 x 103 are included in the current calculation. The 98 NS states repre-
sent all states with < 6 plus the two LS states ofi27s configuration and the lowest LS state
of the 2p 7p configuration. The experimental values for tha Bnergy levels were taken from

Moore (1993) (listed in Table 5.1) available through the Ni&-line database. A Grotrian
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Figure 5.1: Ni Grotrian diagram showing the singlet, triplet and quinfghsystems.

diagram for N is shown in Figure (5.1): The 3995 A and 6482 A radiative transitions are
shown as they are of main interest in this work. The oscillateengths and photoionization
cross-sections were taken from the Opacity Project (Luo &PRan, 1989), through the TOP-
BASE on-line database (Cunto et al., 1993). Table (5.2) fisatomic data for a number of
bound-bound radiative transitions of interest that arerocomly used in nitrogen abundance

determinations.
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Table 5.1: Energy Levels included in thaiditom model

No. Energy ém 1) g configuration  No.  Energyctn 1) g configuration
1 0000 90 2p? %P (Nm) 48 216953141 30 5p P
2 15316200 50 2p? D 49 217194069 150 5p 3D
3 32688801 10 2p? IS 50 21748741 30 5p3s
4 46784602 50 2p® 5%° 51 218232875 Q0 5p P
5 92244484 150  2p° 3D° 52 218421266 50 5p D
6 109217922 90  2p® 3p° 53 219196312 10 5pls
7 144187938 50 2p® 1D° 54 22047859 210 5d 3F°
8 149012406 90  3s 3P° 55 220495359 50 &d 1D°
9 149187797 30  3s 1P° 56 22069%94 150 5d 3D°
10 155126734 30  2p® 3s° 57 220709125 Q0 2p* %P
11 164610766 30 3p P 58 220946188 90 &d 3p°
12 166615188 150 3p 3D 59 22105400 70 5f IF
13 16676%56 30  2pd PO 60 22106878 210 5f 3F
14 16889203 30 3p 3S 61 221141609 70 & 1F°
15 170636375 90 3p 3P 62 221163703 90 59 'G°
16 174212031 50 3p D 63 221166600 270 5y 3G°
17 17827875 10 3p s 64 221246172 30 & p°
18 186591766 210  3d SF° 65 221258734 270 5f 3G
19 187091375 50 3 D° 66 22130%84 150 5f 3D

20 18747M®22 150 3d °D° 67 221311109 Q0 5f G

21 18888%16 90  3d 3P° 68 22132859 110 59 IH°

22 189335156 70  3d F° 69 221351812 210 59 3F°

23 1901234 30 3 lp° 70 221352750 330 5 SH°

24 19665688 90  4s 3pP° 71 221354469 50 5f D

25 197858688 30  4s 1p° 72 22138®97 70 59 lF°

26 202170625 30 4p P 73 222818734 90  6s 3pP°

27 20279875 150 4p °D 74 22306D16 30 3p 3s°

28 203224938 90 4p %P 75 223101812 30 6s Ip°

29 2035356 30 4p 3S 76 223730078 250 3p °Do

30 205350188 50 4p D 77 224245703 30 6plP

31 20567906 150 3s °P 78 224371906 150 6p 3D

32 2069134 10 4p's 79 224534875 30 6p?3s

33 20975H84 210  4d 3F° 80 2249831 90 6p %P

34 209925766 50  4d 1D° 81 22503%09 50 6p D

35 210277438 150 4d 3D° 82 22547891 10 6pls

36 21072%62 90  4d 3p° 83 225643094 150 3p °pP°

37 21103062 70 4f IF 84 22624544 50 6d 1D°

38 211052406 210 4f 8F 85 226280703 150 6d 3D°

39 21110%25 70  4d F° 86 226430719 90 6d 3p°

40 211331625 270 4f 3G 87 226624688 3320 n=6,highl

41 211336156 30 4d 1p° 88 226685312 150 6f 3D

42 211402031 90 4f 1G 89 226687828 30 6d P°

43 211427250 150 4f °D 90 226720797 50 6f D

44 21149®97 50 4f D 91 227557484 Q0  7s 3p°

45 211802891 90 3s 3P 92 227747484 30 7stp°

46 21432859 90  5s 3pP° 93 228416844 30 7ptp

47 214829188 30 5s 'P°

94 238868694 60 2p 2P° (Nm) 100 44183694 100 2p° D°

95 29602788 120 2p? ‘P 101 46005500 20 3s2S

96 339776006 100 2p? 2D 102 46915500 60  2p® 2p°

97 369754694 20 2p? %S 103 48443%94 60 3p 2pP°

98 38469875 60 2p? 2P 104 505992125 100 3d 2D

99 425547375 40  2p® 4s° 105 526389125 120 3s “P°

51
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Table 5.2: Atomic data for several iNmultiplets of interest.
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AA) g g Aush Transition Multiplet Stark Width (A)
Number Te=1.0E4K 3.0E4K

3955.0 3 5 1.20%7 3s3P°(1)— 3plD(2) (8-16) 6 3.5992 3877

39950 3 5 1.388% 3s'P°(1)— 3p'D(2) (9-16) 12 3.6897 3.8672

46015 3 5 23287 3s°P°(1) - 3p3P(2) (8-15) 5 41092  4.45%

46072 1 3 3.319" (0) (1)

46139 3 3 22277 (1) (1)

4621.4 3 1 9.4747 (1) (0)

46305 5 5 7.8787 (2) 2)

46431 5 3 4.6117 (2) (1)

44470 3 5 1.17#% 3p'P(1)— 3d'D°(2) (11-19) 15 9.61%2 8.95%

4987.4 3 1 7.47%7 3p3S(1)—- 3d°P°(0) (14-21) 24 7.19%7  6.96%2

49944 3 3 7.58%7 (1) (1)

5007.3 3 5 7.958” (1) 2)

5001.1 3 5 9.71%7 3p°D(1)— 3d3F°(2) (12-18) 19 6.3397  6.7372

5001.5 5 7 1.049% (2) (3)

5005.1 7 9 1.15%% (3) 4)

50164 5 5 1.5817 (2) 2)

5025.7 7 7 1.0587 (3) (3)

5040.7 7 5 4.72%° (3) 2)

5002.7 1 3 8.66T°% 3s3P°(0)— 3p3S(1) (8-14) 4 42097 4.96%2

5010.6 3 3 2.16%" (1) (1)

5045.1 5 3 3.4877 (2) (1)

5666.6 3 5 3.6087 3s3P°(1)— 3p°D(2) (8-12) 3 5.27%  6.12%2

5676.0 1 3 2.918" (0) (1)

5679.6 5 7 5.1947 2) (3)

5686.2 3 3 1.87%7 (1) (1)

57108 5 5 1.2297 2) 2)

5730.7 5 3 1.221% 2) (1)

6482.1 3 3 29197 3s'P°(1)—> 3ptP(1) (9-11) 8 1.60%1 1.270t

Note: Stark widths were calculated assuming electron nuehesity of 1.0%6 cm3.

Thermally-averaged collision strengths for bound-bouritisional transitions between the

lowest 23 LS states of Nwere taken from Hudson & Bell (2004, 2005a). These were calcu-

lated in a 23 state, close-coupling calculation using the &riM method. The impact pa-

rameter approximation of Seaton (1962) was used for theirengabound-bound collision

strengths for allowed transitions. The collision stresglbr forbidden transitions were as-

sumed to be 0.1. The rates of collisional ionization of &hergy levels to the N ground state
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were estimated using the procedure of Seaton (1962) (sealdgi(1978) ).

The line profiles for the radiative transitions includedumat broadening, thermal broad-
ening, and pressure broadening due to collisions with éwbagd neutral particles. Quadratic
Stark broadening, due to quasi-elastic collisions witlctetas, represents the most important
contributor to the line width in the atmospheres of hot st#s the Nu transitions are often
strong, it is important to have accurate stark widths. F@ thason, we have calculated the
Stark width using three ffierent approximations: the semi-classical approximatio8ahal-
Bréchot & Segre (1971), the Kurucz (1979) formula that reprtssa fit of the estimated
widths using Sahal-Exchot & Segre (1971), and the method of Seaton (1988) dexe|fuy
the Opacity Project and based on more accurate R-matrisiauilstrengths.

The ratios of these calculated stark widths to the experialigrmeasured values of Kon-
jevi€ et al. (2002) are shown in Figure (5.2). The plot assumes28,000 K and shows Stark

width versus the féective principal quantum number of the upper levél, defined as

o | Ry
nt =7 _E)’ (5.1)

whereRy is the Rydberg constant, | aiiij are the ionization energy of the atom and the energy

of the i state, and Z is the core charge. The figure shows that the ®idtks calculated
following Seaton (1988) are the closest ones to the expetmhegalues. The average ratios at

several temperatures are given in Table (5.3).

Table 5.3: Average ratios of theoretically calculatedlstaidths to experimental values over
a number of transitions for flerent temperatures. Seaton88 refers to Seaton (1988)5Kur7
refers to Kurucz (1979), and SBS71 refers to Sah&eBot & Segre (1971). Arrows point to
the average ratio of each approximation.

Temperature (theo! 'yexp)av
(K) (Seaton88) (Kur79) (SBS71)
8000 2.12 0.23 0.50
15000 1.92 0.22 0.39

28000 1.55 0.21 0.18
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Figure 5.2: Ratio of theoretical to experimental quadraackswidth versus theféective quan-
tum number of the upper level. The theoretical quadratidkstadths were calculated using
three diferent approximations: Sahal&rhot & Segre (1971), Kurucz (1979), and Seaton
(1988). The experimental widths are from Konjeet al. (2002). The dashed lines represent a
factor of two uncertainty.
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Collisional broadening results in a Lorentzian profile fag time, and the total line profile
is found by the convolution of the Lorentzian with a Gaussiastribution of thermal velocities

along the line of sight, resulting in a Voigt profile. The Voofile defined by,

(o9

a ey

)y 2

¢v =
whereais equal to

Y
a= 5.3
47TAVD ’ ( )

v is the total damping constant € y;aq + yvaw + Ysx), @andAvyp is the frequency Doppler shift

the resulting from motion along the line of sight due to ramdootion which is given by
Avp = V—é’v _ E\/ZZKTm) (5.4)

andy is equal toAv/Avp (Mihalas, 1978). Included in the thermal velocity of theelwas mi-
croturbulence which is an important physical phenomenandan strongly fiect the strength
of observed spectral lines. Microturbulence representsnéhermal velocity field on a scale
smaller than unit optical depth, that acts to broaden theiatabsorption. Weak lines, which
lie in the linear part of the curve of growth, formed under L&&nditions are insensitive to
variations in the microturbulence velocity. On the contyatrong lines, which lie in the satu-
ration part of the curve of growth, are very sensitive for Brtiaanges of the microturbulence
velocity (Gray, 1992). Consequently, using only the str@mdgjaes in the abundance analysis
results in high uncertainties. This problem is solved bygsioth weak and strong lines to fix
the value of the microturbulence velocity. The recent wdrkantiello et al. (2009) shows that
the iron-peak in stellar opacities can lead to the formatibconvective cells close to the sur-
face of hot stars which could be the origin of such microtigbae, through energy dissipated

from gravitational and pressure waves propagating outyémim these convective cells.
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5.3.2 Nmand Niv

The Nmr and Niv energy levels were also taken from Moore (1993) (listed inld®.1). Os-
cillator strengths for the radiative bound-bound transii of Nt were obtained from Bell et
al. (1995) and Fernley et al. (1999), available from the Ntfsifabase. The photoionization
cross-sections were also taken from the Opacity Projectwifs N 11, the collision strength
of excitation and ionization were calculated using impagigmeter approximation of Seaton

(1962).

5.4 Calculations

The Nu non-LTE line formation calculation was carried out for nvedues of T, between
15,000 and 31,000 K (with a step of 2000 K), three surfaceitigay logg, 3.5, 4.0 and 4.5,
four microturbulent velocitiesé, 0, 2, 5 and 10 km3, and selected nitrogen abundances
between 6.83 and 8.13 dex. Thetr code, v2, (Carlsson, 1992) was usedir solves the
statistical equilibrium and radiative transfer equatisimultaneously in an iterative method
using the approximate lambda-operator technique. A sdiievgen abundancey= 7.83 was
adopted from Grevesse et al. (2010).

For the calculation, the LTE, line-blanketed atmosphefesTa AS9 were used (Kurucz ,
1993a). ATLAS9 was also used to provide the mean intensitlyimthe stellar atmosphere as
a function of optical depth. This mean intensity was usedtomute all of the photoionization
and recombination rates which were kept fixed during theutation. Using LTE atmospheres
can be a source of error, particularly for hot stars; howgweavious studies have shown that
line-blanketing is more important than non-LTHexts up to a stellarfiective temperatures
of ~ 30,000 K (Przybilla & Butler (2001); Sigut (1996); Becker & Bertl(1989)). This was
recently discussed in Przybilla et al. (2011). vaart was originally developed for the atmo-
spheres of cool stars, modification to the background coatis opacities are required in order

to be suitable for early-type stars; the opacity packagerepaced with the extensive package
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Figure 5.3: Panel (a) shows the fraction of singly ionizedogien as a function of the optical
depth, 5000, for several stellar féective temperatures and Igg 4.0 ¢ = 5 kms?, andey=
7.83). The circles represent the predicted non-LTE frastiosingmurtt and the solid lines
represent the predicted LTE fractions. Panel (b) is the darhéor doubly-ionized nitrogen.

that is available through ATLASO (see Sigut & Lester (1996))

5.4.1 lonization Balances and Departure Cd#icients

Figure (5.3) shows the predicted LTE and non-LTE ionizafractions of singly and doubly
ionized nitrogen as a function of optical deptgge for the range of thd; considered, for
logg= 4.0,& = 5.0 kms? and the solar nitrogen abundance.TAt less than 21,000 K, Nis
the dominant ionization stage in the line formation regiog,rsqoo between 0 and -2, approxi-
mately. Also, there is almost no deviation from LTE, and ttas be explained by the absence
of a strong non-local photoionizing radiation field for tloevIN 1 levels. Figure (5.4) shows
the radiation temperaturé&,,q of the photoionizing mean intensity as a function of the agdti
depth at the threshold wavelength of the lowest ten enexgldeof Nir; they are combined
into three groups having simildr,,q values. This was done in a model atmosphere Wigh
equal to 15,000 K and log = 4.0. The radiation temperaturEgq, was estimated by equating
the mean intensity at threshold wavelength with Plancktion¢ J,(r,) = B,(Taq). Deep in

the stellar atmosphere, the optical depths are high entagiphotons are trapped and photons
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Figure 5.4: Radiation temperaturgqg, at the threshold wavelength of the ionizing mean in-
tensity for the first ten levels of N combined into three groups shown in the legends of the
figure , as a functiomsgog, for Ter equal to 15000, log= 4.0, andé;= 5 kmst. The black line
represents the local electron temperature as a functiogf

and electrons will be in equilibrium and have the same teatpes. As we proceed outward in
the atmosphere, the density drops and a point will be reaitbedwhich photons can escape.
The electron temperature then drops below the radiatiopeéeature, and medium becomes
optically thin for the radiation. The depth at which the medichanges from optically thick
to optically thin depends on the wavelength of the radiatfmough the continuous opacity
sources. The figure shows where the photoionizing radidigdeh of the specified energy lev-
els will become optically thin. Note that the full, depthpg@dent mean intensity was used in
themurt calculation, and the assignment of radiation temperatorde various photoionizing

continua in Figure (5.4) is for illustrative purposes only.

Figure (5.4) shows that @i of 15,000 K, the bound-free continua of the lowest Mvels
are optically thick through almost the entire atmosphereteNhat on thersgg Optical depth
scale, the Nt line formation region lies between 0 and -2, approximat€lg. the other hand,
the photoionization threshold of the higher energy levielgnl the Balmer continuum which is

optically thin in the line formation region. Hence, in thailine formation regionT,oq > Te
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Figure 5.5: Non-LTE departures da@ieients for the first sixteen energy levels ofiiNblus
the ground level of Nu (94" level, the green line) as a function efyo at stellar &ective
temperatures equal to 15000, 19000, 23000, and 29000 Kacsugrravity, logy, equal to 4.0,

microturbulent velocity equal to 5 km’sand the solar nitrogen abundance.

only for the upper N levels. Despite this, the populations of these levelBgt= 15,000 K

are so small relative to the ground state that overioninaticthese levels will not result in a

significant change in the ionization balance at,N.e. Ny /Not.

Similar behaviour is seen fdr; of 25,000 K; however, due to the larger population of the

upper Ni levels relative to the ground state, overionization of ¢hiesels leads to significant

decrease of M ionization balance, and significant increase ofiNonization balance, i.e.
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N /Neot, @S shown in Figure (5.3).

The departure of the ionization balance from LTE af Ahd Nm becomes larger and begins
deeper in the atmosphere for higfigk. Panel (b) of Figure (5.3) shows that for temperatures
less than 25,000 K, there is strong deviation of therllbnization balance from LTE in the
optically thin region. This behaviour is a result of the ogarzation of N due to non-LTE
effects, resulting in a decrease in the ionization balance&Nd an increase of the ionization
balance of N compared with LTE. For highéf, there is also strong deviation of thenN

ionization balance from LTE.

The predicted departure dieients of the 16 lowest LS states ofiind the ground state
of Nm, for four Te; values (15,000, 21,000, 25,000 and 29,000 K),dog 4.0, & = 5.0
kmst and solar nitrogen abundance, are shown in Figure 5.5. Tpartige cofficient of
thei energy levelg;, is defined as the ratio of the predicted non-LTE number detsithe

corresponding LTE value computed for the local valueSadndNe, i.e.

Bi = /M (Ne, Te), (5.5)

wheren’ andn; are the predicted LTE and non-LTE number densities of'thevel. respec-

tively.

For Ter < 21,000 K, the number density ofiNground state and the first and the second
excited states (that are only collisionally coupled witk tiround state because the radiative
transitions are forbidden) remain almost at their LTE valu€he ionization threshold of the
lowest six N levels lie in the Lyman continuum, < 912 A, that is optically thick throughout
the entire atmosphere. On the other hand, the ionizati@shimd of the higher excited states
lie in the Balmer continuum that becomes optically thin inlihe formation region, as shown
in Figure (5.4). The overionization of the uppemNLS states, which lie in the optically thin
Balmer continuum, lead to underpopulations in these statdsoaerpopulations in the i

ground state for log6oeog) between 0 and -0.5, approximately. As we proceed outwacdith
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the atmosphere, the photoionizing radiation of the uppeLS levels becomes optically thin,
and the overpopulation of the ground level ofiNs shared with these high INLS states
through strong collisional coupling with IN ground state. For highdry, the photoionizing
non-local radiation of the lowest six iNlevels is still optically thick in the line formation
regions. However, in this case, the populations of the uplhet.S levels are high compared
with the ground state. This results in strong underpoputatif these the upper NLS levels
that is driven by the strong non-local photoionizing raidiafield at the line formation regions.
The underpopulation of the low-lying INlevels is driven by collisional coupling with the upper

levels.

5.4.2 Equivalent Widths

Figure (5.6) shows the predicted LTE and non-LTE equivaleittths for A 3995 A anda
6482 A Nu lines, representing radiative bound-bound transitiomsifievels 9 to 16 (81P° —
3p 3D) and levels 9to 11 (8'P° — 3p 'P), respectively. The equivalent width is the width

of a perfectly black spectral line that blocks the same arhotifux, i.e.

FC_ F/l

W =
line Fc

da, (5.6)

whereF; andF, are continuum and line fluxes. Typically, equivalent widdne measured in
milli-A or 10~ A. For comparison, the predicted equivalent widths of these lines from
K99 are also shown. In general, there is acceptable agradragmeen the current results and
those of K99.

Figure 5.6(a) shows that the predicted LTE equivalent veidthNi 2 3995 A are in agree-
ment with those of K99, except for an unexplained decreagheoK99 equivalent width at
21,000 K. However, for thel 6482 A transition, the agreement between our estimated LTE
equivalent widths and those of K99 is not as good. As the rackgl model atmospheres are

the same in both the current calculation and K99, the onlygide explanation for the fier-
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ences is the dierent Stark widths adopted in this works. As previously ussed, the current
calculation uses the best available Stark widths, wheré&@sused the quadratic stark broad-
ening constants available through ATLAS9 (Kurucz , 1993hyl adopted a value of(ix 10°°
for the missing values

In general, the current predicted non-LTE equivalent wadtfe larger than the correspond-
ing LTE values. Such dlierences between non-LTE and LTE equivalent width can beaeid
by non-LTE dfects at the line formation depths, loggy ~ -1." Panels (a) and (b) of Figure
(5.7) show the ratio of the line source function to Planckction for N A 3995 A as a func-
tion of T599p at two T, 21,000 and 25,000 K. The line source function is the ratithefline

emissivity, j!, to the line opacity!,, which is generally given by,

el | r]uAull,bv
SV B JV/aV B (nl BIu - nuBuI)‘lSv’ (5.7)

wheren, andn, are the number density of upper and lower levels of the radigtansitionsAy,
By andBy, are Einstein’s ca@cients of spontaneous emission, induced emission andmbsor
tion, respectively, and, andy, are the line profiles for absorption and emission, respelgtiv

In the case of complete redistribution,=¢,, and the line source function will be frequency

independent,
. NuAul Ay 1
S = 'V/a'V: u = — , 5.8
| J n BIu - nuBuI BuI S—Lg—': — ( )

as assumed in the current work. The Einsteinfitcients are related with each other gy =

2hy3
c2 !

andg—': = Z_. whereg, andg, are the statistical weights of the upper and the lower levels

so the previous equation can be expressed as

N A |
VT2 -
¢ nL g 1

Si=j/a (5.9)

By expressing the number densities in terms of the deparaa@aents,3;’s, and using the

"The depth of formation of the line was computed using therdaution function following Achmad et al.
(1991).
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Boltzmann equation for the LTE population ratio,
(ﬂ) _ (%) o (5.10)

we can write

2hv? 1
B
Also, the line opacity is given by
| hy . .
drl, =~ (B — Bun}) ¢,dz. (5.12)

The last two equations show how the departurdfoments strongly fiect the line source func-
tion and opacity. In case dfv >> KT, (i.e. photon energy is higher than the local kinetic
energy) the line source function is proportionaBtgg, ratio, while the line opacity is propor-

tional tog,.

The departure cdicients of the upper and lower levels of therMhultiplets are shown
in the Figure 5.7. AfTg of 21,000 K, there is an overpopulation of the the ninth eyerg
level, and an underpopulation of the sixteenth level, whtl@a T of 25,000 K, there is an
underpopulation of both levels. However, in both casesgdéparture of the upper energy level
is larger than that of the lower level. This reduces the lm&se function in the line formation

region and leads to non-LTE strengthening of the line.

The diference between the non-LTE and LTE equivalent width 8995 A line increases
with the increase of the stellaffective temperature and reaches maximum at a temperature
of ~ 24000 K due to the increase of thenNonization balance and the strengthening of the
non-LTE dfects. It then decreases for highky; due to the overionization of Min the line
formation depths. A similar behaviour is observed in the\eent width of thel 6482 A line,

as shown in Figure 5.6.

The ratios of the predicted non-LTE equivalent widths to ¢beresponding LTE values
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Figure 5.6: The LTE and non-LTE equivalent widths ofi N 3995; (panel a) and 6482,
(panel b) respectively, as a functionf; for logg = 4.0,& = 5 km st and the solar nitrogen
abundance. The blue symbols are the current results an@dh®ymbols are K99. The two
bottom panels, (c) and (d), give the ratio of the non-LTE am# kequivalent widths.
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Figure 5.7: Panels (a) and (b) show the predicted line sdurmtion of Nu 3995 A for stellar
effective temperatures equal to 21000 and 25000 Kgtod.0,& = 5 kms?! and ey gar =
7.83, as a function ofso00. The departure cdigcients of the upper and lower energy levels are
shown in the upper right corner of the panels (as a functiangg), as the blue line and the red
line, respectively. Panels (c) and (d) are the same, but foriN482 A. The arrows point to
the depth of the line formation region using the contribmfionction of Achmad et al. (1991).
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Figure 5.8: Figure shows the ratios of the computed non-La&valent widths of Nr A
6482 A and1 3995 A in the case of discarding and including the hydrogee bpacity as
a function of the ffective temperatures, lag: 4.0, ands, = 5 kms™.

of these two multiplets are shown in panels (c) and (d) of FEgu6. Again, the non-LTE
enhancement increases untiP4000 K, as shown in Figure (5.6), and then decreases for the
previously mentioned reason. Finally6482 A undergoes non-LTE line weakening at high
effective temperatures (aboVg; ~ 30,000 K) which can be explained by the higher value of
the departure cdicient of the upper level comparing with that of the lower leag shown in
Figure (5.7). Such behaviour is shown in the results of K9N6482 A line.

Overall, K99 show stronger non-LTE line strengthening carmed with our results, as
shown in panels (c) and (d) of Figure (5.6). The maiffeslence between the current cal-
culation and K99, besides thefidirent Stark widths, is the lower number of bound-bound
radiative transitions that were included in the K99 caltala 266 transitions in total, with 92
linearized and the rest kept at fixed ratem the current work, all radiative transitions with
oscillator strengths greater than or equal to*Mere included in the non-LTE calculation, for
a total of 580. All 580 were allowed to determine their owniaidn fields- i.e. none were
treated with fixed rates.

Figure (5.8) shows how the inclusion of hydrogen line opacdn dfect the computed

#|t is not specified by K99 how the rates were fixed.
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Figure 5.9: The predicted LTE (dashed lines) and non-LTHddmes) curves of growth
for Nu A 6482 A anda 3995 A as a function of the nitrogen abundaneg, at two dfective
temperatures, 19000 and 27000 K, for épg4.0 andé, = 5 kms.

non-LTE equivalent widths of M lines. The ratios of the computed equivalent widths in the

case of excluding the hydrogen line opacity to that of intigdt are shown fort 3995 A and

16482 Ain panels (a) and (b) respectively. The inclusion efftiidrogen line opacity causes a

significant reduction of the computed non-LTE equivalerdthv of 1 3995 A at low éfective

temperature, which decrease with the increase of the textyser while it reduces the non-LTE

equivalent widths oft 3995 A forTe; < 24, 000K. On the other hand, including the hydrogen

line opacity strengthens the non-LTE equivalent widths 6482 A over allTg.
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Curves of growth fort 3995 A anda 6482 A are shown in Figure (5.9), which illustrate
the change in the equivalent width with increasing nitrogbondancess, at two dfective
temperatures, 19,000 and 27,000 K, forépgd andé= 5 km st. This figure clearly illustrates
that the size of the non-LTEffiect can depend on the nitrogen abundance.AR2995 A, the
difference between the predicted LTE equivalent widths andahd mE values increases with
increasing the nitrogen abundance. As shown in Figure Y5gehels (a) and (c), the ratio of
the line source function to Planck function at the local g@ttemperature at the line formation
region decreases with increasing nitrogen abundance., fisainderpopulation of the upper
level and the overpopulation of the lower level are greateéha higher nitrogen abundance.
And finally, the line formation region shifts to smaller agati depths in the atmosphere with
the increase of the nitrogen abundance. As a result therenid fiE line strengthening with
increasing nitrogen abundance.

These fects are strongest in the caseld482 A which shows a transition from non-LTE
weakening at the lowest nitrogen abundance to non-LTE gtinening at the highest nitrogen
abundance. Again, this behaviour can be explained by clsaoiggae line source function in
the line formation depth as shown in Figure (5.10), panélafio (d). AtTe= 19,000 K, the
overpopulation of the lower level of this transition in thed formation region changes slightly
with the increase of abundance. In addition, there is oyarfaion of the upper level at the
lower nitrogen abundance, leading to non-LTE line weakgnivhile there is an underpopula-
tion of this level at the higher nitrogen abundance, leadingon-LTE line strengthening. A
similar behaviour is seen atg= 27,000 K.

A grid of the calculated non-LTE equivalent widths is showTables (5.4) fon 3995 A,
and (5.5) fora 6482 A, which present the calculated non-LTE equivalenthigcind the cor-
responding non-LTE strengthening or weakening for alltekdstellar &ective temperatures,
stellar gravities and nitrogen abundances at a microtaribwelocity of 5 kmst. A full grid
of the predicted non-LTE equivalent widths of the 10 stratdén lines for all selected stellar

parameters, and nitrogen abundances are available in ig{&.



Table 5.4:murt results for N A 3995 A até, =5 km s (Equivalent widthsW,, are in mA).

Tes, l0gQg Nitrogen Abundance flierenceAen, (A en = en — €N solar, Whereen solar= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 6.4 1.11 11.2 1.13 13.2 1.14 21.2 1.16 321 1.17 401 1.18 46.4
17000,3.5 14.9 1.14 244 1.16 28.2 1.17 42.3 1.18 60.0 1.19 721 1.20 814
19000,3.5 26.1 1.15 41.6 1.17 475 1.18 68.3 1.20 926 1.21 108.4 1.22 120.42
21000,3.5 35.3 1.13 56.4 1.17 64.3 1.18 91.3 1.21 1211 1.23 139.9 1.24 153.24
23000,3.5 35.3 1.07 58.4 1.11 67.3 1.13 98.0 1.18 131.9 1.22 152.7 1.24 168.25
25000,3.5 25.7 1.02 451 1.06 53.0 1.08 82.0 1.13 115.7 1.19 136.7 1.21 152.23
27000,3.5 14.1 0.96 275 1.03 334 1.05 57.0 1.11 87.2 1.16 106.7 1.19 121.01
29000,35 3.1 050 8.8 0.73 11.8 0.79 255 0.93 474 1.04 63.7 1.09 76.3
31000,35 -11 -066 -1.3 -041 -13 -030 0.4 0.05 6.4 0.37 129 052 193
15000,4.0 3.6 1.07 6.6 1.08 7.9 1.08 13.3 1.10 21.3 111  27.3 1.12 323
17000,4.0 9.0 1.08 154 1.10 18.1 1.11 285 1.12 424 1.13 523 1.14 60.1
19000,4.0 17.3 1.09 28.6 1.12 33.0 1.12 495 1.14 69.9 1.15 83.7 1.16 94.2
21000,4.0 26.7 1.09 434 1.13 49.8 1.14 725 1.16 98.8 1.17 115.8 1.18 128.68
23000,4.0 324 1.07 53.2 1.11 61.2 1.12 88.9 1.16 119.7 1.19 138.9 1.20 153.20
25000,4.0 29.3 1.01 49.9 1.06 58.1 1.08 87.2 1.13 119.9 1.17 140.1 1.19 154.20
27000,4.0 20.7 0.97 37.3 1.02 443 1.04 70.5 1.09 101.9 1.14 121.6 1.16 136.07
29000,4.0 11.2 0.86 224 0.94 275 0.96 48.2 1.03 75.7 1.08 938 1.11 107.2
31000,4.0 2.9 044 79 0.63 10.4 0.68 224 0.81 417 091 56.2 0.96 675
15000,45 2.1 1.03 3.9 1.04 47 1.05 8.3 1.06 14.0 1.07 184 1.07 22.2
17000,45 5.4 1.04 9.6 1.06 11.4 1.06 18.9 1.07 295 1.08 374 1.09 437
19000,4.5 111 1.05 19.0 1.07 22.2 1.08 349 1.09 515 1.10 63.1 1.11 723
21000,4.5 18.6 1.06 31.2 1.08 36.2 1.09 547 111 773 1.12 925 1.13 104.1
23000,4.5 25.7 1.05 42.8 1.08 495 1.09 734 1.12 1011 1.14 118.8 1.15 132.25
25000,4.5 27.9 1.02 47.3 1.06 54.9 1.07 82.1 1.11 112.8 1.14 132.0 1.15 146.85
27000,4.5 23.0 0.97 40.6 1.01 47.8 1.02 745 1.07 1055 1.11 124.9 1.12 139.13
29000,4.5 15.3 0.91 28.6 0.96 34.4 0.98 57.3 1.03 86.0 1.07 104.4 1.09 117.80
31000,45 7.4 0.73 15.7 0.83 195 0.86 36.1 0.93 595 0.99 75.6 1.02 87.7

1.18
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1.2

1.2
1.11
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Table 5.5:murt results for N 1 6482 A at£, =5 km s (Equivalent widthsW,, are in mA)

Tes, l0gQ Nitrogen Abundance flierenceAen, (A en = en — €N solar,» Whereen solar= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WWwW, W, WW, W, WW, W, WW, W, WW, W, W/W,
15000,3.5 0.2 090 0.5 0.98 0.6 1.00 1.2 1.07 25 1.13 37 1.17 4.8
17000,3.5 0.9 096 1.9 1.05 24 1.08 4.8 1.15 9.0 1.21 127 1.24 16.1
19000,3.5 2.7 098 5.7 1.09 7.2 1.12 13.8 1.21 244 1.28 32.9 1.31 40.2
21000,35 5.8 0.96 12.2 1.09 15.3 1.14 28.8 1.25 49.2 1.34 645 1.39 76.9
23000,35 7.3 0.88 16.0 1.03 20.3 1.08 39.6 1.24 68.7 1.36 89.9 1.43 106.5
25000,3.5 5.0 0.74 115 0.90 14.9 0.95 31.7 1.14 59.8 1.30 81.6 1.39 99.0
27000,3.5 2.0 050 54 0.69 7.3 0.76 17.4 0.97 37.2 1.18 54.6 1.29 69.6
29000,35 -13 -0.70 -06 -0.17 -0.1 -0.01 3.9 0.42 137 0.80 24.0 0.98 3380
31000,35 -32 -500 -50 -384 -55 -342 -6.7 -208 -6.1 -0.94 -3.8 -040@.7 --0.06
15000,4.0 0.1 0.84 0.2 091 0.3 0.93 0.6 1.00 1.2 1.06 1.8 1.09 2.4
17000,4.0 0.4 091 0.9 098 1.1 1.01 23 1.08 4.6 1.14 6.7 1.16 8.6
19000,4.0 1.3 095 29 1.04 3.6 1.07 7.2 1.14 13.3 1.20 18.6 1.23 23.2
21000,4.0 3.3 095 7.0 1.06 8.8 1.10 16.9 1.19 30.0 1.25 40.3 1.28 48.9
23000,4.0 5.6 091 121 1.04 15.2 1.09 29.2 1.20 50.6 1.29 66.5 1.33 79.2
25000,4.0 5.6 0.81 125 0.95 16.0 1.00 32.1 1.15 574 1.26 76.3 1.32 91.3
27000,4.0 3.6 0.68 8.3 0.83 10.8 0.88 23.3 1.04 45.2 1.19 629 1.26 77.3
29000,4.0 1.4 0.43 4.0 0.62 54 0.69 13.0 0.88 28.2 1.07 41.8 1.16 537
31000,4.0 -09 -050 -0.1 -0.04 04 0.10 3.8 0.46 11.8 0.77 20.0 092 278
15000,4.5 0.1 081 0.1 0.86 0.1 0.88 0.3 0.94 0.6 099 0.9 1.02 1.2
17000,4.5 0.2 0.86 04 0.93 0.6 095 1.2 1.01 24 1.06 35 1.09 4.6
19000,4.5 0.7 091 14 098 1.8 1.01 3.7 1.07 7.2 1.12 10.3 1.15 13.2
21000,45 1.8 093 3.8 1.02 438 1.05 94 1.12 174 1.17 241 1.20 29.9
23000,45 3.6 092 7.7 1.03 9.7 1.06 18.8 1.15 33.3 1.21 446 1.23 53.9
25000,4.5 4.9 0.86 10.7 0.98 135 1.02 26.5 1.13 46.7 1.20 61.9 123 741
27000,45 4.2 0.75 9.3 0.88 11.9 0.92 245 1.05 45.1 1.15 61.1 1.19 741
29000,45 25 0.63 5.8 0.76 7.6 0.81 16.6 0.95 33.0 1.08 46.7 1.14 58.3
31000,4.5 0.7 030 24 053 34 059 8.6 0.79 19.2 0.96 28.9 1.04 37.7

1.19
1.26
1.33
1.42
1.46
1.44
1.36
11

1.11
1.18
1.24
1.30
1.35
1.35
1.31
1.22
1.01
1.04
1.11
1.16
1.21
1.25
1.25
1.22
1.17
1.09

0L

I \ NOLLVINOTVD) ¥0d J|7]-NON G ¥dLdVH))



log(Sl//BU)

35

N
2

N

N
«

0.5

25

0.5

5.5. Murri-murtt ANALYSIS

T T T
Blue lines for 16" level
Red lines for 9" level

[ 9->16 A3995
A

N
N mg(Tsnon)

10g(7599)

= T T T
Blue lines for 16™ level
Red lines for 9" level
9->16 A3995
N
~
~
~
L ~
~
N -
S~ log(r,, )
So (75000
~
~
L ~ —
~_ ——=
- ___<~" T
( E"=27000K, & log(g)=4
[ €N=8.53
— — —€\=6.83
I
6 5 4 -3 2 1 0 1

log(799)

(©

35

05

05

P
9->11 A 6482
N

71

T T T
Blue lines for 11" level
Red lines for 9™ level

1
Tm=19000K, & log(g)=4

€y=8.53
— — —€=6.83
I I I
6 5 4 3 2 -1 0 1 3
log(75409)
T T T
Blue lines for 11" level
Red lines for 9™ level
0.95 /////’ >
-
0.9 2
o8 //
L 9->11 16482 7,
~ 0.8 Y}
~ /
S~ 075 | 4
~o /)
N 0.7
h 2 1 0

log(T,

)

10g(75909)

(d)

Figure 5.10: Panels (a), and (c) show the source function ofAN3995 A atTe; = 19000

and 27000 K, log= 4.0,4= 5 km s, and nitrogen abundances 6.83 and 8.53, as a function
log7sp00- The departure cdicients of the upper and lower energy levels are shown in therup
right corner of the panels for the two nitrogen abundancesmeR (b), and (d) are the same,
but for Nu A 6482 A. Solid and dashed lines for the higher and lower nérogbundances

respectively.

5.5 Multi-mucrt Analysis

In order to investigate which of the radiative and collisibtransitions included in the atom

have the most significantfects on the predicted equivalent widths of the Ifes of interest,

a series of multmurtt analysis were carried out (Carlsson et al., 1992). Muliit1 analysis is

a good procedure that helps to provide a better understamdithe driving processes for the
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Table 5.6: A multimurr Analysis atT ;= 23000 K, logg=4.0, andé,= 5.0 km s*?

Transition Perturbed transition Type %

3995A 916 (2p3s!P° -2p3plD) rbb 35.22
16-94 (2p3p!D -282p2P°Nm) rbf  1.67
9 -16 (2p3s'P° -2p3plD) cbb -1.43
1687 (2p3p'D -highl,n=6) rbb  -1.29
16-22 (2p3pD -2p3dlF°) rbb  -1.21

2287 (2p3d'F° -highl,n=6) rbb  -0.94
8 —94 (2p3s3P° -282p?P°Nm) rbf -0.79

1625 (2p3pD -2p4stPO) rbb  -0.75
1 594 (2p? 3P 28 2p2P°Nm) rbf  0.71
1216 (2p3p°D -2p3p'D) cbb -0.68
6482A 911 (2p3s'P° -2p3plP) rbb  71.67
11-19 (2p3p P -2p3d1D°) rbb  -6.45
11-94 (2p3pP -2 2p2P°Nm) rbf  3.95
9 —16 (2p3s'P° -2p3plD) rbb  3.41
9 —11 (2p3s'P° -2p3plP) cbb -3.12
11-23 (2p3p P -2p3d1P°) rbb  -2.95
19-87 (2p3d D° -highl,n=6) rbb  -2.91
7 -11 (2p°D°  -2p3plP) rbb  2.92
1 -6 (2p%°P -2p° 3p°) rbb  -2.03
1 -6 (2p°°%P -2p° 3P°) cbb  2.00

Note: rbb and rbf refer to bound-bound and bound-free radiataresitions, respectively, and cbb and
cbf refer to bound-bound and bound-free collisional transitionpeaesely.

departure from the LTE case in the line formation regiongherlines of interest. In a multi-
mucLri analysis, a single radiative or collisional transition éstprbed by doubling its rate in the
statistical equilibrium equations, and a new convergedtsmi is obtained for the perturbed
atom. The predicted equivalent widths from this new consédigplution are compared with the
reference solution of the unperturbed atom. Table (5.6)vshbe top ten radiatiyeollisional
transitions &ecting the predicted equivalent widths 8482 A andi 3995 A for Te; = 23,000

K, logg=4.0,& =5 kms?, and a solar nitrogen abundance.

For 1 3995 A, the calculated equivalent width was most sensitivisstown radiative tran-
sition rate controlled by the oscillator strength; e.g. ldng the oscillator strength leads 40
40% increase in the predicted equivalent width. This ineee@an be explained by the com-

bination of the outward shift in the depth of formation anégér non-LTE strengthening of
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the line, as shown in Figure 5.11(a). Next was the photoaiion rate from the upper level
of 13995 A (level 16). An increase in this rate by a factor of twads to an increase in the
predicted non-LTE equivalent width ef 1.5%. This can be explained by the reduction of the
population of the upper state through the increased ratéatiopnization, which lowers the
value of the line source function and causes further non-ifi€strengthening, as shown in
Figure 5.11(b). Similarly, an increase in photoionizataross section of the ground state of
N leads to more non-LTE line strengthening. However, dogplive photoionization cross
section of the eighth energy leveld3s3P°), the lower level of this transition, causes a slight

reduction of the predicted non-LTE line strengthening.

The collisional bound-bound transition between the lowet apper energy levels of the
A1 3995 A (9-16) is also one of the top transitions. Doubling ¢odision strength between
these two levels increases the collisional coupling betvteem, and an increased collisional
coupling tends to force LTE, i.eS, comes closer td,. In Figure 5.11(c), we see that this
perturbation raises the source function in the line fornmegion, and, therefore the line is

weaker.

Similar results were obtained for the muitis analysis oft 6482 A. Doubling the oscil-
lator strength of the radiative transition itself causesrn@nease in the equivalent width by
70%, while doubling the collision strength of this tranmitireduces the predicted non-LTE line
strengthening and the non-LTE equivalent width decrease 8. Panels (a) to (d) of Figure
(5.12) show the line source function #6482 A for the converged solution of the perturbed

and the unperturbed atom for the first four md$eetive transitions.

Tables (5.7) and (5.8) show the results of a multia1 analysis for the same twoNtransi-
tions atTer= 15,000 and 29,000 K, log= 4.0, ands= 5 km st, respectively. Afl = 15,000
K, the radiative bound-free transitions play no importasieras Nui is the dominant ioniza-
tion stage in the line forming region, and changes in theatds have only have only a minor
effect on the Ni departure co@icients. On other side, radiative bound-free transitiory pl

a more important role aleg= 29,000 K, where Nu represents the most dominant ionization



S /B

S/B

74 CHaPTER 5. NON-LTE ror CaLcurarion N 11

2 T 2
Blue lines for 18" level Blue lines for 18" level
1.8 Red lines for ¢ level 4 18- Red lines for & level
16
141
> >
[as]
> >
%]
12r
1k
9->16 rbb \=3995A) - 08
N
— — —Perturbed NIl atom > N i ’ — — — Perturbed NIl atom
Unperturbed NIl atom ~__7 Unperturbed NIl atom
0.6 I | I 1 I I I 0.6 I I I I I I
-5 -4 -3 - -1 0 1 2 -5 -4 -3 - -1 0 1 2
foutreped Toutryped
(@) (b)
2 T 2
\ Blue lines for 16" level \ Blue lines for 18" level
181 Red lines for ¢ level 4 18F N Red lines for ¢ level
1.6 16r
Lar 141
> >
[as]
> e
%]
121 12f
i ir
0.8 0.8
— — — Perturbed NIl atom — — — Perturbed NIl atom
Unperturbed NII atom Unperturbed NIl atom
0.6 I ! I I I I I I 06 I I I I I I I I
-5 -4 —ZI -1 0 1 2 -5 -4 —2| -1 0 1 2
09(T5 500 09(T5000
(© (d)

Figure 5.11: The line source function foriNA 3995 A for the perturbed nitrogen atom and
the departure cdicients of the upper and lower energy levels of this transifdashed lines)
for Tz = 23000 K, logg = 4.0,&; = 5 kmst, andeysoa= 7.83. The perturbed transition is
given in each panel. For comparison the results of the uagrtl atom were added (solid
lines).

stage of the nitrogen atom and photoionization play morerofain controlling the Ni level

populations.



5.5. Murri-murtt ANALYSIS

0.6

0.6

— — — Perturbed NIl atom
Unperturbed NIl atom
| I

Blue lines for 11" level

Red lines for ¢ level

-5 -4 -3

o
-
N

— — — Perturbed NIl atom

Unperturbed NIl atom
I I I

Blue lines for 11" level

Red lines for ¢ level

-5 -4 -3

ﬁ09(1‘50091

(©

Figure 5.12: The same as Figure (5.11) but for N6482 A,

75

Blue lines for 11" level

Red lines for ¢ level

0.8 11->19 rbb (=4447A)
— — — Perturbed NIl atom
Unperturbed NIl atom
06 I I I I I I I I
-5 -4 —% -1 0 1 2
09T
2 T T T

Blue lines for 11" level

Red lines for 4" level

— — — Perturbed NIl atom
— Unperturbed NIl atom
0.6 L L L

-5 -4 -1

ﬁog(r500

(d)



CHaPTER 5. NON-LTE ror CaLcurarion N 11

Table 5.7: A multimurt Analysis atTe;= 15000 K, logg=4.0, andé,= 5.0 km s*?
Transition Perturbed transition Type %
3995A 9516 (p3sIP° -2p3pID) rbb 59.47

9 -16 (2p3s'P° -2p3plD) cbb -1.35
12-16 (2p3p°3D -2p3plD) <cbb -0.75
8 —16 (2p3s3P° -2p3p!D) rbb 0.52
11516 (2p3pP -2p3plD) chb  -0.50
8 —16 (2p3s3P° -2p3plD) cbb -0.43
16-22 (2p3p'D -2p3d!F° rbb  -0.35
1625 (2p3p'D -2p4s'P°) rbb  -0.33
16-22 (2p3p'D -2p3diF° cbb -0.33
15516 (2p3p3P -2p3plD) <cbb -0.25
6482A 9511 (2p3siP° -2p3pIP) rbb 105.76
11-14 (2p3p'P -2p3p3S) «cbb -4.30
11-19 (2p3p'P -2p3diD° rbb  -3.87
8 —14 (2p3s3P° -2p3p3S) rbb 3.61
9 —16 (2p3s'P° -2p3plD) rbb 3.27
156 (2p?3P -2p33P%  tbb  -2.15
1 -6 (2p°°% -2p° 3P°) cbb 2.15
11516 (2p3pP -2p3p'D) <cbb  2.06
8 —12 (2p3s®P° -2p3p3D) rbb 1.89
7 »11 (2p°D°  -2p3plP) rbb 1.72
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Table 5.8: A multimurt Analysis atT;= 29000 K, logg=4.0, andé,= 5.0 km s*?

Transition Perturbed transition Type %

3995A 916 (2p3sP° -2p3plD) rbb  57.66
1694 (2p3p!D -25°2p2P°Nm) rbf 7.95
1 —94 (2p%°3P 282 2p2P° Nm) rbf 6.83
2 »94 (2p20piD -25°2p2P°Nm) rbf 5.62
9 —11 (2p3s'P° -2p3plP) rbb 5.34
9 —12 (2p3s'P° -2p3p3D) rbb 4.97
11-19 (2p3p'P  -2p3d'D°) rbb 4.97
4 —94 (2p35S° 282 2p2P° Nm) rbf 4.96
8 —16 (2p3s3P° -2p3plD) rbb 4.96
9 —15 (2p3siP° -2p3p3P) rbb 4.80

6482A 9511 (2p3sTP° -2p3plP) rbb  125.08
11-94 (2p3pP -2822p2P°Nm) rbf 24.15
9 —16 (2p3s'P° -2p3plD) rbb  18.65
1 —-94 (2p? 3P 28 2p2P°Nm) rbf  16.16
1994 (2p3d'D° -28°2p2P°Nm) rbf  14.79
7 »11 (2p°D°  -2p3plP) rbb  14.41
2 -94 (20D -2 2p2P°Nm) rbf  12.94
9 -»12 (2p3s'P° -2p3p?3D) rbb  12.15
8 —11 (2p3s®P° -2p3plP) rbb  11.44
9 —15 (2p3sP° -2p3p3P) rbb  11.37

5.6 The Accuracy of the Predicted non-LTE Equivalent Widths

In this section, we will discuss estimated error boundsHeraquivalent widths due to random
errors and systematic errors. Random errors can result frerimtlusion of atomic data from
many sources with éfierent accuracies, while systematic errors can result fizanowerall

completeness of the model atom, and the use of LTE, linekblad, atmospheric models.

Below we will discuss in detail how to estimate the errors duhe first two &ects.

5.6.1 Random Errors

The accuracy of the non-LTE line formation calculation degseon many factors, and an im-
portant one is the accuracy of the atomic data. The inclusfatomic data from dferent

sources that have fiigrent accuracies represents a source of random errors estimeated
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Table 5.9: Rates of variation of the atomic data

Atomic parameter uncertainty
f-value + 10%f-value> 0.1

+ 50%f-value<0.1
Stark widths + 40%

Photoionization cross section + 20%
Collision strength (Excitation)
R-Matrix +10%
Impact parameter approx. Factor of 2
Collision strength (lonization) Factor of 5

equivalent widths. In order to quantify the errors, a seoeMonte Carlo simulations were
carried out following the procedure of Sigut (1996). In thiswulation, two hundred random
realizations of the nitrogen atom were generated wheredhieus atomic data were changed

within their estimated bounds shown in Table (5.9).

The oscillator strengthd {values) of the bound-bound radiative transitions werevad
to change withint10 % for f-value equal to or greater than 0.1, and withiB0 % for the
transitions with smallef-values. Such values were chosen because the OP lengthlanitye
f-values difer by~ 10 % for f-values equal to or larger than 0.1, while thatence can be as
high as~ 50 % for smaller f-values. The Stark widths were allowed targe within+40 %,
which is in the order of the fierence between our calculated Stark widths and experitnenta
values for a number of N lines, see Table (5.3 The photoionization cross sections were
allowed to change withia20%. The photoionization cross sections have uncertainiy) &o
(Luo & Pradhan, 1989) , and an extra 10 % was added to includsille uncertainty in the
photoionizing mean intensity), (Sigut , 1996). The R-Matrix method represents the most
accurate tool for the computation of the thermally-avedag@lisional strengths, and Hudson
& Bell (2004) show that their results agree with the the resaftprevious R-matrix calcula-

tions to within~ 10%. The impact approximation is not really as accurate aftiMatrix

$The assumed error bound of Stark widths is smaller than thereinces which lie between 50 %— 60 %
in the temperature range of interest, but it is unlikely thé will cause significantféect.
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procedure, and consequently, the collisional strengthisaokitions computed with the impact
approximation were allowed to vary by a factor of 2. Simifathe collisional ionization rates
computed using the procedure of Seaton (1962) are highlgrtain, and a factor of 5 was

chosen as the error bound of their estimations.

A converged, non-LTE solution was found for each of the 2G@oanly-realized atoms,
and the distribution of each transition equivalent widthswiaken to estimate the uncertainty.
The predicted distributions of equivalent widths (foB995 A and 6482 A) are in shown in
Figure (5.13) folT of 19,000 and 23,000 K, lag= 4.0, andé,= 5 km s, The figure shows
that the distributions are nearly Gaussian, and the averalge and the standard deviation
represent the predicted equivalent width and the assdciateertainty due to random errors.
The predicted equivalent widths and the expected errorsaduecertainties in the atomic data
of these two lines (at log= 4.0, and,= 5 km s) with Te;'s between 15000 and 31000 K and

nitrogen abundances between 6.83 and 8.13, are given ia [&AD0).

Given in Table 5.11 are the correlations between the two tethchndom realizations of
each radiative and collision transition rate with the cldted equivalent widths of these two
lines. The Pearson’s correlation ¢beient, r, was calculated in order to investigate the cor-
relation between the random sets of the atomic data and dugcped equivalent widths. The
correlation cofficients are similar to the multrurrr simulations of the previous section; how-
ever, the rates are now varied within their expected errndsreot changed by an arbitrary
factor of 2 one at a time. These correlations allow one to dedvhich transitions are driv-
ing the uncertainty for a given line. Table (5.11) shows tberalation coéficients of the N1
3995 and 6482 A lines atffective temperatures of 19,000, 23,000 and 27,000 K, grafity
4.0, and microturbulent velocity of 5 km's For 200 random realization of the nitrogen atom,
a correlation coficient,r, of 0.18 is statistically significant at the 1 % level (Bevioigt 1969).
As shown in the Table, the error in the predicted equivaladths is strongly &ected by the
uncertainties in the oscillator strength values of theatk transition themselves and the ac-

curacy of the collisional strength values. Tables C.1 to h1&dpendix C show the results of
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Figure 5.13: The predicted equivalent width distribution.f 6482 A andt 3995 A for Tes=
19000 and 23000 K, log equal to 4.0¢, = 5 km s, and the solar nitrogen abundance. Two
hundred randomly-realized atoms were used, and the meatharsiandard deviation of the
equivalent width distributions (in mA) are shown at theetitf each panel.

the Monte Carlo simulations for the other combinations ofdo@.5, 4.0 and 4.5) ang (0.0,
5.0 and 10.0 km'S.

In order to test the accuracy of measuring the nitrogen amuees, given the above uncer-
tainties, the equivalent widths of three singlet lines af,N 3995 A, 1 4447 A andi 6482 A,
computed for selected nitrogen abundanefs,u.ti, and the unperturbed, reference atoms
were used for abundance estimations using the results dfitmee Carlomurtt simulations,
en.mc, for Teg equal to 19,000 K, 23,000 K, 25,000 K and 31,000 K. In this teistogen abun-
dances were obtained from each of the curves of growth of@Be@1dom realizations of the
nitrogen atom for the three singlet lines. Figure (5.14wvahbow the estimated abundances

based on the 200 random atomfeli from the original abundance values used in the reference
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calculations. The computed abundances represent the rhakhalmundance estimations using
all Monte Carlo simulations. Also, the uncertainties of tk&mated abundances due to inac-
curacies in the atomic data are shown as error bars in thed=ghich equal &. The figure
shows that abundances obtained using the results of the 20@eMCarlo simulations match
the original abundances, and that the expected errors estiraated nitrogen abundances due
to uncertain atomic data tend to increase with nitrogen dhnece, e.g. foffeg; = 23,000 K,
the uncertainty is-0.02 dex forey = 6.83 dex which rises ta0.11 dex forey = 8.13 dex.
The figure also shows that the estimated errors vary With At the same nitrogen abundance
such asy = 7.83 dex, the uncertainty i50.05 dex forTe; = 19,000 K, rising to+0.07 dex
for Teg = 23,000 K and then falling ta0.05 dex forTe = 29,000 K The highest error occurs
for Ter between 23,000 K and 25,000 K. This is in agreement with tiseodled behaviour of
the equivalent widths witfg;, where the maximum strengths of these lines occur at the same

temperatures (see Figure 5.6).

5.6.2 Systematic Errors

Unlike random errors, systematic errors can b@alilt to quantify. Systematic errors can
originate from many sources, such as using LTE stellar gihmeres and using fixed photoion-
ization rates. Available non-LTE stellar atmosphere medel not readily provide grids of the
mean intensity,),, as a function of optical depth, needed for calculating thet@onization
rates. On the other side, the opacity distribution functreatment of Kurucz (1979) and the
ATLAS9 code provided, over manageable grids (see Przybilla & Butler (2001) for toiaial
details). The adopted elemental abundances in the catoulatt the atmosphere models can
also be a source of error because the new elemental abuisdaiiceot be used to calculate
more accurate stellar atmospheres with this processatétatconvergence.

Another source of systematic error is the completenesseafithogen atom. Using atomic
models with only a few energy levels can result in large nd&-Effects, particularly for trace

ions because collisional coupling to the dominant contmus! artificially suppressed (Sigut
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Figure 5.14: The dierence between the estimated nitrogen abundances usiresthts of the
200 Monte Carlo simulations from the reference nitrogen danne Aey, as a function of the
reference abundanc@; is indicated in each panel and Igg= 4.0, andé; = 5 kms!. The
error bars represent the uncertainties of the estimateddaimees due to inaccuracies in the
atomic data at 2. Three lines were used 3995, 4447 and 6482).
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Table 5.10: Results of Monte Carlo Simulations for Mt logg=4.0, andé= 5.0 kms?:
average equivalent widths, W, >, and the expected errorg2

A N Texr <W;> o A €N Texr <W,> 20
(A) (K) (mA)  mA) | A (K) (mA) (mA)
3995 6.830 15000.0 3.0 0.326482 6.83 15000.0 0.1 0.01
19000.0 16.1 1.56 19000.0 1.3 0.16
23000.0 324 3.16 23000.0 53 0.74
27000.0 21.1 245 27000.0 2.8 0.57
31000.0 4.1 0.75 31000.0 -1.3  0.15
7.230 15000.0 6.6 0.66 7.23 15000.0 0.3 0.03
19000.0 30.9 253 19000.0 3.6 041
23000.0 60.6 4.68 23000.0 145 1.75
27000.0 447 4.29 27000.0 89 148
31000.0 12.7 1.87 31000.0 -0.8 0.37
7.530 15000.0 11.4 1.04 7.53 15000.0 0.6 0.07
19000.0 46.6 3.34 19000.0 7.1 0.76
23000.0 87.4 5.56 23000.0 28.0 2.98
27000.0 70.7 5.55 27000.0 19.8 2.79
31000.0 26.1 3.24 31000.0 1.4 0.86
7.830 15000.0 185 1.503 7.83 15000.0 1.2 0.14
19000.0 66.1 4.19 19000.0 13.2 1.32
23000.0 1169 6.28 23000.0 48.7 4.46
27000.0 101.4 6.42 27000.0 39.6 4.60
31000.0 47.2 4.78 31000.0 74 1.87
8.130 15000.0 286 214 8.13 15000.0 24 0.26
19000.0 89.4 5.12 19000.0 23.0 211
23000.0 149.0 7.08 23000.0 76.6 5.98
27000.0 1344 7.0% 27000.0 695 6.54
31000.0 74.7 5.99 31000.0 20.7 3.54
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Table 5.11: Results of Monte Carlo Simulations fon bt logg=4.0,&= 5.0 kms?, and solar
nitrogen abundancey yar = 7.83): Correlation Cofficients

A Te Perturbed Transition Category r
(A) (K)
3995 19000 9 — 16 (2p3stP° -2p 3p D) rbb 0.988
37 - 55 (2p4flF -2p 5d 1D°) cbb -0.271
28 —» 35 (2p4p?®P -2p 4d 3D°) cbb 0.235
9 —» 16 (2p3s'P° -2p3p D) stk 0.222
94 — 104 (2°2p?P°Nm -2°3d2DNm) cbb 0.221
23000 9 — 16 (2p3stP° -2p3p D) rbb 0.983
37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.270
28 —» 35 (2p4p°P -2p 4d 3D°) cbb 0.234
94 — 104 (2%2p?%P°Nm -28°3d2DNm) cbb 0.228
8 — 49 (2p3s3P° -2p 5p D) cbb -0.223
270000 9 — 16 (2p3sTP° -2p3p D) rbb 0.967
37 — 55 (p4flF -2p 5d 1DO°) cbb -0.265
94 — 104 (2°2p?P°Nm -25°3d2°DNm) chb 0.234
8 — 49 (2p3s3P° -2p 5p 3D) cbb -0.231
28 — 35 (2p4p°P -2p 4d 3D°) cbb 0.225
6482 19000 9 — 11 (2p3stP° -2p 3p 'P) rbb 0.988
14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.244
55 — 94 (2p5d?!D° -2 2p?P° Nm) cbf 0.227
47 — 77 (2p5s'P° -2p 6p 1P) rbb -0.219
56 — 94 (2p5d3D° 282 2p2P° Nm) cbf -0.218
23000 ° 9 - 11 (p3stp° -2p3p IP) rbb 0.969
14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.251
55 — 94 (2p5d?!D° -2 2p2P° Nmr) cbf 0.231
47 — 77 (2p5s'P° -2p 6p 1P) rbb -0.210
56 — 80 (2p5d?3D° -2p 6p 3P) stk -0.210
27000 9 — 11 (2p3stP° -2p3pP) rbb 0.910
14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.252
55 — 94 (2p5d!D° -2 2p2P° Nm) cbf 0.225
20 —» 43 (2p3d°D° -2p 4f 3D) rbb -0.216
56 — 80 (2p5d?3D° -2p 6p 3P) stk -0.213

Notes: All correlation cofficients are statistically significant to less than 1% leved &tk”
refers to variation of the stark width of the radiative tiitiog.
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Figure 5.15: The change in the predicted equivalent widths3995 A andi 6482 A with an
increasing number of levels in the nitrogen atoriTgat= 23,000 K, logg = 4.0,& = 5 kms?,
and solar nitrogen abundance.

, 1996). On the other hand, adding too many levels beyondtaicdimit can be a source of
error, especially highly excited levels with large statistweights. Adding such levels can be
unrealistic because the electrons in these levels can lilg pagurbed and detached by the
ions in the close neighbourhood (Hummer & Mihalas, 1988).

In order to investigate this issue, the non-LTE line formatcalculation was performed
for nitrogen atoms of dierent number of M levels plus the lowest 12 LS states ofiNand
the ground state of W. Figure (5.15) panels (a) and (b) shows the change of theaistd
non-LTE equivalent widths ot 3995 andil 6482, respectively, as the number of levels in the
N atom is increased. As shown in the figure, the non-LTE enhmaneof the lines decreases
as the number of N levels is increased, but th&ect is not large. The small discontinuity near
the level 100 occurs because of the addition of a composigt lepresenting-a 6 and¢ > 4:
this composite level has-g332 and includes many radiative transitions to other lev&digling
this level, which has high statistical weight, leads to alsdecrease in the predicted non-LTE
equivalent width byx 4% and 8% for the Nt 3995 and 6482 A lines, respectively. Then the
predicted equivalent width changes slowly with the additd the n=7 levels. Consequently,
constructing a nitrogen atom of the lowest ninety-three tafes of N plus the lowest twelve

LS states of Nt and the Niv ground energy state, was a suitable choice.
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The uncertainties in the collision strengths for alloweahsitions used in the nitrogen atom
estimated using the impact parameter approximation ob8€a062) can be another source of
systematic error. However, Sigut & Lester (1996) showetlttiecollision strengths calculated
using the impact parameters are indeed within a factor ofé&ofirateR-matrix with no clear
systematic trend. The expected uncertainty due to randmrsen the collision strengths have

been discussed earlier in section (5.6).



Chapter 6

Non-LTE Calculation for He 1

6.1 Introduction

Helium is the second most abundant element in the univeitee hydrogen, and it is one of the
very few atoms that were formed shortly after the big bangr@la% Ostlie, 2007). The solar
value of the helium abundance is equal to 10.93 dex (Grewtsde 2010). Stars are expected
to undergo many physical phenomena which alter their caignelium abundances. Conse-
guently, accurate estimations of helium abundances arertar tests of current theoretical

models of the evolution of stars and current cosmologicalem

Helium absorption lines represent very prominent featurese spectra of OB stars. The
strengths of many of the helium lines in the spectra of massiars are indicators of their
effective temperatures and gravities (e.gerRat et al. (2005); Levenhagen & Leister (2006)).
However, the strengths of synthetic helium profiles usedfactral analysis are also depen-
dent on the value of the helium abundance adopted in thelatitmu Even though changing
the helium abundance doesnftfect the background ionizing radiation in the atmospheres of
B-type stars (except in the far UV), iffacts the stellar opacity (Auer & Mihalas, 1973). Con-
sequently, non-LTE line calculations for helium have bdengubject of many previous works
(Norris (1971); Auer (1973); Dufton & McKeith (1980); LeodeLanzafame (1998); Przy-
billa (2005)). These works progressively aimed to reachhibbest possible accuracy for the

helium line transfer problem in order to match observedsliard to investigate how the de-

87
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parture from local thermodynamic equilibriunffects the helium lines. However, many of
the previous helium line calculations were not able to catgty reproduce observed profiles.
These discrepancies could be attributed to errors in threiatata, especially in the collisional
strengths and photoionization cross-sections, to theaushgnblanketed stellar atmospheres,
andor to errors in the broadening theory used in the calculaiidhe lines profiles (Leone &
Lanzafame, 1998, Jaschek et al., 1994), especially of thediden components of many of the
helium lines such as 4471 A, and 4026 A (Auer & Mihalas, 1978)addition, massive stars
have high rotational velocities that can result in stromg Iblending, which can significantly
affect the measured equivalent widths of the observed helies.liSuch line blending might
also contribute to the observed discrepancies betweemtireadent widths of the observed he-
lium lines and the theoretically computed values in manyhefgirevious works (e.g. Jaschek
et al. (1994); Leone & Lanzafame (1998)).

Results of previous calculations show that blue helium |imgth wavelength equal to or
less than 4026 A, are not sensitive to departures from LTHewtiose with longer wavelengths
can show significant departures from LTE, with the non-LTie& increasing with wavelength
(Auer & Mihalas (1973); Dufton & McKeith (1980)). An exampig the Ha 10830 A tran-
sition which hadw < kT. Consequently, its line source function is sensitive toatams in
the departure cdicients of the upper and lower levels (Przybilla, 2005). Tefisct will be

discussed later in this chapter.

6.2 Previous works

Norris (1971) performed one of the earliest line calculadifor the helium atom. This work
aimed to get estimates of the helium abundances for a sarhpighi B-type stars. For this
purpose, grids of LTE line profiles for 11 Hénes (from 4009 through tol 6678 A) were

computed. The LTE approach was adopted because previalisdsghowed that non-LTE ef-

fects cause changes in the computed equivalent widths yHaa 10 %. Departure from LTE



6.2. REVIOUS WORKS 89

causes changes in the line cores, while the line wings, wioich deeper in the atmosphere,
are formed under LTE conditions. Consequently, lines withrgg wings are expected to show

smaller changes, compared with lines with weak wings, sadhea 1 6678 A.

The work of Auer & Mihalas (1973) is one of the earliest and tesgensive non-LTE line
calculations of He lines over stellar parameters suitable for B-type stars.his $tudy, the
stellar atmospheres were also computed assuming non-b&Edrmation, assuming radiative
and hydrostatic equilibrium. For this purpose, a hydrogemacomposed of 10 levels, where
the lowest 5 levels were allowed to depart from LTE, was uséde line transitions were
allowed to depart from LTE: H, HB, Pa, P8 and Bx. Also, a helium atom consisting of the
Her ground state and an excited level, and two continua, thengrstates of He and Her,
was used. A helium abundance of 0.1 relative to hydrogen asisnaed. The CNO elements
were represented by a single light element with a total abooe of 115 x 1072 relative to
hydrogen. UV line-blanketing were ignored, which is onelw problems of early non-LTE
calculations. Model atmospheres were computed fpibetween 15,000 and 27,500 and ¢pg

between 2.5 and 4.5.

For the He line formation calculations, a helium atom withelsn < 10 was used. For
n < 4 the individual LS states were treated explicitly, while fo> 4 states of the samgin
each spin system were represented with a single level, hétlsinglet and triplet spin systems
treated separately. The states with< 4 were allowed to depart from LTE. The radiative
transitions between singlets with< 4 were included in the linearization procedure, except for
resonance transitions from= 1 which were kept in detailed balance. The line profiles were
calculated assuming pure thermal, Doppler profiles. A fdrsadution was then done with
the line profiles represented by a Voigt profile, with a cortelee broadening theory. The

calculations were computed for He abundances of 0.05, ;Md®&0 (relative to hydrogen,
NHe/NH)-

Auer & Mihalas (1973) showed that non-LTE departures caosalshanges in the com-

puted helium equivalent widths, less than 10 %, for the Iblee lines with the exception of the
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Her 1 3889 A, which shares the same lower energy level as thelB&30 A (the metastable
state 23S, which undergoes strong non-LTE departure). The equivatatths of the He lines
with wavelengths between 4026 and 5047 A change by only 10 %rgdr changes for He
lines with longer wavelengths, up t0 70 % for1 6678 A andl 7281 andv 30 % for1 5876

A. Some lines were went into emission at higfigr or lower logg, such as Hel 10830 A.

The work of Dufton & McKeith (1980) aimed to compute a grid affE and non-LTE line
profiles for three UV Helines: A 2829,1 2945 andt 3187 A, overT; values between 15,000
K and 27,500 K. For this study, non-LTE line calculations g/performed for a helium atom
which was the same as used by Auer & Mihalas (1973) but wittatgzblatomic data, i.e. new
photoionization cross-sections and collision excitaittengths. Non-LTE model atmospheres
were again computed assuming plane-parallel atmospherasliative and hydrostatic equi-
librium. The lowest five states of hydrogen and the grounestaf Ha and Her were allowed
to depart from LTE, and the CNO elements were represented bynaasite element with an
abundance representing an average abundance. The hediomwas constructed with 15 lev-
els: the ground state, the lowest 14 triplet LS states with6 and( < 2, and the ground state
of Heu. There were 45 allowed radiative transitions in total, 2theim withA < 2um. Only 12
of them were included in the linearization procedure, chasérave significant-values and to
be related to the levels of the studied UV lines. Results shawag non-LTE weakening of the
three lines that increased unfily ~ 20,500 K. Comparison with observed equivalent widths
show that the computed non-LTE equivalent widths ofi H&2829 A line was in acceptable
agreement with observation. However, there is higher daicey in the measured equivalent
widths in the UV due to uncertainties in determining the canim level of the spectra and the
background count rates. The measured equivalent widtheofti2945 A lies between their
LTE and non-LTE results , while the measured equivalentheidif 1 3187 A lie close to their
LTE values. In general, the accuracy of the atomic data,ithiégeld computational tools, and
uncertainties in the measured equivalent widths repredesignificant sources of errors in the

results of the study.
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The work of Husfeld et al. (1989) represents another advaroéin solving the non-LTE
problem of Ha, with more levels and transitions included in the linear@a process, with
updated atomic data. However, most of the details of thikwolt not be discussed, because
itis not related to the topic of the current work. The work efdne & Lanzafame (1998) is one
of the most extensive non-LTE line calculations for therldsing updated atomic data. They
solved the non-LTE line calculations of iHesing the ATLASY, line-blanketed, LTE, stellar
atmospheres of Kurucz (1993a), treating helium as a tr@eeasit. This is good approximation
because changing the He abundance in the stellar atmospitiaret significantly change the
background photoionizing radiation field. The calculasiamere performed using theurtr
code, where all energy levels with principle quantum nungagisfyingn < 5 were included
in the calculations. This work presented grids of non-LTHieglent widths of helium lines
over temperatures and gravities grids suitable for B-typesstHowever, they were not able
to match observed helium equivalent widths using Stark lvgidtom Dimitrijevic & Sahal-
Bréchot (1990). In order to overcome this problem, they madenapirical correction to the
Lorentzian broadening parameter, i.e Stark width, uselddmbn-LTE calculation to match the
observed equivalent widths of main-sequence stars (Leohar&afame, 1997). This is not
explicitly mentioned in Leone & Lanzafame (1998), but suggutly they did the same. Their

results are discussed in a more detailed way later in Se6ttn

Finally, the recent work of Przybilla (2005) aimed to conguobn-LTE grids of the equiv-
alent width of Ha 1 10830 A, a multiplet that is very sensitive to departuresnfidTE, as
mentioned before. All previous works failed to match theeslisd equivalent widths of this
multiplet (Auer & Mihalas (1973); Leone & Lanzafame (1998Przybilla (2005) adopted
an extended version of the helium atom of Husfeld et al. (1989l LS states withn < 5
where included explicitly, and the atom was updated withuestte and recent atomic data.
(The adopted atomic data in this work is almost the same aattmic data used in the cur-
rent calculations; This will be discussed in the next sectidlso, they adopted the ATLAS9,

line-blanketed, LTE, stellar atmospheres of Kurucz (1998esults show better agreement
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Figure 6.1: He Grotrian diagram showing the singlet and triplet spin syste

between the computed non-LTE equivalent widths and obBeng and this will be discussed

later in Section (6.4).

6.3 Her Atomic data

In the current non-LTE line calculation for Hethe atom was constructed consisting of the
lowest 103 He states (corresponding to< 10) and the ground state of e The energies
were taken from Morton et al. (2006), available through Ni&tabase, and are shown in
Figure (6.1). The energies, statistical weights, confijoing, and the threshold wavelength of
ionization of the lowest 15 LS states of Hand the ground state of hkeare listed in Table
(6.1). All allowed, bound-bound, radiative transitiongiwi-values equal to or greater than
0.001 were included, giving a total of 427 transitions. Tkeilkator strengths of the radiative
transitions were taken from Drake (2006), which is also latsée through NIST database.
The atomic data of the multiplets of interest are shown inld46.2). The photoionization
cross-sections were taken from the Opacity Project (Feretiel., 1987), available from the

TOPBASE database (Cunto et al., 1993). For tha legels which have no data available
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Table 6.1: Atomic data for the lowest 15 LS states ofitdad the ground state of He

n  Energy em™?) g Amres(A) configuration
1 0000 10 5043 KIS (He)
2 159855974 30 2600.3 2°S

3 166277440 10 3121.8 3'sS

4 169086910 90 3421.9 D3P°
5
6
7
8

171134897 30 3679.7 DIp°
183236792 30 6634.0 33S
184864829 10 10575 31S
185564602 90 7437.2 P3P°
9 186101556 150 7845.6 & °3D
10 186104067 50 8190.6 & 'D
11 18620865 30 81929 P IP°
12 190298113 30 8263.6 4°S
13 1909426 10 12480.4 4'S
14 191217057 90 13567.7 4°3P°
15 191444485 150 14097.2 4°D

104 198310666 20 227.8 k2SS (Hen)

in the Opacity Project, the photoionization cross-sectibthe threshold wavelength of these
levels were computed using the Coulomb approximatiaR, and then the photoionization

cross-sections for shorter wavelengths were computed asinydrogen approximation,

3
O = O * (%h) . (6.1)
Thermally averaged collisional strengths of excitationraveaken from many sources.
Firstly, all collisional strengths available in Sawey & Bagton (1993) were adopted in this
calculation. Sawey & Berrington (1993) performed a 29-sidmatrix calculation for Hein
order to compute the collisional strengths for transitibesveen the lowest 19 LS states of
He1 for electron temperatures between 5,000 and 30,000 K. Theys& Berrington (1993)
data represents the most accurate collisional strengilableafor Her (Bray et al., 2000). Sec-
ondly, the collisional strength values of Bray et al. (200@y&vadopted for the other transitions

not given in Sawey & Berrington (1993). Bray et al. (2000) coteplucollision strengths us-
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Table 6.2: Atomic data for the Hamultiplets of interest

AA) g g A Transition Multiplet Stark Widths (A)

Number Te=1.0E4K ,3.0E4K

447148 5 3 6.828° 2p3P° - 4d°D(15-4) 14 2.678 2.057

447148 5 5 6.14#°

447148 5 7 2.4587

447148 3 3 1.0247

447148 3 5 1.84%7

447168 1 3 1.36%7

6678.15 3 5 6.3707 2plP° > 3d'D (5-10) 46 9771 879"

Note: Stark widths were cal culated assuming electron number density of 1.0 cm3

ing the convergent, close coupling approximation (CCA) thelided a frozen-core model for
transitions from the ground state and the first and seconiteextates up to higher LS states
with n < 5. This procedure has the advantage over the R-matrix teedmigthat it can be
used to calculate collisional strengths for very high plagemperatures. Many of Sawey &
Berrington (1993) collisional strengths did not convergligh temperatures due to the poor
convergence of the R-matrix method. Consequently, they geohvino collisional strength val-
ues in these cases. In order to get the values for these gisslirsional strengths, the values
of Bray et al. (2000) for the same transitions were intergaland scaled to the data points
of Sawey & Berrington (1993), if available. Neverthelesg, #lccuracy of the CCA collisional
strengths calculated at low temperatures near the thisinergy is less than those computed
using the R-matrix method due to the lack of #iently by fine energy grid.

The collisional strengths for all remaining allowed traiosis were obtained following the
impact parameter approximation of Seaton (1962), and thisiooal strengths of radiatively
forbidden transitions were kept constant at 0.1. The ¢oilel strengths of ionization of the
Hei LS states were calculated the numerical procedure of S¢a9@2).

The Stark widths due to collision with electrons were coregutising the approximate
formula of Dimitrijevic & Konjevi¢ (1986). Table (6.3) shows the average ratios of these the-

oretically calculated Stark widths to experimentally measd values obtained by Konjévet
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Table 6.3: Average ratios of theoretically calculatedisteidths to experimental measured val-
ues from Konjewt et al. (2002) over a number of transitions fofféient temperatures. DK86
refers to DimitrijevE & Konjevic (1986) and DS90 refers to Dimitrijevi& Sahal-Bechot
(1990).

Temperature (%heo/)’exp)av

(K) (DK86) (DS90)
20000 1117 0.717
22000 1.126  0.703
25000 1.152  0.679
30000 1.116  0.711
35000 1.312  0.803
40000 1.220 0.763

al. (2002). The average ratios of theoretically calcul&@éatk widths results of Dimitrijeg

& Sahal-Bechot (1990) to experimental measured values are also givie table for com-
parison. The table shows that our computed Stark widths atedfollowing Dimitrijevic &
Konjevic (1986) are a factor of 2 higher than those of Dimitrije@i& Sahal-Bechot (1990).
They are also somewhat higher than the experimentally medswalues of Konjew et al.
(2002), but they are closer to the observations than thodeinoftrijevic & Sahal-BEchot
(1990). Figure (6.2) shows the ratios of the theoreticadlgelated Stark widths to experimen-
tal measured values versus th&eetive quantum number of the upper level of the radiative

transitions forT, = 25, 000K.

*Oddly, Dimitrijevic & Sahal-Bechot (1990) did not cite their previous work, Dimitrijev& Konjevic
(1986).
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Figure 6.2: Ratios of theoretically calculated Stark widtlsnputed using the approximate
formula of Dimitrijevic & Konjevi¢ (1986) to experimentally measured values from Korgjevi
et al. (2002) versus thdfective quantum number of the upper LS state of the transitjblue
circles) atTe = 25,000 K. The ratios of theoretically calculated stark width®onitrijevi ¢ &
Sahal-Bechot (1990) to the experimentally measured are shown fopadison (red squares).
Arrows point to the average ratios of each technique. Theeathsnes represent a factor of

two uncertainty.



6.4. CiLcurarioN Grip oF HE1 Atom 97
6.4 Calculation Grid of He1 Atom

The non-LTE line formation calculation for Havas performed using theurrt code v.2 of
Carlsson (1992). Grids of the non-LTE equivalent widths ané profiles for thet 4471 and
16678 A were obtained ovéiy and logg) ranges suitable for B-type stars. The calculations
were carried out over nine selectég between 15,000 K and 31,000 K, Iggqual to 3.5, 4.0
and 4.5 dex, and microturbulence velocities of 0, 5 and 10Rkmfssolar helium abundance of
10.93 dex was adopted (Grevesse et al., 2010). Similar todhd TE line calculation for M
atom, ATLAS9 LTE, line blanketed atmospheres were usedi®icalculations, and provided

not only T (r) andNg(7), but also the photoionizing mean intensily(r).

6.4.1 lonization Balances and Departure Cd#icients

Figure (6.3) shows the predicted LTE and non-LTE ionizabalances of Heand Hei, for Teg
of 15,000 K, 23,000 K and 29,000 K, lgg= 4.0, andt; =5.0 kms?. At T of 15,000 K, Ha
represents the dominant ionization stage in the line faomaegion, and there is no significant
deviation from LTE due to the lack of a strong and non-locail-hd E photoionizing radiation
field. Figure (6.4) shows the radiation temperature of thet@bnizing mean intensity at
the threshold wavelength for the lowest ten LS states of #dtem for Te; of 15,000 K and
23,000 K. The figure shows where the radiation temperatutbefphotoionizing radiation
field is hotter than the local electron temperature, i.eicaply thin. At Tz =15,000 K, the
photoionizing radiation field of the ground state is almq#ically thick throughout the entire
atmosphere, while photoionizing radiation field of the ftcsthe fifth excited states becomes
optically thin deeper in the stellar atmosphere. Howeuesueh lowT, the populations of the
excited states are so small compared with that of the grotate that no significant deviation
from the predicted LTE ionization balance is possible.

Her is the dominant helium ionization stage fogz < 19 000K, and then Ha starts

to dominate for highef;, as shown in Figure (6.4). Fdig =23,000 K, the behaviour of
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Figure 6.3: The ionization balance of Hand Heu, panels ((a)) and ((b)) respectively, as func-
tion of T5000 for threeT¢; of 15,000, 23,000 and 29,000 K, lgg= 4.0 and¢; =5.0 kms?. The
circles represent the predicted non-LTE ionization baéanand the solid lines represent the
predicted LTE ionization balance computed using Saha exuat the local electron tempera-
ture and number density.

the radiation temperature of the photoionizing radiati@hdfis similar to that of the lower
Ter. However, at these high temperatures, the population diitfteer excited states are larger
and overionization of these levels leads to a lower ldaization balance, compared with the
corresponding LTE values, fagoo £ —4. Such decrease in the ionization balance of ide
accompanied by an increase of the ionization balance of ¢tenpared with its LTE values.
The deviation of the ionization balance of Hand Hen from the corresponding LTE values
becomes stronger and goes deeper at higher

Figure (6.5) shows the departure foments of the lowest 15 LS states of Hand the
ground state of He as a function ofrsggg for Tes of 15,000, 21,000, 25,000 and 29,000 K
(assuming log = 40& & = 5.0 kms?). At Te = 15,000 K, there is no departure from LTE
of the ground state of Hehrough the entire photosphere. This is in agreement weHdbal
nature of the photoionizing radiation field (see Figure 6@n the other side, there is a slight
underpopulation of the ground state of iHbetweerr 0 and -4 in logrsgoe, Which associated
with overpopulation of Heexcited states. The maximum overpopulation of low LS stafes

Her and maximum underpopulation of the higround state occurs at laggy ~ —-2.5. At
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Figure 6.4: Panels (a) and (b) shdwg of the photoionizing radiation at the threshold wave-
length for the lowest 10 LS states of the H#om as a function ofsgg for Teg of 15,000 K
and 31,000 K respectively (lap= 4.0 andé, =5.0 kms?). The blue solid line represent the
local electron temperate as a functionredoo.

logTse00 & —4, all Her excited states become optically thin and show underpapualaand
there is an overpopulation of the ground state ofikiéhich increases outward. The observed
behaviour at higherfeective temperatures can be interpreted in a similar wayo ,Ale ground
state starts to underpopulate high in the atmospheresdggr -4.0 for T = 21,000K, where
the underpopulation of the ground state starts deeper iatthesphere as the photoionizing
radiation field of the ground starts becomes optically thitaeger logrseg vValues, as seen in

Figure (6.4).

6.4.2 Equivalent Widths

The computed grids of the non-LTE equivalent widths and tfaios relative to the LTE values
of Her 1 4471 A anda 6678 A are listed in Table (6.4). The current results show lihas
with wavelengths equal to or less than 5074 A show slight IdBB-strengthening, less than
10 %, forTes < 25,000 K, similar to the observed behaviour of theiHe4471 A listed in
the table. This behaviour agrees with the results of Auer &alas (1973) and Dufton &

McKeith (1980). However, departure from LTE becomes morpadrtant for higher #ective
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Figure 6.5: The non-LTE departure dbeients of the lowest 15 LS states of Hplus the
ground level of Her (state number 104 represented by the green line) as a fanatithe
optical depth aff; of 15000, 19000, 23000, and 29000 K, pg 4.0,& =5 km st and solar
abundance.

temperatures. The Hel 5074 A transition shows stronger non-LTE strengtheningvben
10 and 20 %, foffr < 25,000 K, and then it shows stronger non-LTE changes fordnig.
Helium transitions with longer wavelengths show strong-h®k effects over all &ective

temperatures, similar to the observed behaviour 878 A listed in Table (6.4).

Figure (6.6) and (6.7) show the computed non-LTE equivaladths for six He lines: A
6678,1 7281,1 7065,1 5047,1 5015 andl 4471 A, as a function offéective temperature for
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a microturbulent velocity of 0 knT$ and gravities of 3.5, 4.0 and 4.5 dex. For comparison, the
calculations of Leone & Lanzafame (1998) are also showne@®esl equivalent widths for the
Her1 lines were taken from number of previous works that studi¢iéient samples over the
whole spectral range of B-type stars: Leone & Lanzafame (), 2@®ne & Lanzafame (1997),

Wolftf & Heasley (1982), and Gies & Lambert (1992).

Compared to Leone & Lanzafame (1998), the non-LTE equivaladths of most of the
Her lines agree well at lowerfiective temperatures; 20,000 K, but the agreement at higher
effective temperatures is not good. There are some exceptiwnbler A 7065.0 A line shows
better agreement at higher temperatures. Also, our commgeivalent widths are generally
higher than those of Leone & Lanzafame (1998). Thefferinces could be due tofidirences
in the atomic data, especially the Stark broadening cotssteathey adopted the calculations of
Dimitrijevi¢ & Sahal-Bechot (1990) while the procedure of Dimitrijév& Konjevic (1986)
was adopted in the current calculation. Both calculationthefStark broadening constants
differ significantly, as mentioned in section (6.3). In additithe previous work of Leone &
Lanzafame (1997) noted that the computed helium line peoflid not match the observed
equivalent widths for main-sequence B-type stars. Theingation seemed to underestimate
the equivalent widths, similar to the results of Auer & Miagal(1973) and Dufton & McKeith
(1980). In order to overcome this problem, Leone & Lanzaféh®97) empirically corrected
their Stark broadening constants to match the observedaqnot widths of main-sequence
B-type stars. Consequently, they were able to match the addeguivalent widths only in
an ad-hoc way. On the other hand, our calculations were do@econsistent way without
adopting such ad-hoc relation and we find acceptable agraemith the measured equivalent

widths, in most cases, as shown in figures (6.6) and (6.7).

Also, Figures (6.6) and (6.7) show that the computed non-gg&valent widths increase
only slightly with decreasing of gravity for loweffective temperaturesg, 20,000 K, but then,
increase strongly with gravity for higher temperaturesmiost cases. It is important to note

that part of the discrepancies between the observed eqoivaidths and the computed ones
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Figure 6.6: The computed non-LTE equivalent widths of the Hé678,1 7281,1 7065 and
15047 A lines, as a function offective temperature faf =0.0 kms* (solid lines), where
the diferent colours representftrent gravities: red (log = 3.5), blue (logg = 4.0) and
black (logg = 4.5). The results of Leone & Lanzafame (1998) are added as ddisies. The
blue open circles represent measured equivalent widths\Wolftf & Heasley (1982); the open
triangles represent measured equivalent widths from theysif Gies & Lambert (1992); open
inverted triangles represent measured equivalent widtims £eone & Lanzafame (1997); the
crosses represent measured equivalent widths from thg efuceone & Lanzafame (1998).
The error bars omurr results for logy = 4.0 represents the uncertainty in the computed
equivalent widths due to errors in the atomic dataa® discussed in Section (6.5).

may reflect errors in the estimatetfextive temperatures for the stars that were included in

these studies. Also, errors in the measured equivalenhsvidite to errors in continuum nor-
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Figure 6.7: The same as Figure (6.6), but for tha 6015 A and1 4471 A lines.

malization and line blends could be another source of uaiceyt(Jaschek et al. (1994); Leone
& Lanzafame (1998)), due to their higher rotational veliesit B-type stars are rapid rotators
with average projected rotational velocity (véirof ~ 100kms?! (Braganca, G. A., 2012).

In addition, inclusion of He-weak ajm He-strong stars in the sample could contribute to the

observed discrepancies between theory and observations.

The computed non-LTE equivalent width of H&10830 A is shown in Figure (6.8). This
line is an important indicator of the accuracy of aiHiee calculation because it is very sen-
sitive to departures from LTE. This line hliss << kT and its line source function is very
sensitive to the departure diieients of its upper and lower levels (Przybilla, 2005). Rves
studies like Auer & Mihalas (1973) and Leone & Lanzafame @)9iled to reproduce the
measured equivalent width of this line due to errors in tloenét data. Figure (6.8) compares
the current results to Przybilla (2005) and the results afriee& Lanzafame (1998). This
figure shows that the results of Leone & Lanzafame (1998)aver than the observed equiv-
alent widths of this line and their calculations show strengssion for &ective temperatures
higher than~ 22,000 K. On the other hand, the current results and thosezgbMa (2005)
present a much better matching to the observed equivalethsvi However, the current re-

sults do not show such strong emission at the higiaciive temperatures as seen in Przybilla
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Figure 6.8: The computed non-LTE equivalent width of the #&0830 A line for logg= 4.0
and microturbulent velocities of 0 kms(thin red line) and 10 km$ (bold red line). The
error bars show the uncertainties of the computed equitalieiths due to errors in the atomic
data. The thin black and bold black lines represent the coedpoon-LTE equivalent widths
of Przybilla (2005) for logy= 4.0 and microturbulent velocities of 0 and 8 km,gespectively.
The blue lines represent the results of Leone & Lanzafam@3)L&r logg= 4.0 andé = 0
kms1. Open and solid circles represent measured equivalenhsvaftthis lines Leone et al.
(1995) and Lennon & Dufton (1989), respectively.

(2005). Such dferences may be attributed tdterences in the atomic data, especially the col-
lisional strengths of excitation and ionization and the pgang constants. In the current work,
the procedure of Seaton (1962) was used to compute theiandisstrengths of ionization,
while they adopted the procedure of Mihalas & Stone (19680 APrzybilla (2005) followed
the theory of Allen (1973) to compute the line broadening. teother hand, they adopted
the energies of the helium LS states, the photoionizatioeszsections and thevalues of the
bound-bound radiative transitions from the same sourcelBeasurrent calculation. Finally,
the diferent codes used to perform the calculations: Przybill@%20sed DETAIL and SUR-
FACE (Giddings, 1981, Butler & Giddings, 1985). Finally, itoad be noted that the current

results and those of Przybilla (2005) agree within the exstimates of the current calculations

as discussed in the next section.



Table 6.4:murt results for Ha 1 4471 andl 6678 A (Equivalent widthsy,, are in mA)

14471 A 16678 A

Terr, lOgg &=0kmst? é=5kms? £=10kms? é=0kms? &=5kmst £=10kms1?

W, WW, W, W/W, W, WW, | W, WW.| W, WW, W, WW,
15000, 3.5 883.2 1.07] 903.8 1.08| 951.1 1.09| 410.4 1.51| 449.4 1.55| 535.2 1.62
17000, 3.5/ 1100.3 1.05| 1124.2 1.05| 1180.7 1.07| 594.4 1.37| 645.3 1.42] 762.1 1.50
19000, 3.5 1119.6 1.03| 1143.2 1.03| 1200.2 1.05| 679.3 1.29| 732.5 1.33] 857.9 1.41
21000, 3.5| 1013.5 1.05| 1035.8 1.05| 1091.0 1.07] 679.2 1.30] 730.3 1.34] 852.7 141
23000, 3.5 891.9 1.10| 913.2 1.10| 966.3 1.11| 658.6 1.38| 706.9 1.42] 824.1 1.48
25000, 3.5 797.8 1.17] 818.0 1.17] 869.1 1.18| 639.3 1.50| 684.9 1.53] 796.7 1.59
27000, 3.5| 725.6 1.26| 744.7 1.26] 793.8 1.27| 631.3 1.62| 674.3 1.65| 781.1 1.70
29000, 3.5/ 653.2 1.46] 671.7 1.46] 719.6 1.46| 641.9 1.85| 682.7 1.87| 785.2 1.90
31000, 3.5| 576.1 1.83] 594.3 1.83] 641.8 1.82| 646.2 2.25| 684.9 2.26| 783.5 2.28
15000, 4.0 972.5 1.07| 988.0 1.07| 1022.9 1.08 367.3 1.46| 395.7 1.49| 457.6 1.54
17000, 4.0| 1328.1 1.05| 1348.3 1.06| 1394.6 1.07| 592.3 1.36| 633.8 1.40] 728.7 1.46
19000, 4.0| 1477.4 1.03| 1498.2 1.04| 1547.4 1.05| 747.4 1.27| 793.6 1.30] 902.4 1.37
21000, 4.0| 1415.7 1.03 1435.4 1.04| 1482.9 1.05| 786.3 1.25| 832.0 1.28] 9414 1.34
23000, 4.0| 1268.5 1.06| 1286.9 1.06| 1332.2 1.07| 766.5 1.29| 810.0 1.32| 9154 1.37
25000, 4.0| 1132.7 1.10] 1149.9 1.10] 1193.3 1.11} 738.3 1.38| 779.4 1.41] 880.1 1.46
27000, 4.0 1035.4 1.15| 1051.7 1.15| 1093.0 1.16| 718.2 1.48] 756.9 1.50] 852.9 1.55
29000, 4.0 959.2 1.22| 9745 1.23] 1013.9 1.23 712.2 1.59| 748.7 1.61] 840.3 1.65
31000, 4.0 885.7 1.38] 900.3 1.38] 938.3 1.38] 719.0 1.80| 753.4 1.81] 840.7 1.85
15000, 4.5| 1034.1 1.06| 1045.1 1.06| 1069.0 1.06| 320.8 1.37| 3394 1.39] 379.6 1.42
17000, 4.5| 1527.2 1.05| 1543.7 1.05| 1580.1 1.06| 574.6 1.32| 605.9 1.34] 677.0 1.39
19000, 4.5| 1840.8 1.04| 1859.5 1.04| 1901.8 1.05| 800.7 1.25| 838.6 1.27] 927.5 1.32
21000, 4.5| 1883.9 1.03| 1902.1 1.03 1944.2 1.04| 907.8 1.21] 947.2 1.23] 1041.0 1.27
23000, 4.5| 1742.5 1.03| 1759.2 1.04| 1799.2 1.04| 905.7 1.21] 943.8 1.23| 1035.8 1.28
25000, 4.5| 1561.3 1.06| 1576.6 1.06| 1614.1 1.06| 868.9 1.27| 905.0 1.29| 993.2 1.33
27000, 4.5| 1414.4 1.09| 1428.6 1.09 1464.0 1.10 835.1 1.34| 869.0 1.36] 953.2 1.40
29000, 4.5| 1302.7 1.13 1315.8 1.13 1349.1 1.14| 812.0 1.42| 843.9 1.44| 923.8 1.48
31000, 4.5| 1206.7 1.21] 1218.9 1.21) 1250.4 1.22| 802.0 1.56| 832.0 1.57] 907.7 1.61
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6.5 The Accuracy of the Predicted non-LTE Equivalent Widths

Uncertainties in the computed equivalent widths due torsriro the atomic data included in
the helium atom model were obtained following the Monte Garborr analysis as the N
non-LTE line calculations in Subsection (5.6). For thislgsia, 150 random realizations of
the helium atom were generated with the atomic data changbthwhe same uncertainties as
those of the Ni atom (see Table (5.9)).

The analysis was performed for fivéective temperatures between 15,000 K and 31,000
K with a step of 2000 K, and three gravities equal to 3.5, 4@ 45. All calculations were
performed for a microturbulence of 5.0 kmtsand the solar helium abundance. The average
values of the computed equivalent widths and their disperare listed in Table (6.5), where
the uncertainty in the computed equivalent width due torsrirothe atomic data is set equal to
twice the standard deviation. The uncertainties are shanarrar bars in Figures (6.6), (6.7)
and (6.8). The predicted uncertainties for the computedvabpnt widths of the He 1 4471,
A1 5015,1 5047, 6678,4 7065 andl 7281 A lie between 10 and 20 %. However, for the
Her 110830 A , the uncertainty is much high due to the higher seitgifor non-LTE effects
which increases witfig;. In general, the uncertainties of the non-LTE equivaleuitis of Hea
lines due to errors in atomic data are larger than those oNthdines, reflecting the higher

sensitivity of the former for variations in the atomic data.



Table 6.5: Results of Monte-Carlaurrt analysis for selected Helines até, =5 kms* (Equivalent widthsW,, are in mA and the
uncertainties in %)

Ter(K)&10g g 14471 A 15015 A 15047 A 16678 A 17065 A 17281 A 110830 A

<W > 20 <W, > 20 <W, > 20 W, > 20 <W, > 20 W, > 20 <W, > 20
15000.0 and 350.0 903.0 16.83 249.3 9.06| 100.2 15.86| 446.8 9.11] 236.9 11.66/ 130.0 14.10] 409.5 7.43
19000.0 and 350.0 1149.1 17.22 350.2 9.11| 190.6 13.34| 733.7 10.47| 346.4 11.70 271.1 11.79 378.0 27.48
23000.0 and 350.0 917.3 16.40| 297.5 8.15| 176.3 13.45/ 707.6 10.11| 335.2 11.94 276.7 11.70 169.3 84.79
27000.0 and 350.0 747.4 15.27| 254.9 7.55| 153.6 14.44| 674.4 9.47| 337.6 11.61 2756 11.66] 5.3 3162.21
31000.0 and 350.0 596.7 13.24| 234.0 6.61| 132.8 16.00 684.6 8.41| 392.0 10.32 305.4 11.11 10.6 1529.45
15000.0 and 400.0) 983.4 17.55 232.8 10.97| 84.7 18.17| 390.9 10.88 197.0 12.64 955 15.26| 344.6 6.80
19000.0 and 400.0 1503.6 18.04 400.7 11.51] 196.2 15.73| 793.2 12.88 371.2 12.14| 264.4 12.18 444.3 17.98
23000.0 and 400.0 1292.0 17.77| 361.4 10.63| 195.6 15.16/ 810.1 12.81| 366.2 12.69 285.6 11.96| 256.1 47.84
27000.0 and 400.0 1054.8 17.21 305.6  9.55| 167.7 15.77| 756.2 12.26/ 356.9 12.29 2789 11.85| 74.6  194.15
31000.0 and 400.0 902.3 16.59 277.1 8.44| 149.2 16.61 752.2 11.89 386.5 11.55 291.4 11.59 -10.4 -1451.26
15000.0 and 450.0) 1036.4 17.91 214.7 12.72] 70.1 20.22| 333.3 12.79 157.0 13.87] 67.4 16.57| 274.5 6.84
19000.0 and 450.0 1861.5 18.46 446.8 13.57| 198.4 18.23/ 835.0 15.05/ 386.3 13.06| 247.8 13.22 484.3 12.78
23000.0 and 450.0 1764.7 18.45 443.7 13.12| 221.2 17.32| 942.4 15.29 412.7 13.97| 299.0 12.89 369.6 27.79
27000.0 and 450.0 1432.2 18.16/ 370.5 11.99 186.6 17.59 867.1 14.83 391.6 13.52 287.8 12.69| 185.6 64.38
31000.0 and 450.0 1221.3 17.87 324.0 10.99 160.7 18.19 829.5 14.55 397.3 13.01) 284.7 12.59 509  255.08
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Chapter 7

Gravitational Darkening

7.1 Introduction

The temperature and gravity on the surface of a rotatingasstadependent on its rotation rate
and the latitude through the mathematical expressionsiamst in this part. In this chapter,

the procedure used to account for gravitational darkenttects on the computed profiles
will be explained, and a number of lines of interest (e.g.1 B&78 A, Mgu 4482 A) will be

discussed.

7.2 Gravitational Darkening Assuming Solid Body Rotation

This section is based mainly on Maeder (2009). von Zeipe24)8howed that rotating stars
cannot be in hydrostatic and radiative equilibrium at thees@ime because rotation will lead to
an oblate figure of the star and, as a consequence, the tdomeegeadient toward the equator
will be shallower than that toward the pole, and the equaibirb& cooler. For a uniformly

rotating star, the radiative flux is given by

Flw,0) = —x V T(w,6), (7.2)

wherey is the radiative conductivity, given by = 4a3f;3 where a is the radiative constant,

a = 4o/c, o is the Stefan-Boltzmann constant, c is the speed of liglstthe Rossland mean

108
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opacity. In this expressiony is the angular rotation rate irad/s (assuming solid-body ro-
tation) andé is the colatituded = Q° at the pole). In the case of a solid-body rotation, the
equipotential surfaces coincidence with the isobar segaés a consequence, Equation (7.1)

can be written as

dT
In hydrostatic equilibrium,
%VP::—VwEgﬁ, (7.3)

wherey is the total (gravitational and centrifugal) potential andiven by

Y(w,0) =¢+V, (7.4)

wherey is the gravitational potential,

== > (75)

andV is the centrifugal potential,
l 2 2 .
V:_Ew r? sirfe . (7.6)

Note thatr sing is the distance of the point,(6) from the rotation axis. The stellar luminosity
of a rotating star could be obtained by integrating the alwopetion over the entire stellar sur-
face. Using the StefanBoltzmann laf(w, 6) = o Ter(w, 6)*, we can get the relation between

the local éfective temperature and the loc#llextive gravity,

1

B
m) [Ger(w, 0))° (7.7)

TEﬁ'(w’ 0) = (

2

with 8 = 1/4, whereM, = M (1 - ﬁm) andpy is the average stellar density given py =

M/V of a star with mas#$/1 and volumeV. More details are provided by Maeder (2009). The
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effective gravity is given by

1/2

et = [(_i_l\z/l + w?R(0) sir? 6)2 + (sz(H) sin@cos@)z] , (7.8)

assuming the polar radius is constant and the total potgntia constant on the stellar surface
(Collins, 1966). The radial distance to a point on the surfaica distorted star could be

obtained by equating equation 7.4 with its value in the pel8,M/R,, and rearranging the

equation as follows,
2G M, 2G M,

RO Fsitor,

T WZsig 0- (7:9)

The above equation can be solved analytically, and theisnlig as follows

R(O) = ( -3Rp )Cos(arCCOS((L)frac sing) + 4n (7.10)

a)frac Slne 3 ’
wherewsac = w/weit (McGill et al., 2011). The rotational velocity at which thentrifugal
force is equal to the gravitational force, i.ge=0, is called the critical velocityy.i. The
critical angular velocity at the equatér= 7/2, can be obtained from equation (7.8) by setting

Oer €qual to zero,

aM )" [8GM\Y?
(Ucrit = —= = N (7.11)
Rg,crit 27R3F;

asRecit = 3/2R,. Also the stellar critical velocity at the equator can beagttd by

1/2
ZGM) (7.12)

Verit = WeritRecrit = (3—Rp
Thus rotating stars will both be non-spherical and haVg;ahat varies with latitude, with a
dark equator and bright pole. Thedgeets have direct, interferometric confirmation for nearby
stars (van Belle, 2012). Note, however, such observatioggesi3 = 1/4, the canonical
solution, is not the best fit t8, and the value of the power law index in equation (74),

is a matter of debate. The recent work of Espinosa Lara & Ridu011) showed that its
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value was overestimated, and a value lower than 0.25 isnestjto match the interferometric
observations which means a lower contrast in temperaturgmavity between the stellar poles
and stellar equators. This overestimation resulted fromatbsumption of barotropicity that
was adopted by von Zeipel (1924), where density and pressareonstant over equipotential
surfaces. This is a crude assumption that is valid in theaksewly rotating objects, while for

a rapidly rotating stars with a radiative envelope the is@o@faces and equipotential surfaces

do not coincide, which is known as baroclinicity (Espinosad.& Rieutord, 2011).

Consequently, Espinosa Lara & Rieutord (2011) tried solviregadiative flux but in a way
which is less constrained than von Zeipel's treatment, amdnoatch the observed dispersion
of the values of3. Espinosa Lara & Rieutord (2011) started their solution fiitwa equation
of radiative flux under the assumption of hydrostatic equiilim, Equation 7.2, similar to von
Zeipel's standard method, but in their case the fa,@tpr‘;—; was not constant over equipotential
surface. Instead, they assumed that the flux within the epeetould be expressed by the
following relation,

F=—1(r,0)0e, (7.13)

wheref(r, 0) is an arbitrary function of radius and colatitude whichsfgtthe boundary con-
dition n = ﬁ atr = 0. Because there is no heat generation in the envelope, wertan w
V.F = 0, which implies

Oer VI + fV. Qe = 0. (7.14)

The temperature on the stellar surface according to the okwian under the assumptions of

Roche model and solid body rotation is given by

L\ [tand 4,
Teff‘(4n(3|v|) \ tang %t (7.15)
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whered is related ta by
1 0 )
§w2F3 coS 6 + cosd + In tané = cosd + In tani ,

wherer” = r/re(w). This equation tends to the Von Zeipel Formula at low rotzi rates
when¥ = 6. Also, the ratio of the equatorial to the polar temperatisegven by

% = ﬁ(l _ e iE (7.16)
More details are provided by Espinosa Lara & Rieutord (2011).

Figure (7.1) compares the Espinosa Lara & Rieutord (201 Mitgtgonal darkening for-
malism to the standard Collins’ implementation of von Zéegpkiw with3 = 1/4. Each panel
shows the expected distribution of the emitted continuurission ati =5000 A from each
surface area element of a rotating star computed using #nelPfunction as a function of the
local dfective temperature. The calculations were performed for B&¥ assuming rotational
velocity, equal to 95.0 % of its critical velocity equal40450.0 km s*. The star hafy=6.87
andRy/R,=1.43, and the images are reproduced for a viewing inclinatfo/®. The figure
shows that the standard von Zeipel’s relation results irgelacontrast in thefeective tem-
perature between the pole and the equator compared witltimeifation of Espinosa Lara &
Rieutord (2011). In the figure, the local temperature varets/ben~ 11,000 K at the equator
and~ 21,000 K at the pole using Collins von Zeipel approach, ana/éen~ 13,500 K at the

equator and: 20,000 K at the pole using the new Espinosa Lara & Rieutordipfatmalism.
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Figure 7.1: The distribution of continuum emission at 50060fputed using the Planck func-
tion at the local &ective temperatures over the surface of a rotating, B3V tygiéas model
using von Zeipel's relation (lower panel) versus the treattrof Espinosa Lara & Rieutord

(2011) (upper panel).

7.3 Gravitational Darkening Effects on Spectral Lines

To compute theféects of gravitational darkening on stellar spectra and emthasured equiv-

alent widths, synthetic spectra for rotating stars were paded by dividing the (distorted)
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stellar surfaces into small elements of area as functioheofadial distance and the colatitude.
The local emission from every element of area was estimatieg) & plane parallel atmosphere
at the local temperature and gravity, approximated to theedt 200 K for fective tempera-
ture and 0.1 dex for gravity. Then the total emitted radrafrom the stellar hemisphere seen
by the observer at a specific wavelength was obtained by sngntine local emitted radiation

using a discretized form of

. ~ /2 T |,Ll| .
L}(l,w)_Z\[O d¢f0 Rz(e)l,wTS@ sin@)de , (7.17)

where R{) is the radial distance, Equation (7.1@)js the azimuthal anglgy is the cosine

of the viewing inclination anglej is angle between the radial direction and the normal to the
surface, and,, is the intensity of the emitted radiation at frequemdyom this element of area

of the stellar surface seen at a viewing angla (fMaeder & Peytermann, 1970). More details

on the calculation procedure are provided by McGill (2013).

7.3.1 Gravitational Darkening Effects on Nir A 3995A

Panels (a) and (b) of Figure (7.2) show the predicted eqeitavidth of Nu 3995 A calculated
from gravitationally darkened spectra of stars rotatin@&€so of their critical rotational ve-
locities as a function of the stellaffective temperatures of the parent, non-rotating star with
stellar gravity of 4.0, microturbulent velocity of 5.0 kmts and solar nitrogen abundance.
Three inclination angles are shown, 1, 60 anél. 9bhe left-hand panels show the results as-
suming the von Zeipel approach (Collins, 1965) and the rigirtd panels, using the Espinosa
Lara & Rieutord (2011) formulation. The figure also shows tredcted equivalent widths of
the parent, non-rotating stars at solar nitrogen abundamk:0.1 dex of the solar nitrogen
abundance.

As shown in the figure, the non-LTE equivalent width increaséh T until they reach

a maximum neafl¢z 224,000 K, then they decrease for higfigk’s because of the shift of



W (mA)

W (mA)

140

120

100

80

60

40

20

60

50

40

20

10

7.3. RAVITATIONAL DARKENING EFFECTS ON SPECTRAL LINES 115

— = —inc=1 ° — = —inc=1 °
— ~ ~inc=60 °

inc=90 °

<
|- - E 80
=
=
L | 60 I
L o | a0 F
—z
r gd-mode=VZ &V, =0.99 V 7 20r gd-mode=ELR & _=0.99V, 7
frac crit rac crit
| | | | L | | | | | | L | | | |
14 16 18 2 22 2.4 2.6 2.8 3 14 16 18 2 22 24 2.6 2.8 3
m 4 T 4
leﬁ(K) x10 leﬁ(K) %10
(a) (b)
T T
— = ~inc=1° — = —inc=1°
— — —inc=60 ° — — —inc=60 °
[ inc=90 ° 60 inc=90 °
L 50 |-
L a0 -
_
<
E
L a0
L 20
L 10
gd-mode=VZ & Vo099V , gd-mode= ELR & Vo "0-99 Vo
| | L | | | | | L N | | |
1.4 1.6 18 2 2.2 2.4 2.6 2.8 3 1.4 1.6 1.8 2 2.2 24 2.6 2.8 3
4 4
Tcrr (K) x10 Tefr (K) %10
(©) (d)

Figure 7.2: Panels (a) and (b) of Figure show the predictedvalgnt widths of the Nt 3995

A transition including the gravitational darkeninffexts as a function of the stellaffective
temperature of non-rotating stars with the same mass, g¢g)le 4.0,£; = 5 km s, rotational
velocities equal to 0.99 of their critical velocities, atdde inclinations angles (dashed lines).
Panels (c), and (d) are the same, but fon B482 A line. The equivalent widths of the non-
rotating case computed assuming solar nitrogen abundaece@esented by red lines, while
blue lines represent equivalent widths of the non-rotatiage computed assuming nitrogen
abundance equal t90.1 dex of the solar value. Note that the standard approaebroZ eipel
(1924) was adopted in the calculations of the left-hand isamgnile the approach of Espinosa
Lara & Rieutord (2011) was adopted in the calculations of itjletrhand panels.
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Figure 7.3: The same as Figure (7.2), fggc = 0.85. The approach of Espinosa Lara &
Rieutord (2011) was adopted for the calculations.

the nitrogen ionization balance toiN see Section (5.4.2). The observed behaviour of the
equivalent widths for rotating stars depends on the intbhma For Te; < 24,000 K, below
the peak equivalent width, the equivalent widths increaitie the decrease of the inclination.
For pole on starsi (= 0°), the major contribution comes from the hot polar regionscivh
strengthens the lines compared to non-rotating stars. ©wedhtrary, for edge on stars €
90(°), the major contribution comes from the cool equatorialiorg that weakens the line
profiles. This behaviour is reversed at higfigr where the N line strengths now decrease for

increasing temperature.

Note that the gravitational darkenin@fects estimated by adopting von Zeipel's treatment,
in the left-hand panels are significantlyférent from those estimated by formalism of Espinosa
Lara & Rieutord (2011). The latter approach gives a small@aptrature contrast between the
pole and equator and higher temperatures in the equategalns (Section 7.2). Figure (7.2)
does show that the computed equivalent widths of rotatiags sissuming the solar nitrogen
abundance go outside the equivalent widths of non-rotaiags computed at nitrogen abun-
dancest 0.1 dex of the solar value. However, it should be kept in mind these figures are

computed assuming the most extreme rotatigg, = 0.99. Figure 7.3 shows the behaviour
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Figure 7.4: Gravitational darkeningffects on the equivalent width of the He5678

A computed using von Zeipel's treatment (right panel) anpifiissa Lara & Rieutord (2011)
treatment (left panel) as a function ©f; at two inclination angles, dashed lines. Red lines
represent the equivalent widths of the non-rotating case.

at the more realistic value off = 0.85 or 85% of the critical rotation. A key result of this
section is that botlh 3995 andi 6482, the rotating equivalent widths be withi#0.1 dex of
the non-rotating widths for the most probable inclinatioe.(6C) at all but the highesT

considered.

7.3.2 Gravitational Darkening effects on Ha 1 6678A

Figure (7.4) shows the predicted equivalent widths of 6678 A for stellar models rotating
at 99.0 % of their critical rotational velocities seen at taierent inclination angles,’land
9(r, that is, pole-on and edge on respectively. The calculatwere performed for the two
gravitational darkening models discussed in previous@ecvVZ and ELR.

Panel (a) shows that for pole-on stars witl < 18,000 K gravitational darkening tends to
strengthen the predicted equivalent widths ofil8678 A. At this temperature range the line
strength increases rapidly with temperature, and as a qaesee, the line strengthening in
the radiation emergent from the hot, polar regions dom@ater the the line weakening from

the cool, equatorial regions. This behaviour results imaéne strengthening of the spectral
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profiles.

For higher &ective temperature3g; > 18 000 K, the helium line strengths are nearly flat
with Te; and consequently, the line weakening in the equatoriabregg{with the larger area
due to the oblateness of a rotating star) dominates oveirt@esirengthening in the polar re-
gions. The figure also shows that the equivalent widths atirag stars seen at high inclination
angles,i = 9(°, are weaker than those computed for rotating models se@wahtlination
angles,j = 1°. The observed line weakening in both cases can be explaitbeé isame man-
ner as discussed before for the pole-on case. However, detael equatorial regions of these
stars lie in the plane of the sky, the overall weakening ofitiesis stronger and starts at cooler
effective temperatures.

The predicted gravitationaliects on the strength of Hel 6678 A for the calculations
performed by adopting the treatment of Espinosa Lara & Rreu{®@011), panel (b), can be
explained in the same general way. However, they are weh&arthose obtained by adopting
von Zeipel's treatment due to the large amount of the graeital darkening #ects predicted

by the latter.

7.3.3 Gravitational Darkening effects on Mgn 1 4481A

Similarly, the gravitational darkeningfects on the observed strength of Mg 4481.2 Aline
were investigated, shown in Figure (7.5). To representtitléas profile, the non-LTE calcula-
tions of Sigut & Lester (1996) were adopted. For this line ¢gnavitational darkeningfiects
tend to strengthen the equivalent widths of this line as shiovthe figure.

The expected gravitational darkeninfjeets on the Mg 1 4481 A line can be explained in
a similar manner to those of the He 6678 A line. However, an importantféérence is that
the strengths of Mg 4481 A weakens wit[; over the entire range of the B-stars. For pole
on stars, the line strengthening in the cool, equatoriabregwith the larger area dominates
over the line weakening in the hot polar regions, resultmgverall line strengthening. This

behaviour is largest for stars seen equator-onj ie.9(°. Also, the diference in the gravita-
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Figure 7.5: The same as Figure (7.4), but for theiMy4481 A line.

tional efects between stars seen pole-on and stars seen edge-orcaidhlations performed
by adopting the treatment of Espinosa Lara & Rieutord (20fd ymaller than that in the other

set of calculations.

7.3.4 Gravitational Darkening Effects onv sini Measurements

Figure (7.6) shows the measured projected rotational itedei.e. v sini) using gravitationally-
darkened, synthetic Hel 6678 A and Mg 1 4481 A line profiles, panels (a) and (b) respec-
tively, versus the projected rotational velocities addptethe computation of these synthetic
profiles. The gravitationally darkened, computed spedinals were fit with pure rotation
profiles to determine the sini from the line widths. Because of gravitational darkening
and the low contrast of the equatorial regions, there haen Iseiggestions that the use of
gravitationally-darkened lines tend to systematicallgenmestimates sini when fit with pure
rotation profiles (Townsend et al., 2004).

Gravitationally-darkened, synthetic profiles were conepidor a B2V stellar model (22808.0
K, 4.0) seen at nine inclination angles betweef 46d 90, with a step of 18. The critical
velocity of this model was 467 knmis There are two sets of data for each line: the first were

obtained by adopting von Zeipel’s treatment, and the sesehdbtained with the treatment of
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Figure 7.6: The estimated projected rotational velociiesi found by fitting pure rotational
profiles to gravitationally darkened profiles. This is doaetivo sets of gravitationally dark-
ened profiles, the standard von Zeipel's treatment (blues), and the treatment of Espinosa
Lara & Rieutord (2011) (red squares). The left panel showséhalts for Ha 6678 A line,
while the right panel shows the results for Mg481 A line.

Espinosa Lara & Rieutord (2011). Vertical lines in the figurarkithe maximunv, sini that

could be obtained for models with the same inclination afgge Section 8.2.2 in Chapter 8).

Panel (a) shows that gravitational darkening does ffettathev sini estimations for the
case of He 1 6678 A profiles with projected rotational velocities 70% of vy Sini. On
the other hand, gravitational darkening results in sigaiftaunderestimation of the measured
rotational velocities for higher sini (profile) values. The amount of underestimation increases
with the increase of sini. The observed underestimation of the measured projectatiomal
can be explained as follows: Farsini (profile) 2 70% of vt Sini, darkening causes less
contribution of the highest velocity portions of the steBarface, the stellar equator, due to the
significantly low T¢; there. Consequently, velocity estimations based on thelgsofiithout
proper treatment of thisfiect will underestimate the true projected rotational vites of the
observed star. The expected line weakening increaseshtincrease of the inclination angle
that results in a larger underestimation of the measured ystar), as shown in Figure (7.4).
On the contrary, for lower vsin(profile) the gravitational darkening has no significafieet

on the computed line profiles. Consequently, there is no @stieration of the measured
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projected rotational velocities.

In addition, the observed underestimations of the projeaitational velocities of gravitationally-
darkened profiles computed by adopting von Zeipel's stahttaatment (Collins, 1965) are
significantly larger than those of computed by adopting Esga Lara & Rieutord (2011) treat-
ment.

Panel (b) shows that the underestimation of the measurgedcped rotational velocities
from the Mg A 4481 A are much less pronounced than those seen for68@8 A. This
behaviour results from the compensation of the gravitaliefiects on continuum and line in
both the equator and the pole. In the polar regions, tha Mg is weakened due to the higher
temperature compared with the non-rotating models, whieMgm line strengthens in the
equatorial regions due to the lower temperature there. Whilsthe more realistic treatment
of Espinosa Lara & Rieutord (2011) of gravitational darkepithe Mgu line is predicted to
be very robust diagnostic far sini measurement, with little bias introduced by gravitational
darkening. Of course, in practice, measurement sifii in excess otz 300 kms? are very
difficult due to the very wide and shallow nature of the profilesweiger, gravitational dark-

ening seems to be an importariezt at the most extreme values of visin 400 kms?.



Chapter 8

Nitrogen Abundances for a Sample of Be
Stars from the MiMeS Survey

8.1 Introduction

In this chapter, the results of the abundance analysis ofnglseof Be stars from the MiMeS
Survey (Wade et al., 2014) are presented. The structurellagv$o The first section will
introduce the Be star sample and the stellar parametersheestellar &ective temperatures,
gravities, and microturbulence velocities used in the y@igl Next is a discussion of the
procedure followed for the continuum normalization of thserved spectra in order to reliably
measure the equivalent widths of therNnes. Next, the method followed to get estimations of
the Be star disk parameters, i.e. the disk size, density attidation, is discussed. This is an
important step to investigate how the circumstellar difkas the observed spectra. Finally,
the determination of the nitrogen abundances are discussdide latter section, estimates of
the abundances based only on the measured equivalent \&aidtipgesented without taking in
consideration the impact of circumstellar disk emissiortlan estimated abundances. Then,
the corrections of the estimated abundances due to cirellarsnodification of the spectrum

are discussed.

122
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8.2 The Be star Sample

A sample of 26 Be stars was considered, covering spectras typeveen BO and B7 and lu-
minosity classes V and VI. High resolution spectra for thetses were taken as part of the
MiMeS project, The Magnetism in Massive Stars Survey, (Weidal., 2014). This project
aims to study the magnetic properties of large sampl&d0) of massive stars through high
resolution spectra taken with the Echelle spectropolaemeSPaDONS on the Cassegrain fo-
cus of the ESO 3.6m Canada-France-Hawaii Telescope, CFHNARWYAL on the Télescope
Bernard Lyot, TBL. ESPaDONS spectra have a resolving powed 008 in the spectroscopy
star only option, used for observing bright stars, and alvesppower of 68,000 in the spec-
troscopy+ sky mode used for observations of faint stars and for spsadfry in a polarimetric
mode in which all Stokes parameters are measured. The tattde was adopted in produc-
ing the spectra for the MiMeS survey. ESPaDONS has a specivarage between 3700 to
10,500 A in a single exposure, divided into 40 overlappe@dwith three gaps in the far red
region of the spectrum between 9224-9234 A, 9608-9636 A 18026-10074 A. The initial
processing of spectra was done by specialists in the CFHTaisey using the Libre-Esprit
softwaré, which performs bias subtraction, wavelength calibrateomd flat field subtraction.
The wavelength calibration was done by exposures of a thocomparison lamp. Also, this
software provide tools for normalizing the spectra, sutting telluric lines, and calculating

the polarization Stokes parameters.

8.2.1 Spectra Normalization

Because the sini of the sample of Be stars can be large (typically 150 kingp, to 300
kms), the spectra were continuum renormalized in the wavelerggions containing the
spectral features of interest. The spectra normalizatias @arried out using the CONTIN-

UUM package of the IRAF image reduction and analysis fac{lfigdy, 1993). This could be

*httpy/www.cfht.hawaii.edfinstrumenttSpectroscopf¥espadons
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done in either a manual mode or an automatic mode. In the tmeiahanode, the program
fits the spectrum with a polynomial function through continupoints determined by the user
in an interactive mode. In the automatic mode, the prograrafppolynomial function to the
average fluxes over a specified number of wavelength poiateymined by the user. Then,
the spectral features with fluxes thaffdr from the average flux by a user-specified number
of standard deviations will be identified as absorption orssiman features, and the identified
spectral features are excluded and the rest of the flux parst§itted by another polynomial
function. This process is repeated until the best fit is oleiéhi The programfters various poly-
nomial functions for the normalization process, namelydretye, linear spline, cubic spline,
and Chebyshev polynomials offtérent orders selected by the user. The continuum normal-
ization of the spectral orders containing i 6563 A) were done using the automatic mode,
which is good in this case. The normalization of the othecspéorders were done in the
manual mode. Cubic spline or Legendre polynomials of ordes flean three were used for all

fits.

The observed spectral files contain overlapped orders fr@mmethelle spectrograph of
ESPaDONS. The fitting of the spectra was done for the enteetsy orders that contained
the spectral lines of interest. Also, the observed speo#r@ wormalized over short ranges of
wavelengths in each spectral order around the lines ofdsténat included a skicient number
of continuum points. This was done mainly using a first-olldezar spline function andr a

third-order Legendre polynomial.

As an example, Figures 8.1, 8.3, 8.4, and 8.5 show the narat@ln process of the Be star,
HD 143275, for the four spectral orders containing, W1 A 3995.0 A, 1 4447.0 A, andi
5679.6 A. In the figure, the fitting polynomial function is repented by a dashed line, while
the selected continuum points are represented by horiziomta above the wavelength axis.
Each figure indicates the type and the order of the polynolmnation used for the fitting (the
top, right corner). Also, each figure gives the conditionsejécting the data points for the

continuum fitting, and the number of iteration as explaineova (namely parameters lokgj,
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high_rej, and niterate). Note that these parameters are not ndbe manual mode. Figures
(8.2) and (8.6) show the normalized spectral regions tithide Hr and selected N lines. In
these figures, normalization using a Legendre polynomiebmpared to normalization using
a spline polynomial. Good agreement in both are found.

Figures (8.7) and (8.8) show normalized spectral regionsido Be stars, HD 11415 and
HD 45725 respectively. Figure 8.7 represents the Be stahslavit projected rotational veloci-
ties with well defined spectral lines. Figure 8.8 is an exangbthe observed spectra of rapidly
rotating Be stars, which is the case for the majority of Be statke sample. Rapid rotation
results in strong line blending and low continuum contrastiacussed earlier, whichifacts
the accuracy of continuum normalization and equivalenthvideasurements. Also, Figure
(8.8) shows that the N 4630.5 A line is masked by emission by the circumstellar digke

Fen 14629.3 A line; this is is the case for most of the Be stars insiLid the current analysis.
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Figure 8.1: Continuum normalization of the spectral ordat thcludes k of the Be star HD 143275 by fitting the observed spectra by
a Legendre polynomial function using the CONTINUUM packagthe IRAF.
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Figure 8.2: The normalized spectral order that includesliHe profile of the Be star HD
143275 using both cubic spline and Legendre polynomialtfans, red and blue lines respec-
tively.
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Figure 8.3: The same as Figure (8.1) but for the spectrar @aigaining Nt 2 3995.0 A.

AIANS SHNIN FHL WO¥A SYVIG ¢ 40 T1dNVS V ¥0d SHONVANNE Y NIDOYLIN ‘g ¥ILdVH) 87T



Figure 8.4: The same as Figure (8.1) but for the spectrar @aigaining Ni 1 4447.0 A.
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Figure 8.5: The same as Figure (8.1) but for the spectrar @aigaining Ni 1 5679.0 A.
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Figure 8.6: Figure shows the normalized spectral regioaisabintain a number of strong lines
of N of the Be star HD 143275. Blue lines represent spectra norathlizing a Legendre
polynomial, while red lines represent spectra normalizgdgia spline polynomial.
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Figure 8.8: Figure shows the normalized, strong & the Be star HD 45725.
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8.2.2 Stellar Parameters

The stellar parameters of the Be stars sample are shown ie (@4, page 142) and were
adopted from the literature, mainly from the work ofeRrat et al. (2005). In [Bmat et al.
(2005), the stellar féective temperatures and gravities were obtained by compatserved
spectra with synthetic ones over four wavelength rangesdsst 4300 and 4490 A, which
include lines sensitive td; and logg. These lines used were kg 4471 A, and Mgr A 4482
A which are sensitive for variations of the stell#feetive temperatures, and the Balmey H
line which is sensitive for variations of the stellar graast

The study of Femat et al. (2005) provides two sets of stellar parametieedirst set of stel-
lar parameters was directly estimated from the observectiisppdines without corrections for
gravitational darkening, i.e. the apparent stellar patarse The other set were obtained where
corrections for the féects of gravitational darkening were included. In the lattee standard
treatment of von Zeipel (1924) (Collins, 1965) was adoptadhé current work, the apparent
parameters of EBmat et al. (2005) were adopted and not the ones correctagtdeitational
darkening. The main reason for this decision is the ovenedéd #ects of gravitational dark-
ening of the standard von Zeipel's treatment compared wighrécent treatment of Espinosa
Lara & Rieutord (2011), as discussed in Chapter 7. Anothercagfiehe FEmat et al. (2005)
work is that their estimated inclinations do not look rightthey deviate significantly from the
distribution expected from random inclinations to the lofesight, see subsection (8.3). The
expected fects of gravitational darkening are dependent on the adopésving inclination
angle.

The synthetic spectra used byeRrat et al. (2005) to get the apparent stellar parameters
were computed using the non-LTE TLUSTY code of Lanz & Hube®§Q7) and the UV
line-blanketed LTE stellar atmosphere models computedguaTLAS9 program of Kurucz
(1993a). The computations were performed assuming plareipl atmospheres in radiative
and hydrostatic equilibrium. The TLUSTY code was used to got@a the non-LTE level pop-

ulations, while the temperature and pressure structureeobtmosphere were obtained from
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the LTE stellar atmosphere models.

Some notes on the parameters for specific stars are now dd@st.of these notes are for
stars for which Femat et al. (2005) parameters were unavailable. Only orteeofibrks below
accounted for thefkects of gravitational darkening which is Levenhagen & LexigR006).

The latter also adopted the standard von Zeipel’s treatment

The dfective temperature and the gravity for the Be star HD 1141%etsal type B3l
was taken from Takeda et al. (2010). In this work, the tentpesawas obtained using the
Stromgren ubvyb colour indexes obtained from the SIMBAD dasabdl his was done using
uvbybetanew program (Napiwotzki, R., 1993), which is base#loon & Dworetsky (1985)
UVBYBETA and TEFFLOGG programs. The adopted uncertaintie$gfin Takeda et al.

(2010) aret3% of the measured values and the adopted uncertaintieg g&liee +0.2 dex.

The dfective temperature and gravity of the Be star HD 49567 of sgettpe B3 IfIlI
was taken from Zorec et al. (2009). In this work, they devetba procedure to get théfective
temperature and gravities using observed spectra andrstéthosphere models. Their proce-
dure starts with initial estimates @t and logg. Then, they pick a stellar atmosphere model
with the same stellar parameters like these initial esesiavhere LTE stellar atmospheres of
Kurucz (1993a) were used. Next, they compute the bolomfircby integration of the ob-
served fluxes over the observed spectra. The observedapéein extend from between 1200
-1300 A to some wavelengths in the near IR. In this step, thelycadrections for the missed
fluxes in the far-UVgyy, and IR spectral regionsyy, from the adopted atmosphere model as
follows,

o
fhol = . f(1)dA x (duv + GiR)-

Then, a new estimate Gty is obtained using the StefanBoltzmann law as follows,

4 fou |1
o 62 ’

-

where and is the angular diameter. The latter was obtained from olesenear-IR fluxes
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using the following relation,

where ff is the de-reddened observed flux drgis the emitted flux at the stellar surface
obtained from the adopted stellar atmosphere model. Aleeyaestimate of log is obtained
using the logy(Tes, B) calibration from synthetic stellar atmosphere modelsis fnocess is
repeated in an iterative way until theffidirence in temperature between iterations becomes less

than 1 K.

The dfective temperatures and gravities of the Be stars HD 67698 I([B¥) and HD
120324 (B2 V), were obtained from Levenhagen & Leister (2006)this study, initial es-
timates of Ty and logg were obtained from the available ionization balances ofiHes,
Omi/Ou, Nu/N r and Sim/Sitr, and the equivalent widths of hydrogen Balmer lines. Thesati
of selected Helines, which are weakly dependent on He abundance, wereis¢sbfor stellar
parameters for spectral types later than B2. This was donefnyparing the observed profiles
with the LTE, stellar atmospheres of Kurucz (1993a), whaeeTy; and logg determinants
from all available lines intercept in a narrow range for estzr. They obtained estimations of
Ter and logg by matching the observed H and He lines with synthetic po@ilemputed using
the SYNSPEC program of Hubeny et al. (1994) and the non-LTBathatmospheres from the
TLUSTY program using the downhill simplex algorithm of Neld& Mead (1985). Again,
for the same reason aséfnat et al. (2005), their observed stellar parameters waoptad
rather than their parameters corrected for gravitatioaakehing. There are twenty-two Be
stars common in this study andémnat et al. (2005), but none of these Be stars belong to the
sample. Figure 8.9 shows comparison of the temperatun@ass of Levenhagen & Leister
(2006) with the corresponding values ofeRrat et al. (2005) of the common Be stars. The
temperature estimates of Levenhagen & Leister (2006) tehe thigher than those of &mat
et al. (2005), but overall, there is a good agreement betweetemperature estimates of the

two studies.

The dfective temperature and gravity of the Be star HD 187567 (B2.5¥re obtained
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Figure 8.9: Figure shows comparison of thg estimates from Levenhagen & Leister (2006)
for twenty-two Be stars in the sample with the correspondadges from Femat et al. (2005).
The blue, dashed line is a unit slope, and zero intercept.

from Catanzaro (2013). In this workffective temperatures were obtained using measured
Stromgren colour indexes from literature following the Moo®85) algorithm, while a value

of gravity equal to 4.0 was adopted for stars witiilWlluminosity types.

This work provides estimatedfective temperatures of seven Be stars common with the
study of FEmat et al. (2005). Figure 8.10 shows comparison of the teatyre estimates of

Catanzaro (2013) with the corresponding values éhfat et al. (2005).

For the Be stars HD 120324 (B2V) and HD 143275 (B0.21V), the mesmsants of Har-
manec (2000) were adopted. In this work, the temperatures e&imated photometrically
following the procedures of Moon & Dworetsky (1985). Also,t@azaro (2013) provides
a T estimation of the Be star HD 143275 (26700 K) which is much lothan the value
(31478 K) of Harmanec (2000). However, the obsentet#71 A Hex lines were best fitted

with synthetic non-LTE profiles computed for stellar paréene close to those of Harmanec
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Figure 8.10: Figure shows comparison of thg estimates from Catanzaro (2013) for 7 Be
stars in the sample with the corresponding values froemfat et al. (2005). The blue, dashed
line is a unit slope, and the data points are labelled wittHBenumber of each Be star.
(2000), as will be discussed below, so the Harmanec (2000¢savere adopted.

Finally, the dfective temperature and gravity of the Be star HD 1203&2e, B2V) was
obtained from Cd# et al (1996). In this study, they estimatetketive temperatures and grav-

ities by comparing de-reddened observed spectra for800 nm with the LTE model atmo-

spheres of Kurucz (1979).



Table 8.1: Adopted Stellar Parameters of the MiMeS Be starg&a

HD Ter (K) logg Spectral Type v sini (kms™?) Source

SIMBAD FO5 SIMBAD Current Estimations

A144715A 214481.2A 13995.0A

11415 1514#455 3.560.20 B3l - 30.0 45.0 45.0 35.0 Takl0
20336 18684517 3.8%40.07 B2.5Vne 328.621.0 328.0 285.0 285.0 :220.0 FO05
33328 2113#514 3.45%0.08 B2IVne 318.@22.0 150.0 290.0 290.0 :265.0 FO05
45725 17818455 3.9:0.07 B3Ve 330.820.0 260.0 285.0 :200.0 280.0 FO05
49567 172781010 3.5@0.10° B3II-llI - 85.0 80.0 80.0 80.0 Zor09
54309 20852397 3.520.05 B2V.inn 195.¢10.0 195.0 205.0 150.0 220.0 FO05
56139 1953%331 3.620.04 B2IV-Ve 85.24.0 105.0 100.0 50.0 75.0 FO05
58050 19961465 3.930.06 B2Ve 130.88.0 130.0 130.0 130.0 115.0 FO05
58343 16533409 3.620.06 B2Vne 43.82.0 43.0 50.0 50.0 40.0 FO05
58978 24445476 4.150.06 B1lll 370.@21.0 155.0 280.0 200.0 115.0 FO05
65875 20208532 3.840.07 B2.5Ve 153.810.0 140.0 :200.0 130.0 175.0 FO05
67698 17408500 3.6&:0.10 B3IV - 150.0 - 70.0 75.0 LLO6
120324 20008500 4.060.20 B2V - 155.0 140.0 140.0 135.0 HO00
143275 31478500 3.5@0.10° BO0.2IV - 175.0 :190.0 - 165.0 HOO0
174237 17683556 3.76:0.08 B2.5Ve 163.811.0 163.0 150.0 150.0 145.0 FO05
178175 18939286 3.490.04 B2V 105.85.0 105.0 150.0 110.0 145.0 FO05
187567 23118500 3.7G¢.0.10 B251V - 140.0 195.0 130.0 165.0 Catl3
187811 18086583 3.81+0.08 B2.5Ve 245.017.0 245.0 235.0 200.0 :145.0 FO05
189687 18106379 3.46:0.05 B3IV 200.@¢11.0 200.0 200.0 200.0 195.0 FO05
191610 18353516 3.720.07 B25V 300.220.0 300.0 270.0 270.0 :170.0 FO05
192685 18008500 3.5:0.20 B3V - 160.0 180.0 180.0 150.0 Cote96
203467 1708%521 3.380.07 B3Ive 153.610.0 120.0 - 150.0 170.0 FO05
205637 17801470 3.440.06 B3Vpe 225.814.0 225.0 200.0 190.0 295.0 FO05
212076 19278326 3.730.04 B2IV-Ve 98.@5.0 98.0 130.0 :100.0 115.0 FO05
217050 17898509 3.5%0.07 B3IV 340.@¢22.0 265.0 250.0 250.0 265.0 FO05
212571 26061736 3.920.09 BlVe 230.817.0 215.0 215.0 215.0 :265.0 FO05

Note: Tak10 refers to Takeda et al. (2010), FO5 refers éorfat et al. (2005), HOO refers to Harmanec (2000), Zor09 refersreczt al. (2009),
LLOG6 refers to Levenhagen & Leister (2006), Catl13 refers to Catar(2813), and Cote96 refers to @att al (1996). log values marked with an
asterisk are current estimations and are not obtained from the refemeckes. SIMBAD refers to spectral type classifications\esidi estimates
adopted from the SIMBAD database

1dNVG ¥VLS 49 dH| "Z°Q

6€T
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As a test of the adoptedfective temperatures and gravities, the observedHe171 A A
6678 A, and Mgr 1 4481 Alines were fitted with rotationally broadened, norEl Bynthetic
line profiles computed at these parameters, where the pedjeatational velocity was allowed
to vary to reach the best fit of the observed lines. This alpoesents a test of the reported
values forvsini. In Fremat et al. (2005), projected rotational velocitiesihi) were obtained
using the FFT method for Hel 4471 A, and Mg A 4482 A lines. For comparison, espe-
cially for the Be stars not included in &mat et al. (2005), the sini estimates available in the
SIMBAD database were added to Table 8.1. Estimates of thegieal rotational velocities
were obtained by fitting the observed He 4471 A, Mgu 1 4481 A, and Ni 3995 A lines.
Thev sini estimates based oniN3995 A lines were obtained by fitting the observed profiles
with pure rotational profiles computed using the approxiamedf Gray (1992), Equation (8.1).
The values of the continuum linear limb darkening fG@éent, e, was obtained from Wade &

Rucinski (1985) at the adopted temperature and the wavélafgie considered line.

2(1- &1 - (AYAL)A? + in e[l — (A1/AL)Y]
nAA (1-¢€/3) ’

G(A) = (8.1)

whereAA, is the rotational broadening

AA_ = vsini,

wherec is the speed of light. The estimatesws$ini from Mgu A 4481 A, and He A 4471

A were obtained by fitting of the observed profiles with raiatilly broadened, non-LTE, syn-
thetic line profiles computed at the adopieg and log g. Table 8.1 containssini estimates
from each of the three lines for each star obtained in theeatistudy. Figure (8.11) shows
the distribution of the measuredsini values for the sample. For comparison, the observed
distribution ofv sini for two samples of 129 and 463 Be stars are taken froemfat et al.
(2005) and Yudin (2001), respectively. Note that 18 Be sthtilsesample belong to the larger

Be sample of mat et al. (2005). The figure shows that the sample of Be siaiged in
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Figure 8.11: Figure shows the distribution of the Be starsparirom MiMeS survey (26
stars) labelled as MiMeS. The observesini distribution for a sample of 129 Be stars from
Fremat et al. (2005) (FO5) and anothesini distribution for 463 Be stars from Yudin (2001)
(YO1) are shown for comparison

the MiMeS survey project represents a more slowly rotatange, with a larger fraction of
Be stars with rotational velocities lower than the averagatianal velocities in the other two
largev sini distributions.

For all Be stars in the sample, except HD 203467 and HD 6769804 fit to the observed
Her 1 4471.5 A line with a synthetic line computed at the adopt@elotive temperature was
obtained, while the value of gravity was adjusted to get tbst fit rather than adopting the
measured value in literature. As discussed before in stibee®.4.2), there are discrepan-
cies between observed IHene profiles and synthetic non-LTE line profiles which cobilel
attributed to errors in the line broadening theory. Theelait dependent on gravity. On the

contrary, no acceptable fit was obtained for the observediH&78 A line for the majority of
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the stars in the sample, as it wakeated by disk contamination.

Good fits for the He 1 4471 A, 1 6678 A, and Mgr 1 4481 A lines were obtained in five
cases, HD 49567, HD 3328, HD 189687, HD 11415 and HD 19161ur&i(8.12) represents
an example of this group. Next is Migt 4481 A for which acceptable fitting for this line was
obtained beside Hel 4471 Aline for most of Be stars in the sample, see Figures (&13
(8.14). Good fitting for He 1 4471 Aanda 6678 Alines was obtained for 2 Be stars, HD
45725 & HD 58343. The fitting of the line profiles of HD 45725 ateown in Figure (8.15).
For the Be stars HD 203467 and HD 67698, the observed H&471 Aandl 6678 A lines
were poorly fit for theses stars. However, acceptable fita@bbserved Mg 1 4481 A lines
with synthetic profiles computed at the adopted stellarrpatars were obtained as shown in
Figure (8.16). Note that observed He 4471 Aand Mg: A 4481 A profiles of the Be star
HD 65875 were fit with synthetic profiles that were rotatitydiroadened at two éierent
rotational velocities, which suggests an error.

Figure (8.17) shows a comparison of the current estimatdsgyf with those obtained
from literature. The current estimates represent theyleglues adopted in the calculation
of the synthetic line profiles that best fit the observed sfilThe figure shows that current
estimations agree well with previous measurements olddioen literature, withint 0.2 dex,
for most of the sample. Consequently, the current measurtsmégravity were adopted for
the Be stars with no other measured value of gravity. They akex with asterisk in Table
(8.1). The vertical error bars represent the uncertaimiéise diferences due to uncertainties

of the values of gravity obtained from literature.
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Figure 8.12: The Fitting of Hea 4471 A, Mgu A 4481 A and He 1 6678 A lines of the Be

star HD 11415 with synthetic non-LTE line profiles computédtallar parameters shown at
the bottom, left corner of each panel. In the figure, bluedirepresent the observed spectral
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black line in panel (b) is the sum of the two synthetic profiles
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Figure 8.13: The same as Figure (8.12), but for the Be star H237.
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Figure 8.16: The same as Figure (8.12), but for the Be star FHHA&D.
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8.2.3 Equivalent Width Measurements

Estimations of equivalent widths were obtained by intagrapver the observed spectral lines.
In addition, the observed lines were fitted with pure rotaigrofiles computed using Equa-
tion (8.1). The last step had two important purposes; fitstpnstrains the shape of the line
profiles, especially in case of blends. Secondly, it pravide estimate of the projected rota-
tional velocity,vsini, which can be done for each line considered, and which a@sassis-
tency check. Another aspect is that the profile shapes caighi@cantly afected by noise in
the case of weak or very shallow lines, and it is better to fragdlate shape in this case.

Figures 8.18 to 8.20 show examples for the measured egnivaidths of the observed
N u lines and the sini values used to compute the rotational profiles representeedlines
for three Be stars from the sample, HD11415 (B3lll), HD676981(BB/), and HD58343
(B2Vne). The rest can be found in appendix (E). The measuredagnt widths of Ni lines
are listed in Table (8.2). The assigned uncertainties sgmtethe change in the equivalent
widths caused by changing the continuum level by 0.5 %. Aroiigmt point to make is that
the 1 3995 A N line itself is not significantly fiected by line blending in most of the cases.

In cases of blends, estimates of the equivalent widths dirle of interest were obtained
in a way that preserves the same ratios of the line strendtin® dNn lines as those observed
in other stars with lower rotational velocities, i.e. forlixgefined lines at approximately the
same stellar parameters or from the relative ratios of thegpeded non-LTE line profiles. Also,
it matches either the red or the blue side of the line. As am@ka, Figure (E.1) shows the
observed N lines in the Be star HD 143275. In the figure, thd447 A Nu line is blended
with the line On 4448.3 A. The equivalent width was estimated such that tigesirength ratio
of this line relative to thel 3995 A line, which is around 50% and also the adopted rotation
profile matches the blue side of the observed profile. Sitgjlastimations of the equivalent
widths of the other observediNines in the same star were obtainadi630.5 A,15676.0 A,
and 5679.6 A.
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Table 8.2: Measured equivalent widths of observadliNes in the spectra of the sample (in mA), and their uncetiess due to errors

in the continuum normalization.

HD Measured Equivalent Widths (mA)

A13995A | 14447A [ 14601.5A[ 14607.2A[ 14613.9A] 14621.4A| 146305A| 15676 A | 15679.6 A
11415 | 24.0+70| 87+44| 94x44| 46+27| 31x+20| 159+49| 16.5:4.9 - 8.0+ 4.5
20336 | 72.5+24.4| 38.6+21.3 - - - - - - -
33328 | 85.1+285 - - - - - 57.4+29.3 - -
45725 | 83.8:+25.0 - - - - - - - 40.8+ 26.6
49567 | 88.7+13.3| 43.7+11.7| 449+ 11.1| 38.1+10.2| 30.6+11.1| 42.8+11.7 | 71.7+13.0 | 28.7+12.8| 64.1+13.8
54309 | 67.5+22.8| 33.5+19.5 - - - - - 13.8+6.6 | 62.3+21.7
56139 | 44.0+11.7| 25.1+6.7 - - - - - 17.4+8.8| 41.1+165
58050 | 57.4+12.9|29.7+10.4 - - - - 46.9+14.8| 7.7+6.3| 36.7+18.4
58343 | 27.0£6.0| 14.0+6.7| 139+82| 7.6+6.0 57+52| 165+7.5| 18.0+4.9 - 10.3+ 5.6
58978 | 115.0+ 33.4 - - - - - -
65875 | 59.8+18.9| 32.1+7.7 - - - - - 13.0+£5.8| 43.6+19.1
67698 | 43.4+11.0| 26.4x+7.4 - - - - 40.0+ 8.6 - 20.7+11.9
120324| 61.7+20.4| 36.3+12.2 - - - - 49.1+12.7| 13.4+7.6| 55.1+20.0
143275 42.9+17.2| 18.0+5.0 - - - - 37.7+12.2| 17.9+8.2| 41.7+158
174237| 535+15.1| 32.4+13.2 - - - - - - 33.7+ 205
178175 74.2+20.9| 38.1+18.5 — — — - — 17.9+8.2| 63.1+21.8
187567| 113.9+19.4| 47.0+14.1 - - - - - 35.9+8.5| 98.4+21.6
187811 22.6+14.6| 12.5+10.0 - - - - 16.8+11.6| 3.1+3.8| 12.8+12.6
189687| 37.3+185| 17.8+11.6 - - - - 33.2+17.9 - 24.3+18.4
191610 35.0+17.7 - - - - - - 10.2+6.1| 35.2+17.7
192685 41.1+18.9| 16.4+12.3 - - - - - 5.7+5.0| 26.8+17.7
203467| 38.5+16.9| 20.7+10.8 - - - - - 125+£7.2| 27.0+£16.9
205637| 163.7:+ 38.7 - - - - - - - -
212076 65.8+17.0 - - 345+ 121|259+ 11.7 - - 18.9+10.6 | 58.7+20.2
217050| 78.5:+28.1 - - - - - - - 69.2:+31.7
212571| 140.0:+ 30.4 - - - - - - - -
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Table 8.3: Adopted Stellar Parameters of the Central Stars

Spectral Type| Tex(K) | logg | M (Mo) | R(Ro)

BOV 30098.0| 4.0 17.5 7.7
B1V 25978.0| 4.0 125 6.3
B1.5V 24341.0| 4.0 10.8 5.7
B2V 22808.0| 4.0 9.6 5.4
B3V 20217.0f 4.0 7.7 4.7
B4V 18203.0| 4.0 6.4 4.2
B5V 16668.0) 4.0 5.5 3.8

Source: Townsend et al. (2004).

8.3 Estimations of Disk Parameters

In order to account for thefiects of the circumstellar disk on the emergent photosplspec-
tral lines, estimates of the most probable disk parameterseguired. These parameters are

0o, N and R that describe the density structure of the disk,

p(R2) = po(RIR) e @ (8.2)

where R, Z) are the cylindrical co-ordinates on the disk. The diskedtadight,H, is of the
form H(R) = Ho(R/R.)¥?, and follows the assumption of vertical hydrostatic edmilim
(see Sigut et al. (2009)). In addition, the stellar inclioathas an importantféect on the
appearance of the observed line profile, as discussed hef&@ection (3.2). To fix the disk

density parameters for each star, modelliie profiles were fit to the observetk profile.

Grids of synthetic K line profiles were computed using thepisk code of Sigut & Jones
(2007) and theeray code of Sigut (2011) for all combinations of the followingklparameters
for central stars of spectral Types BO, B1, B1.5, B2, B3, B4 and B5.sElected values gfy
were 10 x 10712, 25x 1012, 50%x 1012, 75x 1012, 1.0 x 10°*!, 25 x 10, 50 x 1071,
75x 101 1.0x 10 and 25 x 1071° g/cm 3. The selected values of the power-law inaex
were 2.0, 2.5, 3.0, 3.5 and 4.0. The selected values of diskware 6.0, 12.5, 25.0 and 50.0
stellar radii. Finally, 13 selected inclination angles 18, 20, 30, 40, 45, 50, 60, 70, 72, 80, 84,
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Figure 8.21: Observeddline profile of the Be star HD 49567. Figure shows no observed
emission in this line.

and 89 degrees were considered. All combinations of thesergders make a total of 3600
modelHa line profiles for each spectral type. The physical pararseaitthe central stars, i.e.
their masses, radii and temperatures, were taken from vt al. (2004), listed in Table
(8.3). Each star in the sample was assigned the same masadansl as those of the spectral

type with the closestq; value.

Thesepisk code takes the axisymmetric disk density of Equation (&2)enforces statis-
tical and radiative equilibrium at many points in the diskd&termine the temperature there.
Then, theseray code performs a formal solution of the transfer equationrdeoto compute
the Hx line profile seen by a distant observer with the star-diskesysee at an inclination of
i degrees.

The most probable disk parameters of each star of the samglbase of the syntheticdd
profile that best match the observed khe profile from the grid computed, assuming a central

star model with the same spectral type as this star are list@@ble 8.4). Two of the Be stars
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in the sample, HD11415 and HD49567, do not show any sign o$&on in the Balmer H
lines (the Hr line of the Be star HD49567 shown in Figure 8.21). The rest efBle stars

in the sample are classified into three groups: good matchiteptable matching, and poor
matching. In the first group, the adopted disk models repreduell the observed profiles,
especially the peaks. They also have figure of m@ritess than 0.1, e.g. Figure 8.23. The
figure of merit could be computed inftBrent ways as the sum of the absolute flukedtences

, the sum of the square of the fluxi@girences, or the sum of the percentage flibedences, of
which all lead to similar results, with a little filierence in the order of the top ten models. The

sum of the percentage fluxftBrence was used in all cases, defined as

Fobs FMOd|

N Z Fobs ’

where the sumis over the wavelength points between 6550 A, and 6580 A. Ebersd group,
the adopted models do not reproduce the observed profileslbasithe first group, especially
the peaks. Thisféects the estimated value of their inclinations. Also, alhadisof them have

& > 0.1. Figure 8.24 represents an example of this group. Thedagpdncludes two Be stars
with asymmetric doubly-peaked profiles, HD174237 and H®BB3IO The disk parameters of
Be stars like these two are hard to determine, especially iheinations, see Figure 8.22.
Figures 8.22 to 8.24 show the top ten synthetic llhe profiles that best match the observed
Ha line profiles for four Be stars in the sample, HD189687, HDB¥32nd HD45725. The
top left panel in each figure shows the the disk model thatregsbduces the observed peaks
of the line, while the top middle panel shows the disk modat tiest reproduces the observed

central depressions.
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Figure 8.22: Figure shows the synthetie prrofiles of the top 10 disk parameters models com-
puted usingepisk/BErAY codes, red lines, that best match the observediht profile, blue
lines, of the Be star HD 189687. The top left panel represémtslisk model that best repre-
sents the observed peaks, while the top central panel sth@idigk model that best matches

the disk central depression.
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Figure 8.23: The same as Figure (8.22) but for the Be star HR7233
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Figure 8.24: The same as Figure (8.22) but for the Be star HRB57
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Table 8.4: Most Probable Disk Parameters of Be Stars Sample

HD sp. type 00 N Ry i i  Comments

assigned KO5)

Good Matching

33328 B2V 1.002 35 6.0 50.0 73.0
56139 B3V 250 25 250 30.0 16.6
58050 B3V 1.002 25 6.0 200 21.9
58343 B5V 5.002 2.0 50.0 200 9.7 FO05

B4V 1.001 2.0 250 100 Catl3
67698 B5V 25011 3.0 125 20.0
120324 B3V 7502 20 6.0 20.0

B2V 75012 25 125 20.0
143275 BOV 7.5012 25 50.0 18.0
187811 B4V 75012 25 6.0 50.0 489
191610 B4V 7502 3.0 6.0 450 63.7
192685 B4V 1.0011 3.0 6.0 50.0
205637 B4V 5001 35 250 80.0 547
212571 B1V 25011 3.0 125 60.0 336

Acceptable Matching
20336 B4V 5.00 3.0 250 70.0 66.7
45725 B4V 7502 20 250 720 66.6
54309 B3V 1.001© 3.0 25.0 60.0 38.4
58978 B1.5v  5.00% 35 50.0 60.0 55.2
65875 B3V 7502 2.0 50.0 50.0 27.8
178175 B4V 5002 2.0 125 300 224
187567 B2V 5.0012 2.0 25.0 40.0
203467 B5V 75011 25 50.0 60.0
212076 B3V 5.0012 2.0 50.0 40.0 186
217050 B4V 5.002 2.0 250 84.0 785 Bluewing
2501 25 50.0 84.0 Red wing
Poor Matching
174237 B4V 1.0012 2.0 6.0 50.0 33.2
189687 B4V 2502 3.0 6.0 30.0 46.6
No Disk

11415 B5V - - - - -
49567 B4V - - - - -
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Figure 8.25: Figure shows current estimations of the steltdination versus those of Emat
et al. (2005) for the 18 common stars in the sample. In thedignlue dashed line represents
a unity slope line.

The best fit Hr profile for each star yields an estimate of the system intbnaThe reason
for this can be seen in Figure 3.1; lawends to give singly-peaked profiles, intermediate,
doubly-peaked profiles, and largeshell spectra. Comparison of the current estimations of
stellar inclination with those of EBmat et al. (2005) for 18 common stars is shown in Figure
(8.25), where the blue dashed line is a unit slope. Curreimhatds tend to be higher than
those of Femat et al. (2005). The inclination angles okfrat et al. (2005) represent one
of the parameters of non-rotating models that reproduceoliserved stellar parameters of
their sample when they rotate -at0.88 of their critical values. The correction process fa th

gravitational darkeningfeects was done in an iterative way.

In order to test the statistical significance of the inclimaestimations, the Kolmogorexsmirnov
test was performed to compare current results and those&ofdret al. (2005) to the expected

inclination distribution for a random inclination anglesdléwing a sin{) di distribution. In this
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Figure 8.26: Figure shows the results of KS test for comgaeunrent inclination estimations,
and those of Fmat et al. (2005) with uniform distribution of inclinatiamgles.

case the cumulative distribution function, CDF, of the ination is just

CDF(i) =1-cosi.

Results show that the current estimates of inclination aodgelof FEmat et al. (2005) are
drawn from the expected distribution for random inclinatiat the 1 % levelljyxs < Dyscrit)-
However, the test was performed over small number of objédso, this test was performed
for the entire results of Emat et al. (2005), which included 129 Be stars, and this isvsho
in Figure (8.27). The distribution of the estimated inctioas in the study of Femat et al.
(2005) is not drawn from the expected random distributigrthair results have higher number
of objects with low inclination angles than expected. Theuhes of this test shows that the

current inclination estimates seem to be more accuratettivese of Femat et al. (2005).
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Figure 8.27: The same as Figure (8.26), but only for the tesifilFiemat et al. (2005) for all
objects in this study.

8.4 Nitrogen Abundances

In this section, the estimated nitrogen abundances in thesgtheres of the sample of Be stars
are discussed. First, results based solely on the equivaidihs of the observed N lines
without making any corrections are introduced. Then, tfecés of gravitational darkening and
circumstellar disk emission on the measured equivalenthsidr the estimated abundances are

investigated.

8.4.1 Estimations of Nitrogen Abundances Based Solely on the Observed

Equivalent Widths

The process of determining the nitrogen abundances of tMeBisample of Be stars from the

computed curves of growths of therNViontemurt analysis is discussed in subsection (5.6).
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At this stage, neither theffect of gravitational darkening nor circumstellar emissmah be
included. As shown in Section 7.3.1, the expected corredtio the realistic rotationy;=
0.85) and gravitational darkening is expected to be legs @ik dex for most of the objects in

the sample.

The abundance analysis was done usingrte_asunp code of Sigut (2014, private com-
munication). A total of 100 random sets of the stellar partanseand equivalent widths were
used. The values of the stellar parameters were allowedyonithin the specified uncertain-
ties given in Table 8.1, while the equivalent widths werew#d to vary within the specified
uncertainties given in Table 8.2. Then, for each randomfsgedar parameters and equivalent
widths, the code interpolates in a randomly selected cuirgeawth of the Montewurr anal-
ysis for the 100 random realizations of the nitrogen atompmated at this set of parameters.
The final nitrogen abundance is the average of all abundasstesated for all random sets,
and the dispersion of abundances represents its uncgrthiatto errors in atomic data, stel-
lar parameters, and the measured equivalent widths. Natéh latter is the main source of
errors in the current study, as the measured equivalenhsvatte dominated by uncertainty in
the continuum placement. Large rotational broadeninggdditen to the strong line blending
in many cases, can result in a scarcity of good continuumtpdan a reliable determination
of the continuum. Figure (8.28) shows the estimation of itr@gen abundance of the Be star
HD56139 following the previously explained procedure ggine measured equivalent width
of the N 3995 A line. For stars with many observediMNnes this was repeated for each line

and an average abundance is computed from all estimataa@dfeom all observed lines.

For microturbulent velocities, the code provides two apgiat either uses a fixed value or
it tries to determine the microturbulent velocity by forgietrong and weak lines to give the
same abundance. However, in the current study, the lattdnaniés not a reliable method of es-
timating the microturbulent velocity because the abundamalysis is mainly performed using
strong lines which are all sensitive to variations of miarbtlent velocity. Consequently, the

microturbulent velocity was set at two fixed values, 2.0 aiickn s1, where a microturbulent
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Figure 8.28: Figure shows the estimation of the nitrogemdhuoce of the Be star HD56139
based on the measured equivalent width of the3995 A line. This was done by interpolat-
ing the curves of growth of 100 Montestti runs computed for 100 random sets feetive
temperatures and gravities (red solid lines), where tHasttfective temperature and gravity
were varied within the uncertainties shown in Table 8.1,100 random realizations of the
equivalent width of the Mt 3995 Aline that was varied within the uncertainty listed able
8.2. The microtrubulence velocity was kept fixed at 2.0 kin $he average value of the nitro-
gen abundance and the dispersion are shown in the figuree lirgtire, the circles represent
the estimated nitrogen abundances for each random reatizztthe equivalent width from a
randomly selected curve of growth, and the vertical lineesents the full range of the random
values of the equivalent width. The histogram in the lowghticorner of the figure shows the
distribution of the random realizations of the equivalerdtbv.
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Figure 8.29: Estimated nitrogen abundancgs=( 5.0 kms!) of the sample is shown in the
figure as a function of thefiective temperatures. Red, dashed line marks the solar viihe o
nitrogen abundance, while the dashed, black line markshhenedian value of the measured
nitrogen abundances.

velocity of 5.0 kms! represents an average value over main-sequence B-typgGtass&

Lambert, 1992).

Figure (8.29) shows the estimated nitrogen abundances £06.0 kms?! as a function
of effective temperature for the sample. The abundance for eaclsggiven in Table (8.5).
The average nitrogen abundance is equal to#0630 dex and lower than the solar valueday
0.2 dex but in acceptable agreement with the solar valuemtitie uncertainties. Adopting the
smaller value of the microturbulent velocities increabesaverage nitrogen abundance by only
0.1 dex. On the individual level, there a few stars that hatregen abundances equal to or
higher than the solar nitrogen abundance; although mostloaxer nitrogen abundance. How-

ever, further investigations for théfects of circumstellar disks should be performed ( section
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Figure 8.30: Figure shows results of KS test between thenattd nitrogen abundances
(¢4 = 5.0kms?) and cumulative normal distribution computed for a meanstaddard devia-
tions equal to those of the estimated nitrogen abundancesvédrtical line marks the average
abundance, while the green vertical line and the crosseksntae maximum dierence be-
tween the two cumulative distribution.

8.4.2) before deciding whether the observed nitrogen admoelis enriched or deficient. The
estimated nitrogen abundance of the Be star HD 143275 isyhigidertain because its stellar
parameters (31478 K, 3.5) lie close to the upper edge of tideofithe computed non-LTE
Nu profiles. Also, the Ni lines are very weak at such a temperature and gravity and kh sma
change in the equivalent width leads to a large change indimated abundance. In addition,

in this range of the stellar parameters, some lines are is2om due to non-LTEfects.

A KS statistical test was performed in order to check whetherestimated abundances
are normally distributed around the average value. In #8§ the cumulative distribution of
the nitrogen abundance is compared with a normal cumuldisteibution computed using

normcdf.m function of MATLAB. The mean and standard deviatad the distribution were
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Table 8.5: Measured Nitrogen Abundances of Be Stars Sample

HD Ter (K) logg en = Aen (dex)
& =20kmst & =50kms?
11415 15147.0 35 7.960.20 7.89+0.21
20336 18684.0 3.9 8.040.41 7.89+ 0.42
33328 21137.0 3.5 7.500.26 7.43+ 0.23
45725 17810.0 3.9 8.260.49 8.12+ 0.38
49567 17270.0 3.5 8.550.17 8.42+ 0.16
54309 20859.0 3.6 7.440.16 7.35+0.17
56139 19537.0 3.6 7.430.14 7.38+0.14
58050 19961.0 3.9 7.490.15 7.44+ 0.14
58343 16531.0 3.6 7.580.17 7.49+0.14
58978  24445.0 4.2 7.960.36 7.82+ 0.32
65875 20205.0 3.9 7.450.16 7.37+0.14
67698 17400.0 3.6 7.690.16 7.63+0.12
120324 20000.0 4.0 7.790.16 7.63+0.13
143275 31478.0 3.5 7.960.68 7.89+ 1.58
174237 17683.0 3.8 7.890.29 7.80+ 0.27
178175 18939.0 3.5 7.7/40.19 7.65+ 0.19
187567 23110.0 3.7 7.690.10 7.61+ 0.09
187811 18086.0 3.8 7.140.24 7.13+ 0.22
189687 18106.0 3.5 7.280.24 7.26+ 0.20
191610 18353.0 3.7 7.520.24 7.46+ 0.25
192685 18000.0 3.5 7.2#40.20 7.26+ 0.22
203467 17087.0 3.4 7.540.26 7.51+ 0.19
205637 17801.0 3.4 9.340.59 8.95+ 0.49
212076 19270.0 3.7 7.4 0.15 7.71+ 0.13
212571 26061.0 3.9 8.280.31 8.12+ 0.28
217050 17893.0 3.6 8.220.43 8.07+ 0.36

selected to be equal to those of the estimated values ind=i@80). Figure (8.30) shows
that the maximum dierence between the cumulative distribution of the samplel@anormal
cumulative distributionPys, is less than the critical value at the 1 % level. Consequiethily
supports the null hypothesis that the distribution of theratance estimations of the sample is

drawn from a normal distribution.

Because tha 3995 A N line is less likely to be fiected by line blends and measured for
all objects, it is a more reliable line for nitrogen abundaanalysis than the otheriNines

in most cases. It is a good idea to check the estimated nitralgendance using all observed
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Figure 8.31: Figure shows the change of the estimated mitr@dpundances where the abun-
dance analysis was done only fr3995 A Nu line compared to the results of abundance
analysis where all observediNines were included.

N lines with an estimate based only on th8995 A Nu line. For this reason, the abundance
analysis was reperformed with only this line included. Fey(B.31) shows the the nitrogen
abundances based solely on th&995 A Nu line differ only by +0.1 dex for most of the
sample. The nitrogen abundances estimates based onlysointhare lower than the results
from the complete analysis of the six Be stars, HD 11415, HD649561D 56139, HD 191610,
HD 203467 and HD 217050, by more than 0.1 dex. This could béameu by a possible
overestimation of the measured equivalent widths for anthefother Nr lines due to line
blending, or by a possible disk contamination at #8995 A line. On the other hand, the
estimated nitrogen abundances were larger by more thare®.fbdthree Be stars, HD 45725,
HD 143275 and HD 187567. The higher nitrogen abundance @dé¢wtar HD 143275, based
on the 3995 A Nu line is attributed to possible line blending at this line. vwer, all of

these diferences are less than the proposed uncertainties of theiradastrogen abundances.
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Figure 8.32: Figure shows the change of the estimated mitr@pundances of the Be stars
sample with their gravities. Dashed, red line represemsdtiar nitrogen abundanc&, tiar =
7.83 dex).

Figures (8.32) and (8.33) shows the change of the measuredem abundances of the Be
stars sample with their gravities and equatorial rotatioeocities, respectively. Theoretical
models of the evolution of rotating massive stars on the rsaguence predict the increase of
the nitrogen abundance with age and velocity. The age cauleéfiresented with the value of
gravity, where the Be star with the smallest gravity is theestdamong them and vice versa. As
Figure (8.32) shows there is no significant correlation oremrrelation between the measured
nitrogen abundances of the Be stars in the studied sampldaindjtavities. Also, there is no
significant correlation with their equatorial rotationalecities, Figure (8.33). However, the
results are not totally contradicting the predictions &< models, because there is a number
of Be stars in the sample with low gravity values, i.e. theyselto the TAMS, and they show

enriched nitrogen abundances in their atmospheres.
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Figure 8.33: Figure shows the change of the estimated mitr@pundances of the Be stars
sample with their equatorial rotational velocities.

8.4.2 Corrections for Circumstellar Disks Hfects on the Measured Nitro-

gen Abundances

The disk parameters obtained in section 8.3 were adoptednpuate the expected disk con-
tamination using theeray code. In these computations, the reference models for gadiral
type were taken as the models with disk parameters eqpgl£01.0x 101%(g cnt3), n = 4.0,
Ri« = 6R. andi = 60°. The computed fluxes of these models represent only the flixes
their central stars, because they have small disks withlearynass that have almost néect

on the emitted stellar radiation.

Figures (8.34) and (8.35) show the expected disk contairnmagpresented by the ratio
of the total flux of the central star and the disk system to théted flux from central star as

a function of wavelengths. Figures (8.34) shows the diskaromation for a model with a
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B3-type central star and disk parameters 30°, n = 2.5, andRj« = 25R. for 9 selected
values ofpy between 10 x 1072 and 10 x 107°(g cn3) with a step of 5 x 1071?(gcnt3).

As the figure shows, the model with the lowggtvalue has no significant contribution to the
total flux. The expected disk contamination increases wighimcrease of the disk’s mass. In
this case, the disk does not lie along the line of sight, anal esnsequence the disk adds to
the stellar flux by the emitted radiation by bound-free ame{firee emission within the disk.
The sharp peaks represents the peaks of the bound-freed@masshe limits of the dterent
hydrogen series, where the limits of Balmag,(= 3646nm) and Paschem{, = 8204 nm)

series are shown in the figure.

The expected disk contamination for a model with a B4-typdreéntar and disk parame-
tersi = 80°, n = 3.5, andRy« = 25R. and for the samg, values as Figure (8.34) is shown
in Figure (8.35). Again, the model with the lowgst value has no féect on the observed
stellar radiation. The predicted disk contamination iases with the increase of the value of
po, i.€. the increase of the disk’s mass. In this case, the @iskalong the line of sight, and
consequently, the stellar radiation passes through ttke As a result, absorption by the disk
reduces the flux of the emitted radiation from the central stecontrast to Figure (8.34), there
are sharp reduction of the stellar flux at the limits of Balmed &#aschen series due to the

abrupt increase of the bound-free absorption rates at thagelengths.

Table 8.6 shows the predicted disk contamination at 3 wagds computed for stellar

models with disk parameters equal to those of the best fitefoh 8e star in the sample.

To correct the observed equivalent widWes, for the disk contribution, we use the fact
that over the width of the N spectral lines, the disk contributes a wavelength indepeitLix,

Fp, making the observed flux at wavelength

Fi=F,+Fp, (8.3)

whereF; is the stellar flux in the absence of the disk. Choosing a wagétheoutside of the
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Figure 8.34: Figure shows the expected disk contaminasduraction of the wavelength for
a Be model with a central star of B3 spectral type with viewingjimation angle equal to 30
and disk parameters with= 2.5, Rjis« = 25R, for 9 selected values @f, between 0x 10°*?

and 10 x 1071°(g cnt?d).
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Figure 8.35: The same as Figure (8.34), but for B4-type Be medbldisk parameters =
80°, n= 35, Ry« = 25R..
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line, we have the continuum flux

FC = Fz‘, + FD s (84)

whereF¢ is the stellar continuum flux in the absence of the disk. Theeoked equivalent

vv;bszf (F”_Fc)da, (8.5)
line

C

width is

which includes the contribution of the disk and hence is nptag to the photospheric equiv-

alent that we seek. Inserting the above relations, and ukangdefinition of the photospheric

F*_F*
vvgorzf ( L C)d/l, (8.6)
line C

equivalent width as

it is easy to show that the relation betweafPs andWe':

F*
b= S W 8.7
1T FaFp (8.7)

Model calculations withsepisk andseray can provide the quantitpp = (FE + Fp)/F¢ at
the wavelength of each line for the appropriate disk demaitglel found by matching thed

profile. To obtain the photospheric equivalent, we correetdbserved equivalent widths as

Morr = Ap W/?bs. (8.8)

While one may expedip > 1, making the corrected equivalent widths larger than tlsenled
ones, this is not necessarily the case. In shell stars, fimple, the stellar continuum is seen
through the disk and there is a reduction of the stellar flisoeisited with the optical depth
of the disk. In this casefp will be negative, makind=¢ + Fp < Fg andAp < 1. Finally,
we note that for all of the N lines, we have neglected line emission from the disk by tme N

transitions.

After correcting the observed equivalent widths in thisifag, the abundances analysis was
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Table 8.6: Disk Contamination of the Spectra of Be Stars Sample

HD sp. type £o N Riix [ Fstartdisk/ Fstar
assigned Nm13995 Ha4481 Nua5679.6 (A)
Good Matching
33328 | B2V 1.002 35 6.0 50.0/ 1.001 1.001 1.001
58343 | B5V 5.0012 2.0 50.0 20.0 1.020 1.022 1.029
B4V 1.00 2.0 25.0 10.0 1.042 1.048 1.071
67698 | B5V 2501 3.0 125 20.0 1.036 1.044 1.083
120324 | B3V 7501 20 6.0 20.0 1.026 1.029 1.039
B2V 75012 25 125 20.0 1.026 1.029 1.038
143275| BOV 7501 25 50.0 18.0 1.038 1.040 1.047
191610| B4V 75012 30 6.0 45.0 1.006 1.007 1.01
212571| B1V 2501 30 125 60.0 0.973 0.975 0.989
Acceptable Matching
45725 | B4V 75012 20 250 72.0 0.992 0.992 0.993
54309 | B3V 1.00° 3.0 25.0 60.0 0.915 0.955 1.109
56139 | B3V 25011 25 250 30.0 1.051 1.062 1.120
58050 | B3V 1.002 25 6.0 20.0/ 1.001 1.001 1.002
58978 | B1.5V 5,001 35 50.0 60.0 0.935 0.939 0.971
65875 | B3V 75012 2.0 50.0 50.0 1.027 1.030 1.046
178175| B4V 5.0012 20 125 30.0 1.019 1.021 1.027
187811| B4V 75012 25 6.0 50.0 1.006 1.006 1.010
187567| B2V 5.0012 20 250 40.0 1.026 1.029 1.039
192685| B4V 1.00 3.0 6.0 50.0/ 1.004 1.004 1.007
203467 B5V 7501 25 50.0 60.0 0.958 1.010 1.231
205637 B4V 50011 35 250 80.0 0.870 0.865 0.856
212076 B3V 5.0012 2.0 50.0 40.0 1.024 1.027 1.037
217050| B4V (B/W) | 5.00%2 2.0 25.0 84.0 0.941 0.938 0.929
(RW) | 250 25 50.0 84.0 0.892 0.886 0.870
20336 | B4V 50011 35 250 70.0 0.886 0.884 0.903
Poor Matching
174237| B4V 1.002 20 6.0 50.0/ 1.002 1.003 1.003
189687| B4V 25012 30 6.0 30.0/ 1.004 1.005 1.006

reperformed where the corrected equivalent widths werptadan the analysis. Figure(8.36)
shows the change of the estimated nitrogen abundancespfiting corrections for the ex-
pected disk contamination. As the figure shows, the expaxedctions of the nitrogen abun-
dance for the disk contamination lie within0.1 dex for most of the sample. There is a number

of stars with larger dierences. However, all of thesetérences are smaller than the estimated
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Figure 8.36: Figure shows the changes of the measured eitralgundances for the Be stars
after implementing corrections for the disk contaminatiiect.

uncertainties of the nitrogen abundances due to erroreindhtinuum renormalization.

Finally in Figure 8.37, the obtained abundances are cordp@sdistograms to the recent
B-star nitrogen abundances of Lyubimkov et al. (2012) and/&N& Przybilla (2012). While
the mean nitrogen abundance agrees very well in all casescliéar that the dispersion in
abundance is much larger for the current analysis, with tiedsard deviation being about a
factor of two larger. In fairness to the current results, aeay, it should be noted that both the
Lyubimkov et al. (2012) and Nieva & Przybilla (2012) worksedscarefully selected samples
of stars to yield the most accurate abundance analysidgp@ssowv sini, for sharp, unblended
lines and no Be stars. The current sample of Be stars used aydedthbere would be naturally
excluded from such an analysis as too troublesome!

Nevertheless, there are some unsettling aspects to trentuesults. A significant number
of stars have nitrogen abundandis < 7.6 dex whereas the previously mentioned B star

samples have no such objects. It iffidult to easily reconcile a significant population of sub-
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Figure 8.37: Histograms of the measured nitrogen abundand&and Be stars. The top panel
is the B star sample of Lyubimkov et al. (2012); the next lowanel is the B star sample of
Nieva & Przybilla (2012); the next lower panel is the currBhiMeS Be star sample, corrected
for disk emission; the bottom panel is the current MiMeS Be saaple, uncorrected for disk
emission. The mean and standard deviation of each sampieeis in the panels. The solar
nitrogen abundance is indicated by the dotted line in eaoklpa

solar abundance Be stars when no corresponding main seqoepgkation of B stars exists.
One clear source of uncertainty is the neglect of line emmissi the Ni transitions by the disk
which would fill in the lines. This possibility can be checkéd further calculation with the

BEDISK andBERAY cOdes.

In addition, we have a small number of high nitrogen abundasigects. The highest
abundance objecBy > 9, has a very large uncertainty. The next highest nitrogemadnce,
HD 49567, withAy = 855+ 0.17 is an interesting case. With sharp lines due to its lower
v sini, the abundance seems reliably determined. Neverthelgssstar is a member of a
HMXB binary star system (Sterken & Manfroid, 1996) and here&igh nitrogen abundance

may be due to mass transfer and not rotational mixing.
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8.5 Discussion

Results of the abundance analysis based only on the obsgmeetlad lines without correcting
for the disk contamination shows that on average the nitradgpeindance of the sample agrees
with the solar value. However, some Be stars of the sample sigwnificantly higher nitro-
gen abundances compared with the solar value, while otlases dignificantly lower nitrogen
abundances. The largest source of uncertainty in the duanetysis is the continuum determi-
nation of the observed spectra which is a consequence oafhe rotation of the stars in the
sample.

The order of the expected corrections for gravitationakeaing dfects lies within+0.1
dex for most of the stars included in this analysis, see Eigu8. This is smaller than the esti-
mated uncertainties of all Be stars in the sample. As a rasidtnot expected that correction
of the gravitational darkening significantly changes themested nitrogen abundances.

Next, dfects of the disk contamination on the observed spectrat ivere checked, and
consequently, the estimated nitrogen abundances. Relsaltstsat the expected disk contam-
ination is less than 5% for most of the cases, and it can reabigh asv 25% in some cases.
This is not as high as predicted in the previous work of Duhstal. (2011). The latter work
predicted higher disk contamination that could reach 60 %oime cases. The results show
that including disk contamination corrections changesdsimated nitrogen abundance by
~ +0.1 dex in most cases. Again, these corrections do not signifjceahange the estimated

nitrogen abundances.
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Conclusions

In the current work, abundance analysis was performed fangk of 26 Be stars using high
resolution spectra taken from the MiMeS survey (Wade e8l14). This was done to test
the expected nitrogen enrichment in their atmospheres tayiosoal mixing as predicted by
theoretical models of the evolution of rotating massivessfa.g. (Meynet & Maeder, 2000),
(Brott et al., 2011) and (Eksim et al., 2012)). Be stars are the fastest rotating mainesesu
stars, so measuring their nitrogen abundances represemgpartant test for theféciency of
matter transport by rotational mixing. However, due to thf@allty of performing abundance
analysis for Be stars, they were either excluded in most optbeious spectroscopic analysis,
or treated in an ad-hoc way that mighfext the estimated abundances (Dunstall et al., 2011).
In this curren thesis, the accuracy estimates for the retni@pundances were obtained through
a careful treatment of the departure from LTE in their atnhesps, the rotationaliects, and

disk contamination.

9.1 Results of Non-LTE calculations

Non-LTE calculations for M were performed using theurt: code (v2) of Carlsson (1992).
Grids of non-LTE equivalent widths of Mlines over stellar parameters suitable for B-type
stars were obtained. In addition to the computation of the-IdBE equivalent widths, esti-

mates of the error bounds on the computed equivalent widtedaerrors in the atomic data

175
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were obtained. This is very important in many cases, likectireent work, where the nitrogen
abundances of many stars in the sample were only based oimeng3995 A. Consequently,
the traditional way of estimating the uncertainties is ngplecable, and an alternative pro-
cedure is needed. This was done using Monte Carlo simulatotiesving the procedure of
Sigut (1996). Results show that the current calculation lggsd agreement with the previous
calculation of Korotin et al. (1999), but the expected ndikleffects in the current work are

lower.

In addition, non-LTE calculations for Havere performed in order to obtain grids of the
non-LTE equivalent widths and profiles of the4471 andl 6678 A over stellar parameters
suitable for B-type stars. They were used to test the estahstitlar parameters of the sample,
and to get estimations of the projected rotational velesifvsin) of stars in the sample. Also,
they were used to test théfects of gravitational darkening. Results of theiHalculation
are in a good agreement with previous calculations and witteved equivalent widths of B
type stars adopted from literature. Also, estimates ther @ounds on the computed equivalent
widths of Her lines due to errors in the atomic data were obtained. Redudis that the He
lines are very sensitive for the errors in the atomic dagaeeslly lines with long wavelengths,

i.e.hv < kT, like 1 10830 A.

9.2 Gravitational Darkening Effects

Gravitational darkeningfects the equivalent widths of thie3995 andi 6482 A Nu lines and
onthe Ha 16678 A and Mgi 14481 A lines. The non-LTE equivalent width grid of the Mg
14481 A line was taken from Sigut & Lester (1996) were investigl. This was done for two
data sets; in the first set the standard treatment of von Feipe adopted (Collins, 1965),
while the new formulation of Espinosa Lara & Rieutord (201 Bsvadopted in the other set.
Results show that the von Zeipel's standard treatment seeessimate significantly higher

gravitational darkeningfeects than the new treatment of Espinosa Lara & Rieutord (2011)
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such that the expected change in the equivalent widths aaftesrim case of adopting the new
treatment of Espinosa Lara & Rieutord (2011). The expectadgés of the equivalent with of
A 3995 N line for stars withTg; < 26,000K and realistic rotational velocities equal to 0.85
of their critical velocities lies within: 0.1 dex, that covers most of Be stars in the sample.
The gravitational darkeningfects on the vsinestimates using 6678 andl 4481 A line
profiles were tested. Results show that Ah&481 A Mgu line is less &ected by gravitational
darkening than the other line, which makes it more reliabtesgini estimations. Also, current
results show that the expected underestimation of the meggwojected rotational velocities
by adopting the new, and more realistic treatment of Espin@sa & Rieutord (2011) is less
pronounced than the expected underestimation obtaineddptiag the standard treatment of

von Zeipel.

9.3 Results of the Abundance Analysis

The results of the abundance analysis based solely on tkeevelolsequivalent widths show that
the estimated nitrogen abundance have an average valuglaf0730 dex, which agrees with
the solar value (7.83 dex) within the uncertainties. Thaaye nitrogen abundance equal to
the average measured nitrogen abundance of Lyubimkov(@04l2), while it is lower than the
average measured nitrogen abundance of Nieva & Przybilla2R However, the measured
nitrogen abundances in the current work have a larger digpewith a larger fraction of stars
with low nitrogen abundances.

Corrections for gravitational darkeningfects are of the order af 0.1 dex, smaller than
the estimated uncertainties of the measured abundancese@ntly, corrections for gravi-
tational darkeningféects are not expected to change the measured nitrogen aloesdagnif-
icantly.

Calculations of the disk contamination were done usingstidesk code of Sigut & Jones

(2007) and theeray code of Sigut (2011). For this purpose, estimates of the giskmeters
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were obtained by fitting the observedvhbrofiles with synthetic profiles computed using the
BEDISK code. Then these estimates were used to compute the disinuoation to the observed
continuum flux using theeray code. Results show that the expected disk contaminatiosss le
than 5% in most cases, which is not as high as the expectedamt&mination in Dunstall et
al. (2011).

The estimated nitrogen abundances post correction foriirecdntamination changed by
~ 0.1 dex for most Be stars in the sample. This did not significacllgnge the measured
nitrogen abundances, or the observed distribution. Inlosian, results show that correc-
tion for gravitational darkeningfiects and disk contamination did not significantly change
the measured nitrogen abundance that were based solely @mbserved equivalent widths.
The results do not oppose or support the prediction nitr@geichment in the atmospheres of

rotating massive stars by rotational mixing.

9.4 Future Directions

Because the abundance analysis was done for a small sampls@irBgt is suggested that the
spectral analysis should be performed over a larger sanfijide stars. Also, including more
accurate stellar masses and radii using grids of stelldugon models in the computation
of gravitational darkening and disk contamination may iowerthe results of the abundance
analysis. The presence of a large fraction of Be stars in timpleawith low nitrogen abun-
dance may suggest a possible line emission by the disk thét effect the measured nitrogen
abundances. Thidlect was not investigated in the current work, and it is recemed to be

investigated in future studies.
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Appendix A

List of Constants and Abbreviations

A.1 Constants

Constant Name Symbol
Planck’s constant h
Rydberg constant Ry

Solar luminosity Lo
Solar mass Mg
Solar radius R
Speed of light o
Stefan-Boltzmann o
constant

A.2 Abbreviations

Phrase

Korotin et al. (1999)

Local thermodynamic equilibrium
Large Magellanic Cloud

Small Magellanic Cloud
Collisional bound-bound transition
Collisional bound-free transition
Radiative bound-bound transition
Radiative bound-free transition
Stark width

Terminal age main-sequence
Zero age main-sequence

Value
6.6261x 10°%/
1.0973x 10’
3.8460x 10°*
1.9885x% 10%°
6.9634x 10
2.9979x 10%°
5.6704x 10°°

Abbreviation
K99
LTE
LMC
SMC
cbb
cbf
rbb
rbf

stk
TAMS
ZAMS
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unit

m2gst

m—l

ergs?

g

cm

cmst

ergent?s K4
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Table B.1:murt results for Nm 2 3995 A atg, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,3.5 5.5 1.13 94 1.14 11.0 1.15 17.2 1.16 256 1.17 31.6 1.17 36.3
17000,3.5 13.0 1.16 20.6 1.17 235 1.18 34.3 1.19 476 1.19 56.6 1.19 63.6
19000,3.5 23.2 1.18 35.3 1.20 39.8 1.20 554 1.21 733 1.21 85.0 1.21 93.9
21000,3.5 324 1.18 49.0 1.21 55.0 1.21 74.8 1.23 96.4 1.23 110.2 1.23 120.73
23000,3.5 344 1.16 53.6 1.20 60.6 1.21 83.6 1.24 108.0 1.25 123.2 1.26 134.26
25000,3.5 26.4 1.13 44.0 1.17 50.8 1.19 74.3 1.23 99.8 1.26 115.3 1.27 126.78
27000,3.5 15.7 1.11 28.7 1.16 34.2 1.17 55.0 1.21 795 1.25 947 1.27 105.7
29000,35 5.4 0.88 12.2 1.03 154 1.07 29.7 1.16 50.3 1.23 64.4 1.26 74.9
31000,35 -0.9 -055 0.0 0.01 0.8 019 5.7 0.66 16.0 096 25.3 1.07 333
15000,4.0 2.9 1.08 5.2 1.09 6.2 1.10 104 1.11 16.4 1.12 20.9 1.12 246
17000,4.0 7.5 1.10 126 1.12 147 1.12 227 1.13 333 1.14 40.7 1.14 46.6
19000,4.0 15.0 1.12 24.0 1.14 27.4 1.14 40.1 1.15 554 1.16 65.7 1.16 73.7
21000,4.0 23.9 1.14 37.2 1.16 421 1.16 59.2 1.18 787 1.18 914 1.18 101.1
23000,4.0 30.2 1.14 47.2 1.17 53.3 1.17 74.0 1.19 96.5 1.20 110.8 1.20 121.50
25000,4.0 28.8 1.11 46.6 1.15 53.2 1.16 75.7 1.19 99.9 1.21 1148 1.21 125.82
27000,4.0 21.2 1.08 36.5 1.12 426 1.13 64.5 1.17 88.8 1.20 103.6 1.21 114.42
29000,4.0 12.7 1.02 239 1.08 28.7 1.09 47.4 1.14 705 1.19 84.9 1.20 95.3
31000,4.0 5.1 0.79 11.3 0.93 14.3 0.97 274 1.06 46.4 1.14 59.6 1.17 694
15000,45 1.4 1.04 26 1.06 3.2 1.06 5.7 1.07 9.7 1.08 12.8 1.08 15.5
17000,45 4.0 1.06 7.1 1.07 85 1.08 14.0 1.09 21.8 1.10 27.6 1.10 323
19000,4.5 8.9 1.08 15.0 1.09 175 1.10 27.2 1.11 39.6 1.11 48.4 1.12 552
21000,4.5 15.8 1.09 25.8 1.11 29.7 1.12 43.8 1.13 60.9 1.13 723 1.13 81.1
23000,4.5 229 1.10 36.8 1.12 42.0 1.13 60.1 1.15 80.8 1.15 94.1 1.15 104.3
25000,4.5 26.1 1.09 423 1.12 48.4 1.13 69.2 1.15 92.0 1.16 106.4 1.16 117.26
27000,4.5 225 1.05 38.1 1.09 442 1.10 65.6 1.13 89.2 1.15 103.7 1.16 114.56
29000,4.5 15.8 1.02 28.3 1.06 33.6 1.07 53.3 1.11 76.2 1.14 904 1.15 100.8
31000,4.5 9.0 0.93 175 1.00 214 1.02 37.1 1.08 57.7 112 711 1.14 80.9

1.17
1.19
1.20
1.2

1.2
1.28
1.27
1.13
1.13
1.14
1.16
1.18
1.2
1.2
1.2
1.21
1.19
1.09
1.10
1.12
1.13
1.15
11
11
1.16
1.15

68T



Table B.2:murti results for Nm 2 3995 A atg, =5 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW, W, WW, W, WW, W, W/W, W, W/W, W, W/W,
15000,3.5 5.9 1.12 10.3 1.13 12.2 1.14 19.7 1.15 30.2 1.16 37.8 1.17 439
17000,3.5 14.2 1.15 23.3 1.16 27.0 1.17 40.6 1.18 57.8 1.19 695 1.19 785
19000,3.5 25.7 1.17 40.9 1.19 46.6 1.19 67.0 1.21 90.6 1.21 106.0 1.21 117.61
21000, 3.5 36.0 1.17 56.9 1.20 64.7 1.21 913 1.22 120.4 1.23 138.6 1.24 152.24
23000,3.5 375 1.15 61.3 1.18 70.3 1.19 1011 1.23 134.3 1.25 154.6 1.26 169.27
25000,3.5 279 1.12 485 1.16 56.9 1.17 87.1 1.21 121.3 1.25 142.2 1.27 157.28
27000,3.5 15.8 1.09 30.1 1.14 36.3 1.15 61.3 1.20 93.0 1.24 113.2 1.27 127.98
29000,3.5 4.8 0.78 11.6 0.96 14.9 1.01 305 1.12 5438 1.20 725 1.24 86.1
31000,35 -1.2 -0.75 -08 -0.24 -0.2 -0.06 4.0 047 144 0.85 244 0.99 3367
15000,4.0 3.0 1.07 55 1.09 6.7 1.09 115 1.10 18.7 111  24.2 1.12 28.7
17000,4.0 8.0 1.09 13.8 1.11 16.3 1.11  26.0 1.13 39.2 1.14 485 1.14 56.0
19000,4.0 16.2 1.11 26.9 1.13 31.2 1.14 47.1 1.15 66.7 1.16 80.0 1.16 90.2
21000,4.0 26.1 1.12 423 1.15 48.6 1.16 70.7 1.17 96.3 1.18 112.8 1.18 125.29
23000,4.0 329 1.12 53.7 1.15 61.6 1.16 88.9 1.19 118.9 1.20 1375 1.21 151.21
25000,4.0 30.7 1.09 52.0 1.13 60.3 1.14 89.6 1.18 121.9 1.20 141.6 1.22 156.92
27000,4.0 22.0 1.06 394 1.10 46.6 1.11 738 1.16 105.7 1.19 1254 1.21 139.22
29000,4.0 12.7 0.99 24.6 1.05 30.0 1.07 51.9 1.12 80.8 1.17 99.6 1.19 113.3
31000,4.0 4.6 0.70 10.8 0.87 13.9 091 28.1 1.02 50.2 1.11 66.4 1.15 78.9
15000,45 14 1.04 2.7 1.05 34 1.05 6.1 1.06 10.6 1.07 14.3 1.08 174
17000,4.5 4.2 1.05 7.6 1.07 9.1 1.07 155 1.08 2438 1.09 31.8 1.10 37.6
19000,45 94 1.07 16.4 1.09 19.3 1.09 30.8 1.10 46.2 1.11 57.1 1.12 65.7
21000,4.5 16.9 1.08 28.6 1.10 33.3 1.11 50.8 1.12 724 1.13 86.9 1.14 98.0
23000,4.5 24.6 1.09 411 1.11 476 1.12 70.7 1.14 97.4 1.15 1145 1.16 127.36
25000,4.5 27.8 1.07 471 1.11 546 1.12 813 1.14 111.2 1.16 129.8 1.17 143.%7
27000,4.5 23.6 1.03 414 1.07 48.7 1.09 75.6 1.12 106.3 1.15 125.3 1.16 139.26
29000,4.5 16.1 0.99 29.9 1.04 35.8 1.05 59.3 1.10 88.5 1.13 107.0 1.15 120.46
31000,45 8.7 0.89 17.7 0.97 21.9 0.99 39.7 1.05 645 1.10 81.4 1.13 93.9

1.17
1.19
1.2

1.2
1.26
1.0
1.12
1.14
1.16
11

121
1.17
1.08

1.10

1.12
1.14
1.1

1.1
1.14

06T
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Table B.3:murm results for Nu A 3995 A até =10 km s? (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW, W, WW, W, WW, W, W/W, W, W/W, W, W/W,
15000,3.5 6.3 1.11 11.3 1.12 13.6 1.13 2238 1.14 36.3 1.16 46.3 1.16 545
17000,3.5 155 1.13 26.7 1.15 314 1.16 49.3 1.17 72.7 1.19 88.9 1.19 1015
19000,3.5 28.6 1.15 479 1.17 55.6 1.18 83.7 1.20 1175 1.21 1395 1.21 156.21
21000,3.5 39.9 1.16 67.0 1.18 77.6 1.19 1155 1.21 158.6 1.23 1854 1.24 205.24
23000, 3.5 40.9 1.13 70.7 1.16 82.8 1.17 126.5 1.21 176.2 1.24 206.7 1.25 228.86
25000,3.5 295 1.10 53.7 1.14 64.1 1.15 104.6 1.19 1544 1.23 185.8 1.26 208.87
27000,3.5 15.7 1.04 31.2 1.10 38.4 1.12 68.9 1.17 111.9 1.22 141.3 1.25 163.26
29000,3.5 3.9 0.63 10.4 0.84 13.8 0.90 304 1.05 59.2 1.15 824 1.20 101.2
31000,35 -16 -1.00 -1.8 -057 -16 -0.40 1.3 0.15 10.8 0.63 21.3 0.84 3165
15000,4.0 3.1 1.06 5.9 1.08 7.2 1.08 12.7 1.09 215 1.11 285 1.11 34.3
17000,4.0 85 1.08 15.3 1.10 18.2 1.10 30.3 1.12 473 1.13 59.8 1.14 69.8
19000,4.0 17.6 1.10 30.6 1.12 36.0 1.12 56.8 1.14 83.6 1.15 102.0 1.16 116.26
21000,4.0 28.5 1.11 48.8 1.13 57.0 1.14 87.3 1.16 123.7 1.18 147.3 1.18 165.09
23000,4.0 35.8 1.10 61.7 1.13 72.2 1.14 1104 1.17 154.4 1.19 181.8 1.20 201.21
25000,4.0 32.8 1.07 58.3 1.10 69.0 1.12 109.2 1.16 156.6 1.19 186.0 1.21 20%1.32
27000,4.0 22.8 1.03 425 1.07 51.2 1.09 86.3 1.13 131.3 1.17 160.3 1.20 181.81
29000,4.0 125 0.94 25.2 1.01 31.2 1.03 57.2 1.09 95.1 1.15 121.7 1.17 141.89
31000,4.0 3.8 0.58 9.8 0.77 12.9 0.82 28.1 0.96 54.2 1.06 75.1 1.11 921
15000,4.5 15 1.03 2.8 1.04 35 1.05 6.5 1.06 11.7 1.07 16.0 1.07 19.9
17000,4.5 4.3 1.05 8.1 1.06 9.8 1.06 17.2 1.08 28.7 1.09 37.6 1.09 45.0
19000,4.5 9.9 1.06 179 1.07 215 1.08 35.7 1.09 557 1.11 70.1 1.11 81.6
21000,4.5 18.1 1.07 32.0 1.09 379 1.10 60.6 1.11 89.9 1.13 109.8 1.13 125.14
23000,45 26.4 1.07 46.4 1.10 54.7 1.11 85.8 1.13 1234 1.15 147.7 1.15 165.96
25000,4.5 29.6 1.05 52.7 1.09 624 1.10 98.6 1.13 141.6 1.15 168.6 1.16 188.47
27000,4.5 24.6 1.01 45.2 1.05 54.1 1.06 89.3 1.10 132.9 1.13 160.7 1.15 181.06
29000,4.5 16.3 0.96 31.4 1.01 38.3 1.03 67.1 1.07 106.5 1.11 133.0 1.13 152.65
31000,45 8.3 0.82 17.6 092 221 0.94 424 1.02 736 1.08 96.4 1.10 1141

1.17
1.19

1.23
0.9
1.12
1.14

1.1

11
1.14
1.08
1.10
1.12
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Table B.4:murti results for N A 4447 A atg, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW, W, WW. W, Ww, W, WW, W, WW, W, WW,

15000,35 1.2 1.06 22 1.07 27 1.07 4.8 1.08 8.0 1.09 10.6 1.10 12.8
17000,35 3.5 1.08 6.3 1.08 7.4 1.08 12.2 1.09 18.9 1.10 23.9 1.10 27.8
19000,35 7.5 1.09 129 1.09 15.1 1.09 235 1.09 344 1.10 41.9 1.10 47.8
21000,3.5 11.8 1.10 19.9 1.09 23.2 1.09 35.3 1.08 499 1.08 594 1.08 66.7
23000,3.5 13.2 1.08 22.7 1.07 26.5 1.07 40.6 1.06 57.2 1.05 67.8 1.05 75.7
25000, 3.5 10.2 1.05 18.4 1.05 21.9 1.05 35.2 1.04 51.6 1.03 62.1 1.03 69.8
27000,35 6.4 1.06 121 1.07 147 1.07 254 1.05 39.9 1.04 49.7 1.03 57.1
29000,35 2.9 1.03 6.1 112 7.7 1.14 14.6 1.14 254 1.11 335 1.09 39.9
31000,3.5 0.2 0.30 1.2 077 19 092 51 1.24 111 1.33 16.2 1.31 20.5
15000,4.0 0.6 1.05 1.2 1.05 15 1.05 2.8 1.05 4.9 1.06 6.6 1.07 8.1
17000,4.0 2.0 1.06 3.6 1.06 4.4 1.06 7.6 1.06 124 1.07 16.1 1.07 19.2
19000,4.0 4.6 1.07 8.2 1.06 9.7 1.06 16.0 1.07 245 1.07 30.7 1.07 35.7
21000,4.0 8.4 1.07 145 1.07 17.0 1.07 26.8 1.06 39.3 1.06 47.9 1.06 54.6
23000,4.0 115 1.07 19.8 1.06 23.2 1.06 35.9 1.05 51.3 1.04 615 1.04 69.2
25000,4.0 114 1.04 20.0 1.03 23.6 1.03 37.1 1.02 534 1.01 63.9 1.01 71.8
27000,4.0 8.6 1.02 15.7 1.02 18.7 1.02 30.9 1.01 46.4 1.00 56.6 0.99 64.2
29000,4.0 5.4 0.99 105 1.01 128 1.02 225 1.01 36.1 1.00 45.6 1.00 52.7
31000,4.0 2.6 0.88 5.7 098 7.1 1.00 13.7 1.03 24.0 1.03 31.8 1.02 38.1
15000,4.5 0.3 1.04 0.7 1.04 0.8 1.04 1.6 1.04 29 1.04 4.1 1.04 5.2
17000,45 1.1 1.04 21 1.04 26 1.04 4.6 1.04 8.0 1.05 10.7 1.05 13.1
19000,45 2.8 1.05 5.1 1.04 6.1 1.04 105 1.04 171 1.05 221 1.05 26.2
21000,45 55 1.05 9.9 1.05 11.7 1.05 19.3 1.04 29.8 1.04 37.3 1.04 43.2
23000,4.5 8.7 1.06 15.3 1.05 18.1 1.04 28.9 1.04 429 1.03 524 1.03 59.8
25000,4.5 10.5 1.04 185 1.03 21.8 1.03 34.6 1.01 50.5 1.01 61.0 1.00 69.0
27000,45 9.3 1.01 16.8 1.00 20.0 1.00 32.6 0.99 485 0.98 59.0 0.97 66.9
29000,45 6.7 0.98 12.6 0.98 15.2 0.98 26.1 0.98 40.6 0.97 505 0.96 58.0
31000,45 4.0 092 8.1 0.96 10.0 0.97 18.2 0.98 30.3 0.97 39.0 0.97 4538

1.10
1.11
1.10
1.08
1.05
1.03
1.03
1.07
1.28
1.07
1.07
1.07
1.06
1.04
1.01
0.99
0.99
1.01
1.05
1.05
1.05
1.04
1.03
1.00
0.97
0.96
0.96
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Table B.5:murti results for N A 4447 A atg, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW, W, WW. W, Ww, W, WW, W, WW, W, WW,

15000,35 1.2 1.06 2.3 1.07 29 1.07 5.1 1.08 8.8 1.09 11.9 1.09 145
17000,35 3.7 1.08 6.7 1.08 8.0 1.08 13.6 1.09 21.7 1.10 27.8 1.10 32.8
19000,35 7.9 1.10 140 1.09 16.6 1.09 26.9 1.09 40.6 1.10 50.2 1.10 57.7
21000,3.5 125 1.11 219 1.10 25.8 1.10 40.9 1.09 59.8 1.09 724 1.09 82.0
23000,3.5 13.8 1.08 24.6 1.08 29.2 1.08 46.8 1.07 68.6 1.06 82.8 1.06 93.3
25000,3.5 10.5 1.05 195 1.05 235 1.05 395 1.05 60.5 1.04 744 1.04 84.8
27000,35 6.4 1.05 124 1.07 15.2 1.07 27.3 1.06 45.0 1.05 57.6 1.04 67.2
29000,35 2.7 096 6.0 1.09 76 1.11 15.0 1.14 27.2 1.12 36.8 1.11 447
31000,3.5 0.1 0.12 0.9 056 14 0.72 46 1.11 109 1.30 16.5 1.32 214
15000,4.0 0.7 1.05 1.3 1.05 15 1.05 2.9 1.05 5.2 1.06 7.2 1.06 8.9
17000,4.0 2.0 1.06 3.8 1.06 4.6 1.06 8.2 1.06 13.7 1.07 18.1 1.07 21.8
19000,4.0 4.8 1.07 8.7 1.06 105 1.06 17.7 1.07 28.0 1.07 35.6 1.07 41.8
21000,4.0 8.8 1.08 15.6 1.07 18.6 1.07 30.3 1.07 459 1.06 56.8 1.06 65.3
23000,4.0 12.1 1.08 215 1.07 255 1.06 41.0 1.05 60.7 1.05 73.9 1.05 83.9
25000,4.0 11.8 1.04 21.4 1.04 25.6 1.04 419 1.03 62.8 1.02 76.6 1.02 86.9
27000,4.0 8.8 1.01 164 1.02 199 1.02 34.1 1.01 534 1.01 66.5 1.00 76.4
29000,4.0 5.4 0.97 10.7 1.01 13.2 1.01 240 1.02 40.1 1.01 51.8 1.00 60.9
31000,4.0 24 0.81 55 094 7.0 0.97 14.0 1.02 255 1.03 34.7 1.03 42.3
15000,45 0.4 1.04 0.7 1.04 0.9 1.04 1.6 1.04 3.1 1.04 4.3 1.04 55
17000,45 1.1 1.05 22 1.04 27 1.04 4.9 1.04 8.6 1.05 11.7 1.05 144
19000,45 2.9 1.05 5.3 1.05 65 1.05 11.3 1.04 18.9 1.05 247 1.05 29.6
21000,45 5.7 1.06 104 1.05 125 1.05 21.2 1.05 33.6 1.04 427 1.04 50.0
23000,45 9.1 1.06 16.3 1.05 195 1.05 32.2 1.04 49.3 1.03 61.2 1.03 705
25000,4.5 10.9 1.04 19.7 1.04 235 1.03 38.7 1.02 58.5 1.01 719 1.01 82.0
27000,45 9.6 1.01 177 1.00 21.3 1.00 36.0 0.99 557 0.98 69.0 0.98 79.1
29000,45 6.8 0.97 13.0 0.98 15.9 0.98 28.1 0.98 455 0.98 57.8 0.97 67.3
31000,45 3.9 0.88 8.1 0.94 10.1 0.95 19.0 0.97 32.9 0.98 43.4 0.97 51.7

1.10
1.10
1.10
1.09
1.06
1.04
1.04
1.09
1.30
1.07
1.07
1.07
1.07
1.05
1.02
1.00
1.00
1.02
1.04
1.05
1.05
1.05
1.03
1.01
0.98
0.97
0.97
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Table B.6:murt results for Nu A 4447 A até =10 km s? (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, WW, W,  W/W, W, W/W,

15000,3.5 1.3 1.07 24 1.06 3.0 1.07 55 1.07 938 1.08 134 1.08 16.6
17000,3.5 3.8 1.08 7.1 1.08 8.7 1.08 15.2 1.08 25.3 1.09 331 1.10 39.6
19000,3.5 8.4 1.10 15.3 1.10 18.3 1.10 31.0 1.09 49.1 1.10 621 1.10 725
21000,3.5 13.2 1.11 24.0 1.10 28.7 1.10 48.0 1.09 73.9 1.09 91.7 1.09 105.5
23000,3.5 145 1.09 26.7 1.08 32.2 1.08 54.6 1.07 84.9 1.07 105.3 1.06 120.86
25000,3.5 10.8 1.05 20.6 1.06 25.1 1.06 44.6 1.05 72.6 1.05 924 1.05 107.6
27000,35 6.3 1.02 127 1.06 15.7 1.06 29.5 1.07 514 1.06 68.3 1.06 81.7
29000,35 2.3 0.84 5.6 101 7.2 1.05 15.1 1.12 29.1 1.14 40.9 1.13 51.0
31000,35 -0.1 -0.08 0.5 0.28 0.9 043 3.6 0.88 9.9 1.20 16.1 1.29 21.9
15000,4.0 0.7 1.06 1.3 1.05 1.6 1.05 3.0 1.05 56 1.05 7.8 1.06 9.9
17000,4.0 21 1.06 4.0 1.06 4.9 1.06 8.9 1.06 15.4 1.06 20.8 1.07 254
19000,4.0 5.0 1.07 9.4 1.07 11.3 1.07 19.8 1.06 32.7 1.07 425 1.07 505
21000,4.0 9.2 1.08 16.9 1.08 20.4 1.07 347 1.07 55.1 1.07 69.8 1.07 815
23000,4.0 12.7 1.08 23.3 1.07 28.1 1.07 475 1.06 74.1 1.05 926 1.05 106.7
25000,4.0 12.3 1.05 23.0 1.04 27.8 1.04 48.0 1.04 76.2 1.03 957 1.02 1105
27000,4.0 8.9 1.01 17.2 1.02 21.0 1.02 37.8 1.02 62.8 1.02 81.0 1.01 95.0
29000,4.0 5.3 0.94 10.8 0.99 134 1.00 25.6 1.02 45.2 1.02 605 1.01 729
31000,4.0 21 0.70 5.1 0.86 6.6 0.90 14.1 0.99 27.2 1.03 38.3 1.03 47.8
15000,45 04 1.05 0.7 1.04 0.9 1.04 1.7 1.04 3.2 1.04 4.6 1.04 5.9
17000,45 1.2 1.05 22 1.04 27 1.04 5.1 1.04 9.3 1.04 129 1.05 16.1
19000,4.5 2.9 1.05 5.6 1.05 6.8 1.05 123 1.05 21.2 1.05 28.3 1.05 344
21000,45 5.9 1.06 11.1 1.05 134 1.05 23.6 1.05 38.9 1.05 50.6 1.05 60.0
23000,45 9.4 1.07 175 1.06 21.1 1.05 36.5 1.05 58.5 1.04 744 1.04 86.9
25000,4.5 11.3 1.05 21.1 1.04 255 1.04 44.0 1.03 70.1 1.02 88.4 1.02 102.6
27000,45 9.8 1.00 18.7 1.01 22.8 1.01 40.3 1.00 65.8 0.99 84.0 099 098.1
29000,45 6.8 0.95 134 0.97 16.5 0.98 30.5 0.99 521 0.98 68.4 098 814
31000,45 3.7 0.83 8.0 0.91 10.1 0.93 19.8 0.96 36.1 0.98 49.2 0.98 60.1

1.09
1.10
1.10
1.09
1.0
1.04
1.05
1.12
1.31
1.06
1.07
1.07
1.07
1.05
1.02
1.01
1.01
1.03
1.04
1.05
1.05
1.05
1.04
1.01
0.99
0.98
0.98
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Table B.7:murm results for Nu A 4601.5 A att, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18
W, WW, W, WW, W, WW, W, WW, W, WW, W, WW, W,

0.30
W/W,

15000,35 08 098 16 107 19 1.09 36 114 64 116 86 1.16
17000,3.5 2.3 1.04 45 112 55 114 95 116 155 1.18 19.9 1.18
19000,3.5 4.9 105 94 114 114 116 190 118 29.1 1.19 36.1 1.19
21000,3.5 7.3 099 145 112 17.6 1.14 29.0 117 433 1.18 52.6 1.18
23000,35 6.5 083 150 1.05 186 1.08 32.2 1.14 48.8 115 594 1.15
25000,35 31 052 91 082 120 090 241 1.04 398 1.08 50.2 1.09
27000,35 12 035 38 059 52 067 126 088 250 1.00 341 1.03
29000,35 02 016 14 050 20 058 50 075 11.0 088 16.7 0.93
31000,35 -04 -045 -01 -012 01 004 12 053 35 082 56 090

10.5
23.4
41.5
59.6
67.2
57.9

41.1
21.7

7.5

15000,40 04 090 08 100 10 102 20 107 36 110 51 111
17000,40 12 098 24 106 30 108 55 111 95 113 126 1.13
19000,4.0 2.9 101 56 109 6.9 111 120 1.13 194 114 249 1.15
21000,4.0 5.1 1.01 101 1.10 123 1.12 20.8 114 322 1.15 40.0 1.15
23000,4.0 6.5 093 135 1.07 16.5 1.09 28.0 113 426 113 52.2 1.13
25000,40 51 077 120 097 150 1.02 271 1.08 424 1.09 52.6 1.09
27000,40 27 057 71 079 93 085 192 099 331 1.03 426 1.04
29000,40 14 046 36 064 47 069 107 085 212 096 294 099
31000,40 05 036 17 059 22 065 52 078 108 087 16.1 0.92

6.3
15.3
29.2
46.1
59.4
60.1
49.8
35.8
20.8

15000,45 02 080 04 091 05 094 11 101 21 105 3.0 1.06
17000,45 06 089 13 098 16 1.00 32 105 57 107 7.9 1.08
19000,45 16 094 33 1.03 4.0 1.04 74 108 125 1.09 16.6 1.10
21000,4.5 3.2 100 64 107 7.9 1.08 13.9 111 226 111 289 111
23000,45 49 097 100 107 122 1.09 21.2 111 334 111 418 1.11
25000,45 53 088 114 102 141 1.04 249 1.08 39.1 1.08 48.7 1.08
27000,45 38 072 89 089 11.3 094 214 101 354 103 450 1.04
29000,45 22 060 53 076 69 081 144 093 262 099 348 1.00
31000,45 12 055 29 068 38 072 82 083 163 092 231 0.96

3.8

9.7
19.9
33.9
48.2
56.0
52.3
41.6
28.8

1.16
1.18
1.19
1.18
1.15
1.09
1.04
0.97
0.93
1.11
1.13
1.15
1.15
1.13
1.09
1.04
1.00
0.95
1.07
1.09
1.10
1.11
1.11
1.08
1.04
1.00
0.97
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Table B.8:murm results for Nu A 4601.5 A att, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18
W, WW, W, WW, W, WW, W, WW, W, WW, W, WW, W,

0.30
W/W,

15000,35 0.7 089 15 102 19 105 38 111 69 114 95 1.15
17000,35 22 097 46 1.08 56 1.10 10.3 115 174 117 229 117
19000,35 4.7 09 9.7 1.10 119 112 210 117 338 118 429 1.19
21000,3.5 6.6 0.86 14.7 1.06 18.3 110 324 116 50.9 1.18 63.5 1.18
23000,35 54 066 145 095 186 1.02 35.2 112 56.8 114 71.2 1.15
25000,35 23 038 80 070 110 079 247 099 444 107 580 1.08
27000,35 07 020 31 048 45 056 119 080 258 0.9 370 1.01
29000,35 -0.2 -0.13 09 032 15 043 45 067 107 083 16.7 0.90
31000,35 -06 -053 -05 -034 -03 -021 07 030 31 070 53 0.84

11.8
27.4
50.1
73.1
81.9
68.3

45.9
22.3

7.4

15000,40 03 082 08 094 10 097 20 104 38 108 54 110
17000,40 11 091 24 102 30 1.04 58 1.09 10.3 1.12 140 112
19000,4.0 2.7 094 57 105 71 1.08 13.0 112 219 114 286 1.14
21000,4.0 48 092 103 1.06 12.7 1.08 22.8 1.13 37.0 115 47.2 1.15
23000,4.0 59 081 135 1.01 16.9 1.05 30.7 111 49.3 113 621 1.13
25000,40 43 064 114 089 148 095 289 1.06 48.3 1.09 61.7 1.09
27000,40 22 046 64 069 87 077 194 094 36.1 1.02 481 1.04
29000,40 11 035 32 05 43 061 103 079 218 092 314 097
31000,40 0.2 017 14 048 19 055 49 072 107 0.84 163 0.89

6.9
17.2
34.1
55.1
71.8
71.8
57.5
39.3
215

15000,45 02 071 04 08 05 088 11 097 21 102 31 1.04
17000,45 06 081 13 093 16 09 3.2 102 6.0 106 85 1.07
19000,45 16 087 33 098 41 1.01 7.7 1.06 13.7 1.09 184 1.09
21000,45 3.1 093 65 104 8.1 1.06 14.9 110 25.2 111 330 111
23000,45 46 089 100 1.03 125 1.05 229 1.10 379 1.11 48.6 1.11
25000,45 48 078 11.2 096 14.2 1.00 26.8 1.07 444 1.08 56.8 1.08
27000,45 33 062 84 082 109 087 223 099 39.2 1.03 51.3 1.03
29000,45 19 052 49 069 65 074 144 088 278 097 382 099
31000,45 11 046 27 062 35 066 80 079 165 089 242 094

4.0
10.6
22.5
39.3
57.0

66.3
60.7
46.6
30.8

1.16
1.18
1.19
1.19
1.15
1.08
1.03
0.94

0.90

1.11
1.13
1.15
1.15
1.14
1.09
1.04
0.99
0.93

1.05

1.08
1.10
1.11
1.11
1.08
1.04
1.00
0.96
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Table B.9:murm results for Nu A 4601.5 A att, =10 km s* (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WWwW, W, WW, W, WW, W, WW, W, WW, W, W/W,

15000,3.5 0.6 0.78 1.5 094 19 098 3.9 1.07 74 1.12 105 1.14 132
17000,3.5 2.0 0.85 4.5 1.01 5.7 1.05 11.0 1.12 19.7 1.16 26.6 1.17 325
19000,3.5 4.2 0.82 9.6 1.02 121 1.06 23.1 1.14 394 1.17 51.8 1.18 61.7
21000,35 54 0.67 14.1 0.95 18.2 1.01 35.6 1.12 60.4 1.17 78.1 1.18 92.0
23000,3.5 3.6 0.43 12.6 0.79 17.2 0.88 37.4 1.06 66.4 1.13 86.9 1.14 102.7
25000,35 1.1 0.17 6.1 051 9.0 0.61 23.8 0.88 48.8 1.03 675 1.07 822
27000,35 -0.1 -0.04 20 0.30 3.2 0.39 10.3 0.66 25.3 0.87 39.0 0.96 50.7
29000,35 -09 -056 0.0 0.01 0.6 0.17 3.5 052 9.8 0.74 16.0 0.83 22.2
31000,35 -0.7 -051 -09 -054 -09 -047 -0.2 -006 21 0.46 4.5 0.68 6.7
15000,4.0 0.3 0.71 0.7 0.86 0.9 090 2.0 1.00 3.9 1.06 5.7 1.08 7.4
17000,4.0 1.0 081 23 0.95 3.0 098 6.0 1.06 11.2 1.10 15.7 1.11 19.6
19000,4.0 25 0.83 5.6 099 7.1 1.02 13.9 1.09 247 1.13 33.3 1.14 405
21000,4.0 4.2 0.77 10.0 0.97 128 1.02 247 1.10 42.9 1.14 56.5 1.15 675
23000,4.0 4.8 0.62 127 0.89 16.5 0.96 33.2 1.08 57.6 1.12 75.3 1.13 89.2
25000,4.0 3.2 0.46 9.9 0.74 13.4 0.82 30.0 1.00 55.1 1.07 73.6 1.09 88.0
27000,4.0 1.5 0.29 5.2 055 7.3 0.62 185 0.84 38.6 0.98 545 1.02 67.4
29000,4.0 0.5 0.17 25 0.41 35 0.48 9.3 0.68 215 0.85 32.8 0.92 428
31000,4.0 -0.2 -0.14 0.8 027 13 0.38 4.2 0.61 10.2 0.77 16.1 0.83 21.8
15000,4.5 0.2 0.60 04 0.76 0.5 0.80 1.0 091 21 0.99 3.2 1.02 4.2
17000,4.5 0.6 071 1.2 0.86 1.6 0.89 3.3 098 6.3 1.04 9.1 1.06 11.6
19000,45 1.4 0.77 3.2 092 4.0 0.95 8.0 1.03 149 1.07 20.6 1.08 25.7
21000,45 2.8 0.83 6.3 0.97 8.0 1.01 15.8 1.07 28.2 1.10 38.2 1.11 465
23000,45 4.0 0.76 9.7 0.95 12.4 0.99 245 1.07 43.2 1.11 575 1.11  69.0
25000,4.5 4.0 0.63 10.4 0.85 13.6 0.91 28.2 1.03 50.6 1.08 67.4 1.08 80.7
27000,45 2.7 049 7.4 0.70 9.9 0.76 22.4 0.92 43.2 1.01 59.2 1.03 722
29000,45 15 040 4.2 0.58 5.7 0.63 13.7 0.80 28.9 0.92 41.8 0.97 52.8
31000,4.5 0.8 031 23 051 3.1 056 7.4 0.71 16.3 0.83 24.9 0.89 32.7

1.15
1.17
1.19
1.18
1.15
1.08
1.00
0.88
0.80
1.09
1.12
1.14
1.15
1.13
1.09
1.04
0.96
0.88
1.03
1.07
1.09
111
1.11
1.08
1.03
0.99
0.93
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Table B.10:mur results for No 1 4607.2 A at, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.7 098 14 1.07 1.7 1.09 3.2 1.13 57 1.15 7.8 1.15 95
17000,35 2.0 1.04 4.0 1.12 4.9 1.13 8.6 1.16 14.0 1.17 18.2 1.17 215
19000,3.5 4.3 1.05 84 1.14 101 1.15 17.2 1.17 26.7 1.18 33.3 1.18 38.5
21000,35 6.4 0.98 12.9 1.12 15.7 1.14 26.3 1.16 39.9 1.17 489 1.17 55.6
23000,3.5 5.7 0.82 13.3 1.04 16.5 1.08 29.0 1.13 4438 1.13 55.1 1.14 62.7
25000,3.5 2.8 052 8.0 0.82 105 0.89 214 1.03 36.1 1.07 46.0 1.07 534
27000,3.5 1.0 0.36 3.3 059 4.6 0.67 11.1 0.87 22.3 0.99 30.7 1.02 37.3
29000,3.5 0.2 0.17 1.2 050 1.7 058 4.3 0.75 9.6 0.87 14.6 0.92 19.2
31000,35 -0.3 -0.38 -0.1 -0.08 0.1 006 1.1 052 3.1 0.81 4.8 0.89 6.5
15000,4.0 0.3 0.90 0.7 1.00 0.9 1.02 1.7 1.07 3.2 1.10 45 111 5.7
17000,4.0 1.0 098 2.1 1.06 26 1.07 4.9 1.11 85 1.12 11.4 1.12 13.9
19000,4.0 25 1.01 5.0 1.09 6.1 1.10 10.8 1.13 17.7 1.14 22.8 1.14 26.9
21000,4.0 45 1.00 9.0 1.10 10.9 1.11 18.8 1.14 295 1.14 37.0 1.14 42.8
23000,4.0 5.7 0.92 12.0 1.07 14.6 1.09 25.2 1.12 39.0 1.12 48.3 1.12 55.3
25000,4.0 45 0.77 105 0.97 13.3 1.01 243 1.07 38.7 1.08 48.5 1.08 55.8
27000,4.0 24 057 6.2 0.79 8.2 0.85 17.0 0.98 29.8 1.03 38.8 1.03 45.7
29000,4.0 1.2 0.46 3.1 064 4.2 069 94 0.85 18.9 0.95 26.3 0.98 324
31000,4.0 0.5 036 14 0.60 2.0 0.65 4.5 0.78 9.5 0.87 14.2 0.92 185
15000,4.5 0.2 0.79 04 091 0.5 094 09 1.00 1.8 1.04 2.6 1.06 34
17000,4.5 0.6 0.88 1.2 098 14 1.00 2.8 1.05 5.1 1.07 7.1 1.08 8.8
19000,45 1.4 094 29 1.02 3.6 1.04 6.6 1.07 11.3 1.09 151 1.09 18.2
21000,45 2.8 1.00 5.7 1.07 7.0 1.08 125 1.10 20.5 1.11 26.5 1.11 31.2
23000,4.5 4.3 0.97 8.8 1.07 10.8 1.08 19.1 1.10 30.5 1.10 38.5 1.10 447
25000,4.5 4.7 0.88 10.1 1.02 125 1.04 22.3 1.07 35.7 1.07 449 1.07 52.0
27000,4.5 3.3 072 7.8 0.89 9.9 0.93 19.1 1.01 32.0 1.03 41.2 1.03 48.2
29000,45 1.9 0.60 4.6 0.76 6.0 0.80 12.7 0.92 235 0.98 315 0.99 37.9
31000,45 1.1 055 25 0.68 3.3 072 7.2 0.83 14.4 0.92 20.6 0.95 2538

1.16
1.17
1.18
1.17
1.14
1.07
1.02
0.95
0.92
1.11
1.13
1.14
1.14
1.12
1.08
1.03
0.99
0.94
1.06
1.08
1.09
1.11
1.10
1.07
1.03
0.99
0.97
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Table B.11:murt results for No 1 4607.2 A at, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.6 089 14 1.02 1.7 1.05 34 1.11 6.2 1.14 85 1.15 10.6
17000,35 1.9 0.97 4.0 1.08 5.0 1.10 9.2 1.14 15.7 1.16 20.8 1.17 25.0
19000,3.5 4.1 0.96 8.6 1.09 10.6 1.12 18.9 1.16 30.7 1.17 39.3 1.18 46.2
21000,3.5 5.8 0.86 13.0 1.06 16.2 1.09 29.1 1.15 46.5 1.17 58.5 1.17 67.7
23000,3.5 4.8 0.67 12.7 0.95 16.4 1.01 314 1.11 51.6 1.13 65.4 1.13 75.8
25000,3.5 2.0 038 7.0 069 9.7 0.78 21.8 0.98 39.9 1.05 52.6 1.07 625
27000,3.5 0.6 0.21 2.7 0.48 3.9 0.56 10.4 0.79 22.8 0.95 32.9 1.00 41.2
29000,35 -0.1 -0.11 0.8 033 1.3 0.43 3.9 0.67 9.3 0.82 14.6 0.89 19.6
31000,35 -05 -045 -04 -029 -0.3 -0.17 0.7 0.30 2.7 0.69 4.6 0.83 6.4
15000,4.0 0.3 0.82 0.7 094 09 0.97 18 1.04 34 1.08 4.8 1.10 6.1
17000,4.0 1.0 091 21 1.01 27 1.04 5.1 1.09 9.2 1.11 12.6 1.12 15.6
19000,4.0 24 094 5.0 1.05 6.3 1.07 11.6 1.11 19.7 1.13 26.0 1.14 31.2
21000,4.0 4.2 091 9.1 1.05 11.2 1.08 20.4 1.12 33.6 1.14 43.2 1.14 50.8
23000,4.0 5.2 0.81 11.9 1.01 149 1.04 275 1.11 448 1.12 57.0 1.12 66.3
25000,4.0 3.8 0.64 10.0 0.89 13.0 0.95 257 1.05 437 1.08 56.3 1.08 66.1
27000,4.0 1.9 046 5.6 0.69 7.6 0.77 17.1 0.94 32.2 1.01 435 1.03 52.3
29000,4.0 0.9 035 2.8 055 3.8 061 9.1 0.78 19.3 0.92 27.9 0.96 35.2
31000,4.0 0.2 0.17 1.2 048 1.7 055 4.2 0.72 94 0.83 14.3 0.89 19.0
15000,4.5 0.2 0.70 04 0.84 0.5 0.88 0.9 09 1.9 1.02 2.7 1.04 35
17000,4.5 05 081 1.1 093 14 096 2.8 1.02 54 1.06 7.6 1.07 95
19000,45 14 0.87 29 0.98 3.6 1.00 6.8 1.06 12.2 1.08 16.6 1.09 204
21000,45 2.7 094 57 1.04 7.1 1.06 13.2 1.09 227 1.11 30.0 1.11 36.0
23000,4.5 4.0 0.89 8.8 1.03 11.0 1.05 205 1.10 34.3 1.11 444 1.11 524
25000,4.5 4.2 0.78 9.9 096 125 1.00 23.8 1.06 40.1 1.08 51.9 1.08 61.0
27000,45 2.9 0.62 7.3 0.82 9.6 0.87 19.8 0.98 35.2 1.02 46.6 1.03 55.6
29000,45 1.7 052 43 0.69 5.7 0.74 12.6 0.88 24.7 0.96 34.3 0.98 42.2
31000,4.5 0.9 046 2.4 062 3.1 066 7.0 0.79 14.6 0.89 21.4 0.93 275

1.15
1.17
1.18
1.17
1.14
1.07
1.02
0.93
0.89
1.10
1.12
1.14
1.14
1.12
1.08
1.03
0.98
0.92
1.05
1.08
1.09
1.11
1.10
1.08
1.03
0.99
0.95
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Table B.12:murtr results for N 1 4607.2 A ai; =10 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.6 0.78 1.3 094 1.7 098 34 1.07 6.6 1.12 9.3 1.14 11.8
17000,3.5 1.8 0.85 4.0 1.01 5.0 1.04 938 1.12 17.6 1.15 24.0 1.16 294
19000,3.5 3.7 0.82 8.5 1.01 10.7 1.05 205 1.13 35.6 1.16 47.0 1.17 56.4
21000,3.5 4.8 0.66 124 0.94 16.1 1.00 31.7 1.12 545 1.16 71.2 1.17 84.4
23000,3.5 3.2 0.43 11.1 0.79 15.1 0.88 33.1 1.06 59.6 1.12 78.9 1.13 93.9
25000,3.5 1.0 0.18 5.3 051 7.9 0.61 20.9 0.88 43.3 1.02 60.5 1.05 74.3
27000,35 -0.1 -0.03 1.8 0.30 2.9 0.40 9.0 0.66 22.2 0.87 34.4 0.95 45.1
29000,3.5 -0.7 -053 0.1 0.03 0.6 0.17 3.1 052 8.5 0.73 14.0 0.82 19.4
31000,35 -06 -042 -08 -046 -0.7 -041 -0.1 -0.03 19 045 3.9 0.67 5.9
15000,4.0 0.3 0.71 0.6 0.86 0.8 090 1.7 1.00 35 1.05 5.1 1.08 6.6
17000,4.0 0.9 0.81 2.1 095 26 098 5.3 1.06 10.0 1.10 14.0 1.11 176
19000,4.0 2.2 0.83 4.9 0.98 6.3 1.02 123 1.09 22.1 1.12 30.0 1.13 36.7
21000,4.0 3.7 0.77 8.8 097 11.2 1.02 22.0 1.10 38.6 1.13 51.3 1.14 61.6
23000,4.0 4.2 0.62 11.1 0.89 145 0.95 294 1.07 51.8 1.11 68.4 1.12 81.6
25000,4.0 2.8 0.46 8.7 0.74 11.8 0.82 265 1.00 49.3 1.07 66.4 1.08 80.1
27000,4.0 1.3 0.30 4.6 055 6.4 0.62 16.3 0.84 34.2 0.98 48.7 1.01 60.7
29000,4.0 05 0.17 2.2 042 3.1 0.48 8.2 0.68 18.9 0.84 29.0 0.92 38.0
31000,4.0 -0.2 -0.12 0.7 028 1.2 0.38 3.7 0.61 8.9 0.77 14.1 0.83 19.1
15000,4.5 0.1 059 0.3 0.75 04 0.79 0.9 091 19 098 2.8 1.01 3.7
17000,4.5 05 070 1.1 085 1.4 089 29 098 5.6 1.03 8.1 1.05 10.3
19000,4.5 1.3 0.76 2.8 091 35 095 7.1 1.02 13.2 1.07 185 1.08 23.1
21000,45 25 0.83 5.6 097 7.1 1.01 139 1.07 25.3 1.10 344 1.10 421
23000,4.5 35 0.76 8.5 0.95 10.9 099 21.7 1.07 38.8 1.10 52.0 1.11 629
25000,4.5 35 0.63 9.1 0.85 11.9 0.91 24.9 1.03 45.3 1.07 60.9 1.08 735
27000,45 2.4 049 6.5 0.70 8.7 0.76 19.7 0.92 384 1.00 53.2 1.02 65.3
29000,4.5 1.3 0.40 3.7 058 5.0 0.64 12.0 0.80 255 0.92 37.2 0.96 47.2
31000,45 0.7 032 2.0 051 2.7 056 6.5 0.71 14.3 0.83 21.9 0.89 28.9

1.14
1.16
1.18
1.17
1.13
1.07
0.99
0.87
0.78
1.09
1.12
1.13
1.14
1.12
1.08
1.03
0.95
0.87
1.03
1.06
1.09
1.11
111
1.08
1.03
0.98
0.92
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Table B.13:murt results for No 1 4621.4 A at, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.7 098 14 1.07 1.7 1.09 3.2 1.13 57 1.14 7.8 1.15 95
17000,35 2.0 1.04 4.0 1.11 4.8 1.13 85 1.15 14.0 1.16 18.1 1.16 215
19000,3.5 4.3 1.05 8.3 1.13 10.1 1.14 171 1.17 26.6 1.17 33.2 1.17 38.4
21000,3.5 6.3 0.98 12.8 1.11 155 1.13 26.1 1.16 39.6 1.16 48.6 1.16 554
23000,3.5 5.7 0.83 13.2 1.04 16.4 1.07 28.8 1.12 444 1.13 54.7 1.13 62.4
25000,3.5 2.8 054 79 0.82 105 0.89 21.2 1.02 35.8 1.06 45.7 1.07 53.1
27000,35 1.1 0.38 3.3 0.60 4.6 0.68 11.0 0.87 22.1 0.99 30.4 1.01 37.0
29000,3.5 0.3 0.20 1.3 052 1.8 059 44 0.76 9.6 0.87 145 0.92 19.1
31000,35 -0.3 -0.35 -01 -0.05 O0.1 009 1.1 054 3.1 0.82 49 0.89 6.5
15000,4.0 0.3 0.90 0.7 1.00 0.9 1.02 1.7 1.07 3.2 1.09 45 1.10 5.7
17000,4.0 1.0 098 2.1 1.05 26 1.07 4.9 1.10 85 1.12 11.4 1.12 13.8
19000,4.0 2.5 1.01 5.0 1.09 6.1 1.10 10.7 1.12 17.6 1.13 22.7 1.13 26.8
21000,4.0 45 1.00 8.9 1.09 10.8 1.11 18.6 1.13 29.3 1.14 36.8 1.14 426
23000,4.0 5.7 0.93 11.8 1.06 145 1.09 25.0 1.11 38.8 1.12 48.0 1.12 55.0
25000,4.0 4.4 0.77 10.4 0.97 13.1 1.01 240 1.07 38.4 1.07 48.1 1.07 55.5
27000,4.0 24 058 6.2 0.80 8.1 0.85 16.8 0.98 295 1.02 38.5 1.03 454
29000,4.0 1.2 047 3.1 065 4.1 0.70 94 0.85 18.7 0.95 26.1 0.98 32.1
31000,4.0 0.5 038 1.5 061 2.0 0.66 4.5 0.78 9.5 0.87 14.1 0.92 18.3
15000,4.5 0.2 0.80 04 091 05 094 09 1.00 1.8 1.04 2.6 1.05 34
17000,4.5 0.6 089 1.2 098 14 1.00 2.8 1.05 5.1 1.07 7.0 1.08 8.8
19000,45 1.4 094 29 1.02 35 1.04 65 1.07 11.3 1.09 15.0 1.09 18.1
21000,45 2.8 1.00 5.6 1.07 6.9 1.08 124 1.10 204 1.10 26.3 1.10 31.1
23000,4.5 4.3 0.97 8.7 1.07 10.7 1.08 18.9 1.10 30.2 1.10 38.3 1.10 445
25000,4.5 4.6 0.88 10.0 1.02 123 1.04 221 1.07 354 1.07 446 1.07 51.7
27000,4.5 3.3 0.72 7.7 0.89 9.8 0.93 18.9 1.01 31.7 1.02 409 1.02 47.9
29000,45 1.9 0.61 4.6 0.76 6.0 0.81 12.6 0.92 23.2 0.98 31.2 0.99 37.6
31000,45 1.1 056 2.5 069 3.3 072 7.1 0.83 14.3 0.92 20.4 0.95 25.6

1.15
1.16
1.17
1.17
1.13
1.07
1.02
0.95
0.92
1.10
1.12
1.13
1.14
1.12
1.07
1.03
0.99
0.94
1.06
1.08
1.09
1.10
1.10
1.07
1.02
0.99
0.96
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Table B.14:murt results for No 1 4621.4 A ai, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.6 090 14 1.02 1.7 1.04 3.3 1.10 6.1 1.13 85 1.14 10.6
17000,35 1.9 0.97 4.0 1.07 5.0 1.09 9.2 1.14 15.7 1.15 20.7 1.16 25.0
19000,3.5 4.1 0.96 8.5 1.09 105 1.11 18.7 1.15 30.6 1.17 39.2 1.17 46.0
21000,3.5 5.8 0.86 12.9 1.05 16.1 1.09 28.8 1.15 46.1 1.16 58.1 1.16 67.4
23000,3.5 4.8 0.68 12.6 0.95 16.3 1.01 311 1.10 51.2 1.12 64.9 1.13 75.3
25000,35 2.1 039 7.0 0.70 9.6 0.79 21.6 0.98 395 1.05 52.2 1.06 62.0
27000,3.5 0.7 0.23 2.8 050 4.0 0.57 10.4 0.80 22.6 0.95 32.6 1.00 40.8
29000,3.5 -0.1 -0.07 0.9 035 14 045 4.0 0.68 9.3 0.83 145 0.89 195
31000,35 -04 -042 -03 -025 -0.2 -0.14 0.7 0.33 2.8 0.70 4.7 0.83 6.5
15000,4.0 0.3 0.82 0.7 094 09 0.97 1.7 1.04 34 1.08 4.8 1.09 6.1
17000,4.0 1.0 091 21 1.01 27 1.04 5.1 1.08 9.2 1.11 12.6 1.11 155
19000,4.0 24 094 5.0 1.05 6.2 1.07 115 1.11 19.6 1.13 259 1.13 31.1
21000,4.0 4.2 0.92 9.0 1.05 111 1.08 20.2 1.12 334 1.13 43.0 1.14 50.6
23000,4.0 5.1 0.81 11.8 1.00 14.8 1.04 27.2 1.10 445 1.12 56.6 1.12 66.0
25000,4.0 3.8 0.65 9.9 0.89 12.8 095 255 1.05 43.3 1.07 55.9 1.07 65.6
27000,4.0 2.0 047 5.6 0.70 7.5 0.77 16.9 0.94 31.9 1.01 43.0 1.02 51.9
29000,4.0 1.0 037 2.8 0.56 3.8 0.62 9.0 0.79 19.1 0.92 27.7 0.96 34.9
31000,4.0 0.2 020 1.2 049 1.7 056 4.2 0.72 93 0.84 14.2 0.89 18.9
15000,4.5 0.2 071 04 0.84 0.5 0.88 0.9 09 1.9 1.02 2.7 1.04 35
17000,4.5 05 081 1.1 093 14 096 2.8 1.02 53 1.06 75 1.07 95
19000,45 14 0.87 2.8 0.98 3.6 1.00 6.8 1.05 12.2 1.08 16.6 1.09 20.3
21000,45 2.7 094 56 1.03 7.0 1.05 13.1 1.09 226 1.10 29.8 1.10 35.8
23000,4.5 4.0 0.89 8.7 1.03 10.9 1.05 20.2 1.09 34.0 1.10 441 1.10 521
25000,4.5 4.2 0.78 9.7 096 124 1.00 23.6 1.06 39.8 1.07 515 1.07 60.6
27000,45 2.9 0.63 7.3 0.82 95 0.87 195 0.98 3438 1.02 46.1 1.02 55.1
29000,45 1.7 053 43 069 5.6 0.74 125 0.88 24.4 0.96 33.9 0.98 41.8
31000,4.5 0.9 0.47 2.3 062 3.1 0.67 6.9 0.79 14.4 0.89 21.2 0.93 27.2

1.15
1.16
1.17
1.17
1.13
1.06
1.01
0.93
0.89
1.10
1.12
1.13
1.14
1.12
1.07
1.03
0.98
0.92
1.05
1.07
1.09
1.10
1.10
1.07
1.02
0.99
0.95
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Table B.15:mutr results for Nm 1 4621.4 A ai, =10 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.6 079 13 094 1.7 098 34 1.06 65 1.11 9.3 1.13 11.8
17000,3.5 1.8 0.86 4.0 1.01 5.0 1.04 938 1.11 175 1.14 239 1.15 29.3
19000,3.5 3.7 0.82 8.4 1.01 10.6 1.05 20.4 1.13 35.3 1.16 46.8 1.17 56.1
21000,3.5 4.8 0.67 124 0.94 15.9 1.00 314 1.11 54.0 1.15 70.7 1.16 83.8
23000,3.5 3.3 0.45 11.1 0.80 15.0 0.88 32.7 1.06 59.0 1.11 78.2 1.12 93.2
25000,35 1.1 0.20 54 052 7.9 0.62 20.8 0.88 42.9 1.02 59.9 1.05 73.6
27000,3.5 0.0 0.00 1.9 032 3.0 041 9.1 0.67 22.1 0.87 34.1 0.95 44.6
29000,3.5 -0.7 -0.48 0.2 0.06 0.6 0.20 3.2 053 8.6 0.74 14.0 0.83 19.3
31000,35 -05 -040 -0.7 -0.42 -0.7 -0.37 0.0 0.01 20 047 4.0 0.68 6.0
15000,4.0 0.3 0.73 0.6 0.87 0.8 090 1.7 0.99 35 1.05 5.1 1.07 6.6
17000,4.0 0.9 0.81 2.1 095 26 098 5.3 1.05 9.9 1.09 13.9 1.11 175
19000,4.0 2.2 0.83 4.9 0.98 6.2 1.02 12.2 1.09 22.0 1.12 29.8 1.12 36.5
21000,4.0 3.7 0.78 8.7 097 11.1 1.02 21.7 1.10 38.2 1.13 50.9 1.13 61.2
23000,4.0 4.2 0.63 11.0 0.89 144 0.95 29.1 1.07 51.3 1.11 67.8 1.12 81.0
25000,4.0 2.8 0.47 8.6 0.75 11.7 0.82 26.2 1.00 48.8 1.06 65.8 1.07 79.4
27000,4.0 1.3 0.32 4.6 056 6.4 0.63 16.1 0.84 33.8 0.98 48.2 1.01 60.0
29000,4.0 05 019 2.2 043 3.1 050 8.1 0.69 18.7 0.85 28.7 0.92 37.6
31000,4.0 -0.1 -0.10 0.7 030 1.2 0.40 3.7 0.62 8.9 0.77 14.0 0.83 19.0
15000,4.5 0.1 0.60 0.3 0.76 0.4 0.80 0.9 091 19 098 2.8 1.01 3.7
17000,4.5 05 071 1.1 085 1.4 089 29 098 5.6 1.03 8.0 1.05 10.3
19000,45 1.3 0.77 2.8 091 35 095 7.0 1.02 13.2 1.06 184 1.08 23.0
21000,45 25 0.84 55 098 7.0 1.01 13.8 1.07 25.1 1.09 34.2 1.10 41.9
23000,4.5 35 0.77 8.4 0.95 10.7 099 214 1.07 38.4 1.10 51.6 1.10 62.4
25000,4.5 35 0.64 9.0 0.85 11.8 0.91 24.6 1.03 44.8 1.07 60.3 1.07 72.8
27000,45 2.4 050 6.4 0.70 8.6 0.77 195 0.92 38.0 1.00 52.6 1.02 64.6
29000,45 14 0.41 3.7 059 5.0 0.64 11.9 0.80 25.2 0.92 36.7 0.96 46.7
31000,4.5 0.7 033 2.0 052 2.7 057 6.5 0.71 14.2 0.83 21.7 0.89 28.6

1.14
1.16
1.17
1.16
1.13
1.06
0.99
0.88
0.79
1.08
1.11
1.13
1.14
1.12
1.07
1.02
0.95
0.88
1.03
1.06
1.08
1.10
1.10
1.07
1.02
0.98
0.92
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Table B.16:muLt results for No 1 4630.6 A at, =0 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, WW, W,  W/W, W, W/W,

15000,3.5 25 0.98 4.7 1.07 5.8 1.09 9.9 1.14 159 1.18 20.3 1.19 239
17000,35 6.9 1.04 123 1.13 145 1.15 229 1.19 33.8 1.22 413 1.23 47.1
19000,3.5 14.0 1.07 24.2 1.17 28.0 1.19 41.8 1.23 57.9 1.25 68.3 1.26 76.1
21000,3.5 20.8 1.03 36.6 1.17 42.2 1.20 61.1 1.25 81.3 1.27 93.7 1.27 102.7
23000, 3.5 20.0 0.87 39.6 1.10 46.7 1.14 69.2 1.22 91.8 1.25 105.0 1.25 114.45
25000,3.5 109 0.60 27.2 0.90 34.1 0.97 57.8 1.12 81.7 1.19 95.2 1.20 104.7
27000,35 4.7 0.43 13.3 0.67 17.6 0.75 36.3 0.96 60.4 1.10 747 1.15 84.4
29000,35 1.3 0.25 5.6 058 7.7 0.66 17.6 0.83 34.0 0.97 46.6 1.05 56.4
31000,35 -15 -0.79 -03 -0.09 0.6 0.14 5.2 0.68 13.6 0.94 20.7 1.01 26.8
15000,4.0 1.3 091 26 1.00 3.2 1.02 5.8 1.07 9.9 1.11  13.1 1.12 15.8
17000,4.0 3.8 098 7.2 1.06 8.6 1.08 145 1.12 226 1.15 285 1.16 33.2
19000,4.0 8.7 1.02 155 1.10 18.2 1.12 28.6 1.16 41.6 1.19 505 1.19 57.3
21000,4.0 15.0 1.02 26.4 1.13 30.8 1.15 46.2 1.19 63.9 1.21 751 1.22 836
23000,4.0 19.2 0.96 35.2 1.11 41.0 1.14 60.5 1.19 81.2 1.21 938 1.22 103.0
25000,4.0 159 0.80 32.9 1.01 394 1.06 61.0 1.15 83.2 1.18 96.2 1.18 105.6
27000,4.0 9.2 0.61 215 0.84 27.1 0.90 48.1 1.05 71.0 1.12 84.2 1.14 935
29000,4.0 4.9 0.51 11.9 0.69 15.3 0.74 30.8 0.91 523 1.04 65.9 1.08 755
31000,4.0 2.0 041 6.0 064 79 0.69 16.8 0.82 31.6 0.94 431 1.00 52.2
15000,4.5 0.7 085 14 094 1.8 096 34 1.02 6.1 1.05 8.4 1.07 10.3
17000,45 21 0.92 4.2 1.00 5.1 1.02 9.0 1.06 14.9 1.09 194 1.10 231
19000,4.5 5.2 0.97 9.6 1.04 115 1.06 19.0 1.09 29.2 1.12 36.5 1.13 422
21000,4.5 9.9 1.00 179 1.08 21.1 1.09 33.1 1.13 48.0 1.15 58.0 1.16 65.6
23000,4.5 149 0.98 27.0 1.09 31.6 1.11 48.0 1.15 66.7 1.16 78.6 1.17 875
25000,4.5 16.2 0.89 31.1 1.04 36.8 1.07 56.1 1.13 77.0 1.15 89.9 1.15 99.3
27000,45 121 0.74 25.6 092 31.2 0.97 514 1.06 73.2 1.10 86.2 1.11 957
29000,45 75 0.63 16.5 0.79 20.7 0.83 38.2 0.97 59.7 1.05 728 1.07 82.2
31000,45 4.4 059 9.7 0.72 12.3 0.75 24.2 0.87 42.1 0.98 546 1.03 638

1.20
1.23
1.26
1.27
1.2
1.20
1.16
1.09

1.04

1.13
1.17
1.20
1.22
1.22
1.18
1.14
1.10
1.04

1.07

1.10
1.13
1.16
1.17
1.15
1.11
1.08
1.05
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Table B.17:murt results for No 1 4630.6 A at, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 24 090 4.9 1.02 6.0 1.04 10.8 1.11 18.1 1.16 236 1.17 28.3
17000,35 6.9 0.97 13.2 1.08 15.8 1.11 26.2 1.17 40.1 1.20 50.0 1.22 57.8
19000,3.5 14.2 0.98 26.4 1.11 31.3 1.14 49.2 1.21 70.8 1.24 85.1 1.26 95.9
21000,3.5 20.2 0.90 39.8 1.10 47.2 1.14 73.0 1.22 1014 1.26 118.9 1.27 131.B8
23000,3.5 17.8 0.71 41.3 1.00 50.5 1.07 81.8 1.19 114.2 1.24 133.2 1.25 146.86
25000,3.5 8.7 0.45 25.8 0.77 33.8 0.86 645 1.07 98.3 1.17 117.7 1.19 131.2
27000,35 3.2 0.28 11.7 0.56 16.1 0.64 37.0 0.88 67.7 1.06 875 1.12 1014
29000,35 -0.2 -004 4.1 0.42 6.2 0.52 16.7 0.75 35.1 0.92 50.2 1.00 62.6
31000,35 -22 -105 -16 -046 -09 -022 35 045 125 0.84 204 096 2751
15000,4.0 1.2 0.84 26 095 3.2 097 6.1 1.04 10.9 1.09 14.7 1.10 18.0
17000,4.0 3.8 092 75 1.02 9.1 1.04 16.0 1.10 25.9 1.13 334 1.15 394
19000,4.0 8.7 0.95 165 1.06 19.8 1.08 32.6 1.14 494 1.17 61.0 1.19 70.1
21000,4.0 14.9 0.93 285 1.08 34.0 1.11 539 1.17 777 1.20 93.0 1.22 1045
23000,4.0 18.3 0.84 375 1.04 45.0 1.09 71.2 1.17 100.0 1.21 1176 1.22 130.32
25000,4.0 14.3 0.67 334 0.92 415 0.99 70.3 1.11 101.3 1.17 1195 1.18 132.%9
27000,4.0 7.9 0.50 205 0.73 26.7 0.81 52.2 1.00 83.2 1.10 101.6 1.13 1146
29000,4.0 4.0 0.40 10.9 0.60 145 0.66 31.3 0.84 574 0.99 755 1.05 88.6
31000,4.0 1.1 023 5.1 053 7.0 0.60 16.4 0.76 32.9 0.89 464 0.96 57.6
15000,4.5 0.7 080 14 0.89 1.8 092 35 0.98 6.5 1.03 9.1 1.05 11.3
17000,45 2.1 0.87 4.2 0.96 5.2 098 9.6 1.03 165 1.07 21.9 1.09 26.4
19000,45 5.1 0.91 10.0 1.00 12.1 1.02 21.0 1.07 334 1.11 426 1.12 499
21000,45 9.8 0.93 18.9 1.04 227 1.06 375 1.11 565 1.14 695 1.15 795
23000,4.5 14.6 0.90 28.6 1.04 344 1.07 55.3 1.13 80.2 1.16 96.1 1.17 107.9
25000,4.5 154 0.79 324 0.98 39.4 1.02 64.7 1.10 93.0 1.14 110.3 1.15 123.06
27000,4.5 11.2 0.64 254 0.84 32.0 0.90 57.2 1.03 86.5 1.09 104.3 1.11 117.11
29000,45 6.8 0.55 15.9 0.71 20.4 0.77 40.3 0.92 67.7 1.02 85.2 1.06 97.8
31000,45 3.8 051 9.2 0.66 11.9 0.70 245 0.82 453 0.94 60.8 1.00 727

1.18
1.23
1.26

1.20
1.15
1.05
1.0
1.12
1.16
1.19
1.22

1.14
1.08
1.01
1.06
1.09
1.13
1.16
1.17
11
11
1.07
1.03
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Table B.18:murtr results for N 1 4630.6 A at; =10 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 2.2 0.80 4.9 094 6.1 0.98 11.7 1.07 20.6 1.12 277 1.15 337
17000,35 6.7 0.87 13.8 1.01 17.0 1.05 30.0 1.13 484 1.18 61.9 1.20 727
19000,3.5 134 0.84 28.2 1.03 344 1.08 58.4 1.17 89.0 1.22 109.7 1.24 125.55
21000,3.5 17.6 0.71 414 0.99 514 1.05 879 1.18 130.6 1.24 1574 1.26 177.27
23000,3.5 13.2 0.49 395 0.84 51.4 0.93 96.4 1.12 146.9 1.21 177.0 1.24 198.35
25000,3.5 4.9 0.24 215 0.58 30.2 0.68 69.2 0.96 120.2 1.12 151.3 1.17 173.09
27000,35 0.4 0.03 8.3 0.38 12.7 0.47 35.0 0.74 74.0 0.96 103.0 1.06 124.8
29000,35 -26 -051 1.1 0.11 3.2 0.26 14.1 0.60 34.7 0.82 529 0.92 68.8
31000,35 -29 -123 -34 -091 -32 -071 0.2 0.03 9.4 0.62 18.3 0.82 26.5
15000,4.0 1.1 0.75 25 0.88 3.2 091 6.4 1.00 11.9 1.05 16.5 1.08 20.6
17000,4.0 3.6 083 7.6 0.95 95 0.98 17.6 1.06 30.0 1.11  39.6 1.13 476
19000,4.0 8.3 0.85 17.3 0.99 21.2 1.03 37.4 1.10 59.7 1.15 75.8 1.17 885
21000,4.0 13.8 0.80 29.9 0.99 36.8 1.04 635 1.13 97.2 1.18 119.6 1.20 136.61
23000,4.0 15.8 0.67 38.0 0.93 47.7 0.99 844 1.12 127.4 1.19 154.2 1.21 173.22
25000,4.0 11.2 0.49 31.3 0.77 41.0 0.85 80.2 1.04 1271 1.14 155.6 1.17 175.98
27000,4.0 5.6 0.34 17.8 059 24.2 0.66 54.4 0.89 98.2 1.05 126.8 1.10 1471
29000,4.0 2.2 0.22 8.9 0.47 12.4 0.53 30.2 0.73 619 0.91 86.8 0.99 106.2
31000,4.0 -0.4 -0.08 3.3 033 5.2 0.43 15.0 0.66 33.2 0.81 49.3 0.89 634
15000,4.5 0.6 072 14 0.83 1.7 0.86 3.6 0.94 6.9 1.00 9.8 1.02 125
17000,45 2.0 0.79 4.2 0.90 5.3 0.93 10.2 1.00 18.4 1.05 25.0 1.07 30.7
19000,45 49 0.82 10.2 0.94 12.7 0.97 23.2 1.04 38.9 1.08 50.8 1.10 60.6
21000,45 9.4 0.83 19.6 0.97 24.2 1.01 4238 1.08 68.2 1.12 86.2 1.14 100.2
23000,4.5 134 0.77 29.4 0.95 36.5 1.00 64.3 1.09 995 1.14 122.6 1.16 140.07
25000,4.5 135 0.65 32.0 0.86 40.6 0.92 74.6 1.06 116.0 1.12 142.2 1.14 161.25
27000,45 9.4 0.51 2338 0.72 31.1 0.78 62.6 0.95 104.8 1.06 131.7 1.09 151.10
29000,45 55 0.43 14.4 0.61 19.0 0.66 41.2 0.83 76.8 0.97 102.2 1.02 121.2
31000,45 2.8 0.36 8.1 0.55 10.8 0.60 24.2 0.74 48.1 0.87 68.0 0.94 844

1.16
1.21
1.2

11
1.11
0.98
0.92
1.10
1.14
1.18
1.2

1.12
1.04
0.94
1.04
1.08
1.11
1.15
11

11
1.05
0.98
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Table B.19:murt results for Nm 1 4643.1 A at, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,35 1.0 098 2.0 1.06 25 1.08 4.7 1.12 8.0 1.14 10.7 1.15 129
17000,3.5 3.0 1.04 57 1.11 6.9 1.13 11.8 1.16 18.7 1.17 23.8 1.17 27.8
19000,3.5 6.3 1.05 11.8 1.14 141 1.15 23.0 1.18 345 1.19 422 1.19 48.2
21000,35 9.3 1.00 18.1 1.12 21.7 1.14 34.8 1.18 50.5 1.19 60.6 1.19 68.1
23000,3.5 8.6 0.85 18.9 1.05 23.2 1.09 38.8 1.14 57.0 1.15 68.4 1.16 76.7
25000,3.5 4.4 0.57 11.8 0.84 15.4 0.91 29.8 1.05 47.6 1.09 58.9 1.10 67.1
27000,35 1.8 041 5.2 064 7.1 0.70 16.3 0.90 31.1 1.01 415 1.04 49.3
29000,3.5 05 0.24 2.0 055 2.8 0.62 6.8 0.78 14.6 0.90 215 0.95 27.6
31000,35 -05 -046 -01 -0.04 0.2 013 1.9 0.60 49 0.86 7.8 0.93 104
15000,4.0 0.5 091 1.1 1.00 1.3 1.02 26 1.07 4.7 1.09 6.4 1.10 8.0
17000,4.0 1.6 0.98 3.1 1.05 3.9 1.07 7.0 1.10 11.7 1.12 154 1.12 185
19000,4.0 3.7 1.02 7.2 1.09 8.7 1.10 14.8 1.13 234 1.14 29.6 1.14 345
21000,4.0 6.6 1.01 127 1.10 15.3 1.12 25.2 1.14 38.1 1.15 46.7 1.15 53.3
23000,4.0 8.4 0.94 16.9 1.07 204 1.10 33.7 1.13 499 1.14 60.2 1.14 67.9
25000,4.0 6.7 0.79 15.1 0.98 18.8 1.02 329 1.08 50.0 1.10 61.0 1.10 69.1
27000,4.0 3.7 0.60 9.2 0.81 12.0 0.87 23.9 1.00 39.8 1.04 50.4 1.05 58.2
29000,4.0 1.9 050 4.8 0.67 6.3 0.72 13.8 0.87 26.4 0.97 35.8 1.00 43.1
31000,4.0 0.8 041 2.3 0.63 3.0 0.68 6.8 0.80 14.0 0.89 20.4 0.94 26.1
15000,4.5 0.3 0.83 0.6 093 0.7 095 14 1.00 27 1.04 3.8 1.06 4.9
17000,4.5 0.8 091 1.7 099 2.2 1.01 4.1 1.05 7.2 1.07 9.8 1.08 12.0
19000,45 2.1 0.95 4.2 1.03 5.2 1.04 9.3 1.08 154 1.09 20.1 1.10 24.0
21000,45 4.2 1.00 8.2 1.07 9.9 1.08 17.1 1.10 27.1 1.11 34.3 1.11 39.9
23000,4.5 6.3 0.98 12.6 1.07 15.3 1.08 25.8 1.11 395 1.11 48.8 1.11 55.8
25000,4.5 6.9 0.89 14.4 1.02 17.6 1.04 30.2 1.08 46.2 1.09 56.6 1.09 644
27000,4.5 5.0 0.73 11.3 0.90 14.2 0.94 26.3 1.02 42.2 1.04 52.8 1.04 60.7
29000,4.5 2.9 0.63 6.9 0.77 8.9 0.82 18.1 0.93 31.9 0.99 41.7 1.01 49.2
31000,45 1.7 058 3.8 0.70 5.0 0.74 105 0.85 20.4 0.93 284 0.97 34.9

1.15
1.17
1.19
1.19
1.16
1.10
1.05
0.98
0.95
1.11
1.13
1.14
1.15
1.14
1.10
1.05
1.01
0.96
1.06
1.08
1.10
1.11
1.11
1.09
1.05
1.01
0.98
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Table B.20:murt results for Nm 1 4643.1 A at, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,35 1.0 091 2.0 1.02 26 1.04 4.9 1.10 8.7 1.13 11.9 1.14 146
17000,35 29 0.97 5.9 1.07 7.2 1.09 129 1.14 214 1.16 27.8 1.17 33.0
19000,3.5 6.1 0.97 12.3 1.09 15.0 1.12 25.8 1.16 40.5 1.18 50.7 1.19 58.7
21000,3.5 8.7 0.88 18.7 1.07 229 1.10 394 1.16 60.3 1.18 74.1 1.19 844
23000,35 7.3 0.70 18.6 0.97 23.6 1.02 431 1.12 67.4 1.15 83.1 1.16 94.6
25000,3.5 3.4 0.43 10.7 0.73 145 0.81 31.1 1.00 53.9 1.08 69.1 1.09 80.3
27000,35 1.2 0.27 45 053 6.3 0.61 15.7 0.82 32.7 0.97 45.7 1.02 55.9
29000,35 -0.1 -0.03 15 039 23 049 6.3 0.71 14.4 0.85 21.9 0.92 28.9
31000,35 -0.7 -057 -05 -029 -03 -014 1.2 0.39 44 0.76 7.5 0.88 10.3
15000,4.0 0.5 0.84 1.0 095 1.3 098 2.6 1.04 4.9 1.08 6.9 1.09 8.7
17000,4.0 15 0.92 3.2 1.01 3.9 1.04 7.4 1.08 129 1.11 174 1.12 211
19000,4.0 3.6 095 7.3 1.05 9.0 1.07 16.2 1.11 26.6 1.13 344 1.14 40.7
21000,4.0 6.3 0.93 13.0 1.06 16.0 1.08 28.0 1.13 443 1.15 55.7 1.15 64.5
23000,4.0 7.7 0.83 17.1 1.02 21.2 1.05 375 1.12 58.6 1.14 72.6 1.14 83.0
25000,4.0 5.8 0.67 14.6 0.90 18.8 0.96 35.7 1.06 57.8 1.09 725 1.10 834
27000,4.0 3.1 0.50 8.5 0.72 11.3 0.79 245 0.95 44.1 1.03 57.7 1.05 68.1
29000,4.0 15 0.40 43 059 5.8 0.64 13.4 0.81 27.4 0.93 38.8 0.98 47.9
31000,4.0 04 023 1.9 052 2.7 059 6.5 0.74 14.0 0.85 21.0 0.91 27.3
15000,4.5 0.3 0.76 0.5 0.87 0.7 090 14 098 2.8 1.02 4.0 1.04 5.2
17000,4.5 0.8 0.84 1.7 094 2.2 097 4.2 1.03 7.7 1.06 10.7 1.07 13.3
19000,4.5 2.1 0.89 4.2 099 53 1.01 9.8 1.06 17.0 1.08 22.6 1.09 274
21000,4.5 4.0 0.94 8.3 1.03 10.3 1.05 185 1.09 30.6 1.11 39.6 1.11 46.7
23000,4.5 6.0 0.90 12.8 1.03 15.8 1.05 28.3 1.10 454 1.11 574 1.11 66.6
25000,4.5 6.3 0.79 14.3 0.96 17.9 1.00 32.9 1.07 53.1 1.09 66.8 1.09 77.1
27000,4.5 45 0.65 10.8 0.83 14.0 0.88 27.8 0.99 47.4 1.03 61.0 1.04 713
29000,45 2.6 055 6.4 0.71 8.4 0.76 18.2 0.89 34.3 0.97 46.4 1.00 55.8
31000,45 1.5 050 3.6 064 4.7 0.69 10.3 0.80 20.9 0.90 30.1 0.95 37.9

1.15
1.17
1.19
1.19
1.16
1.10
1.04
0.96
0.93
1.10
1.12
1.14
1.15
1.14
1.10
1.05
1.00
0.94
1.05
1.08
1.10
111
1.11
1.09
1.04
1.01
0.97
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Table B.21:murt results for Nm 1 4643.1 A ai; =10 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, WW, W, WW, W,  W/W,

15000,3.5 0.9 081 2.0 095 25 098 5.1 1.06 95 1.11 133 1.13 16.6
17000,35 2.7 0.87 5.9 1.01 74 1.04 141 1.11 245 1.15 32.7 1.16 39.6
19000,3.5 5.6 0.84 124 1.02 15.6 1.06 28.9 1.13 48.1 1.17 622 1.18 734
21000,35 7.3 0.70 18.3 0.96 23.3 1.02 441 1.13 72.8 1.17 927 1.18 107.9
23000,3.5 5.3 0.48 16.7 0.81 22.3 0.90 46.8 1.07 80.4 1.13 1034 1.15 120.7
25000,3.5 1.9 0.23 8.5 055 12.2 0.65 30.8 0.90 60.6 1.04 822 1.08 98.7
27000,3.5 0.2 0.04 3.1 0.36 4.8 0.45 14.0 0.69 32.9 0.89 494 0.98 63.2
29000,35 -09 -045 04 011 1.2 0.25 5.2 0.57 135 0.77 21.6 0.85 294
31000,35 -09 -059 -11 -054 -10 -045 0.1 0.04 3.3 0.54 6.5 0.74 9.6
15000,4.0 04 075 1.0 0.88 1.3 091 26 1.00 5.1 1.05 7.4 1.07 95
17000,4.0 1.4 083 3.1 095 3.9 099 7.8 1.05 14.2 1.09 19.6 1.11 243
19000,4.0 34 085 7.3 0.99 9.2 1.02 17.6 1.09 30.5 1.12 40.6 1.13 49.0
21000,4.0 5.6 0.80 12.9 0.98 16.3 1.02 30.9 1.10 52.2 1.14 67.8 1.15 80.1
23000,4.0 6.4 0.66 16.4 091 21.1 0.97 41.3 1.08 69.6 1.12 89.6 1.14 105.0
25000,4.0 45 0.49 13.0 0.76 175 0.84 37.7 1.01 67.3 1.08 88.2 1.09 104.2
27000,4.0 2.2 034 7.1 0.58 9.8 0.65 23.9 0.86 48.1 0.99 66.7 1.03 814
29000,4.0 0.9 0.22 35 0.46 4.9 052 12.4 0.71 27.6 0.86 41.3 0.94 53.2
31000,4.0 -0.1 -0.06 1.2 033 2.0 042 5.8 0.64 135 0.79 21.0 0.85 28.1
15000,4.5 0.2 0.67 0.5 0.80 0.7 0.83 14 093 2.8 0.99 4.2 1.02 54
17000,45 0.8 0.76 1.7 088 2.1 091 43 099 8.2 1.04 116 1.05 147
19000,4.5 1.9 0.80 4.2 093 5.3 0.96 10.3 1.03 18.7 1.07 25.7 1.08 31.6
21000,4.5 3.7 0.85 8.2 0.98 10.4 1.01 199 1.07 34.9 1.10 465 1.11 56.0
23000,45 5.4 0.78 125 0.95 15.8 0.99 30.7 1.07 52.8 1.10 69.0 1.11 82.0
25000,45 5.4 0.66 13.4 0.86 17.4 0.92 35.3 1.03 61.7 1.08 80.7 1.09 955
27000,4.5 3.7 052 9.7 0.72 12.9 0.78 28.4 0.93 53.2 1.01 717 1.03 86.3
29000,45 2.1 0.44 5.7 0.60 7.6 0.66 17.6 0.81 36.2 0.93 51.6 0.97 644
31000,45 1.1 0.36 3.1 055 4.2 059 9.8 0.73 21.0 0.85 314 0.90 409

1.14
1.16
1.18
1.19
1.15
1.09
1.02
0.90
0.84
1.08
1.11
1.14
1.15
1.14
1.10
1.04
0.97
0.89
1.03
1.06
1.09
1.11
1.11
1.09
1.04
0.99
0.94
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Table B.22:murt results for Nm 1 5005.1 A at, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30
W, WW, W, WW, W, WW. W, Ww, W, WW, W, WW, W, WW,

15000,35 1.3 1.15 24 1.13 29 1.13 4.9 1.12 8.0 1.12 105 1.12 12.6
17000,35 4.3 1.16 7.2 1.14 8.4 1.13 13.2 1.12 19.9 1.12 247 1.12 28.6
19000,3.5 10.3 1.20 16.1 1.16 18.4 1.14 27.0 1.12 37.8 1.12 451 1.12 50.8
21000,3.5 19.0 1.28 28.3 1.20 31.6 1.17 43.2 1.12 56.8 1.10 65.7 1.09 725
23000,3.5 25.2 1.36 37.2 1.26 41.2 1.22 53.9 1.12 675 1.06 76.2 1.04 82.8
25000,3.5 21.3 1.34 33.8 1.27 38.2 1.24 519 1.14 64.7 1.04 723 1.00 779
27000,3.5 13.3 1.26 23.2 1.23 27.2 1.21 41.0 1.15 55.2 1.07 629 1.02 68.1
29000,3.5 6.0 1.11 11.2 1.10 13.6 1.09 235 1.06 36.4 1.02 447 0.99 505
31000,35 1.7 0.88 3.3 0.89 4.1 089 7.7 0.87 13.8 0.83 18.6 0.80 225
15000,4.0 0.7 1.12 1.3 111 1.6 1.10 2.8 1.09 438 1.09 65 1.09 8.0
17000,4.0 2.3 1.13 4.1 1.11 4.9 1.10 8.1 1.09 129 1.09 16.6 1.09 19.6
19000,4.0 6.0 1.15 10.0 1.12 11.6 1.11 18.1 1.10 26.7 1.09 32.8 1.09 37.7
21000,4.0 12.2 1.19 19.3 1.14 22.0 1.12 32.0 1.09 44.3 1.08 52.6 1.08 59.0
23000,4.0 19.2 1.24 29.3 1.16 329 1.14 45.2 1.08 594 1.05 68.5 1.04 755
25000,4.0 21.0 1.25 325 1.17 36.6 1.15 49.6 1.06 63.4 1.01 721 0.99 78.7
27000,4.0 16.5 1.20 27.2 1.15 31.3 1.13 447 1.06 58.2 0.99 66.1 0.96 71.9
29000,4.0 10.5 1.10 18.8 1.09 22.2 1.09 34.7 1.05 48.6 0.99 56.7 0.96 62.3
31000,4.0 5.4 0.98 10.2 0.98 124 0.98 214 0.97 334 0.94 41.2 0.92 46.9
15000,45 0.4 1.06 0.7 1.07 0.9 1.07 1.6 1.06 2.9 1.06 4.0 1.06 5.0
17000,45 1.3 1.08 2.3 1.08 2.8 1.07 5.0 1.07 8.3 1.06 11.0 1.06 13.3
19000,4.5 3.5 1.10 6.1 1.08 7.2 1.08 11.8 1.07 185 1.07 234 1.06 27.4
21000,45 7.6 1.13 127 1.10 147 1.09 22.8 1.07 33.3 1.06 40.7 1.06 46.4
23000,4.5 134 1.16 21.4 1.12 245 1.10 35.7 1.06 49.3 1.04 58.4 1.04 65.3
25000,4.5 17.8 1.18 28.1 1.12 31.9 1.10 44.8 1.04 594 1.01 68.9 1.00 76.2
27000,4.5 16.8 1.15 275 1.10 31.4 1.08 44.8 1.02 59.1 0.97 68.1 0.95 74.9
29000,45 124 1.08 215 1.07 25.2 1.05 38.1 1.01 52.2 0.96 60.7 0.94 66.9
31000,45 7.7 099 14.1 1.00 16.9 1.00 27.8 0.98 41.0 0.94 49.3 0.92 55.2

1.12
1.13
1.12
1.09
1.04
0.99
0.99
0.97
0.78
1.09
1.09
1.09
1.08
1.04
0.98
0.94
0.94
0.91
1.06
1.06
1.07
1.06
1.04
0.99
0.94
0.92
0.91
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Table B.23:murt results for Nm 1 5005.1 A at, =5 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, WW, W, WW, W, W/W,

15000,35 14 1.16 25 1.15 3.1 1.14 54 1.13 9.1 1.12 12.0 1.12 146
17000,35 4.6 1.18 7.9 1.15 9.3 1.15 15.2 1.13 235 1.13 29.6 1.13 34.6
19000,35 114 1.23 185 1.18 21.4 1.17 32.2 1.14 46.3 1.13 56.0 1.12 63.6
21000,35 214 1.32 334 1.24 37.8 1.22 534 1.15 71.8 1.12 84.0 1.11 93.2
23000,3.5 27.9 1.40 43.9 1.31 49.6 1.28 67.9 1.17 87.0 1.10 99.0 1.07 108.0
25000,3.5 22.8 1.36 38.2 1.31 441 1.28 63.6 1.19 82.7 1.09 935 1.05 101.3
27000,3.5 13.8 1.27 249 1.25 29.7 1.24 47.3 1.18 67.2 1.11 78.6 1.06 86.3
29000,35 6.1 1.12 11.7 1.11 14.3 1.11 254 1.08 41.3 1.04 521 1.01 60.0
31000,3.5 1.8 088 34 090 4.2 0.90 8.1 0.89 1438 0.85 20.3 0.83 25.0
15000,4.0 0.7 1.13 1.3 112 1.6 1.112 3.0 1.10 5.3 1.09 7.2 1.09 8.9
17000,4.0 2.4 1.14 4.4 1.12 5.3 1.11 9.0 1.10 147 1.10 19.2 1.10 22.9
19000,4.0 6.4 1.16 11.0 1.13 13.0 1.12 20.8 1.11 315 1.10 394 1.10 45.7
21000,4.0 13.4 1.21 219 1.16 25.3 1.15 38.1 1.11 541 1.09 65.1 1.09 735
23000,4.0 21.2 1.26 33.9 1.20 38.7 1.18 55.3 1.11 74.3 1.07 86.7 1.06 96.0
25000,4.0 22.8 1.27 37.3 1.21 427 1.19 60.8 1.11 80.0 1.04 91.8 1.02 100.6
27000,4.0 17.4 1.21 30.1 1.18 35.2 1.16 53.0 1.10 721 1.03 83.2 1.00 911
29000,4.0 10.9 1.10 20.0 1.10 23.9 1.10 39.2 1.07 57.7 1.02 69.0 099 76.9
31000,4.0 5.5 0.98 105 0.99 129 0.99 23.0 0.98 37.6 0.96 47.6 0.94 55.2
15000,45 04 1.04 0.7 1.06 0.9 1.07 1.7 1.07 3.1 1.06 4.3 1.06 55
17000,45 1.3 1.08 24 1.08 3.0 1.08 5.3 1.07 9.2 1.07 12.3 1.07 15.0
19000,4.5 3.6 1.10 6.5 1.09 7.8 1.09 13.1 1.08 21.1 1.07 27.1 1.07 321
21000,45 8.1 1.15 13.9 1.12 16.4 1.11 26.1 1.08 39.2 1.07 48.5 1.07 55.9
23000,45 14.4 1.19 241 1.14 279 1.13 421 1.09 59.6 1.06 714 1.05 805
25000,4.5 19.2 1.20 31.8 1.15 36.6 1.13 53.7 1.08 73.1 1.03 85.6 1.02 95.0
27000,45 179 1.16 30.5 1.12 355 1.11 531 1.05 72.6 1.00 84.6 0.98 934
29000,45 129 1.09 23.2 1.08 275 1.07 43.7 1.03 62.5 0.99 74.0 0.96 82.3
31000,45 7.8 0.99 1438 1.00 17.9 1.00 30.6 0.99 47.2 0.96 58.0 0.94 659

1.12
1.13
1.13
1.10
1.06
1.02
1.03
0.99
0.81
1.09
1.10
1.10
1.09
1.05
1.00
0.97
0.97
0.93
1.06
1.07
1.07
1.07
1.05
1.01
0.96
0.94
0.93

1T



Table B.24:murtr results for N 1 5005.1 A at; =10 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 1.4 1.17 27 1.16 3.3 1.15 5.9 1.14 10.3 1.13 13.9 1.12 17.0
17000,35 49 1.20 8.8 1.17 105 1.16 17.6 1.14 28.1 1.13 36.2 1.13 429
19000,3.5 12.6 1.26 21.4 1.21 251 1.20 39.3 1.16 583 1.14 71.9 1.13 827
21000,3.5 23.9 1.35 39.6 1.29 458 1.27 68.0 1.20 94.6 1.14 112.3 1.12 125.82
23000, 3.5 30.7 143 51.8 1.37 60.0 1.34 88.0 1.24 117.9 1.15 136.2 1.11 149.09
25000,3.5 24.3 1.37 43.2 1.34 51.0 1.32 795 1.25 1105 1.16 128.3 1.10 140.@7
27000,3.5 14.4 1.27 26.9 1.27 325 1.26 55.3 1.22 84.6 1.16 102.9 1.12 115.78
29000,3.5 6.3 1.13 121 1.13 149 1.12 27.7 1.10 47.7 1.07 625 1.05 741
31000,3.5 1.9 0.86 3.5 0.90 43 091 84 091 15.8 0.89 224 0.86 28.2
15000,4.0 0.7 1.13 1.4 112 1.7 1.12 3.2 1.11 5.8 1.10 8.0 1.10 10.1
17000,4.0 25 1.15 47 1.13 57 1.13 10.0 1.11  17.0 1.10 225 1.10 27.3
19000,4.0 6.9 1.18 12.3 1.15 14.6 1.14 24.2 1.12 38.1 1.10 485 1.10 57.0
21000,4.0 146 1.23 25.2 1.19 295 1.18 46.3 1.14 68.4 1.11 838 1.10 95.7
23000,4.0 23.3 1.29 39.6 1.24 46.1 1.22 69.6 1.16 97.4 1.10 1155 1.08 129.17
25000,4.0 24.7 1.29 429 1.25 50.3 1.23 76.7 1.16 106.2 1.09 1241 1.05 137.33
27000,4.0 184 1.22 334 1.20 39.8 1.19 64.3 1.14 933 1.08 111.0 1.04 123.42
29000,4.0 11.2 1.10 21.3 1.11 25.8 1.11 45.0 1.09 70.9 1.06 88.0 1.03 100.4
31000,4.0 5.5 0.97 10.8 0.99 134 0.99 24.9 0.99 43.1 0.98 56.8 0.96 675
15000,45 0.4 1.02 0.7 1.05 0.9 1.06 1.8 1.07 3.3 1.07 4.7 1.07 6.0
17000,45 1.3 1.07 26 1.08 3.1 1.08 5.8 1.08 10.2 1.07 13.9 1.07 17.2
19000,45 3.8 1.10 7.0 1.10 85 1.09 147 1.08 244 1.08 321 1.07 385
21000,45 8.6 1.16 154 1.14 18.4 1.13 304 1.10 47.4 1.08 59.9 1.08 69.9
23000,4.5 15.6 1.21 27.2 1.17 321 1.16 50.9 1.11 751 1.08 91.6 1.07 104.4
25000,4.5 20.8 1.22 36.2 1.19 426 1.17 66.2 1.11 944 1.06 112.6 1.04 126.23
27000,4.5 19.0 1.17 341 1.15 405 1.14 64.6 1.09 934 1.04 1115 1.01 124.69
29000,4.5 135 1.09 251 1.09 30.2 1.09 51.0 1.06 77.9 1.02 953 1.00 107.9
31000,4.5 8.0 0.97 154 1.00 18.9 1.00 34.0 1.00 55.9 0.98 71.3 0.97 83.0

1.12

1.13
1.13
11

1.0
1.03
0.84
1.09
1.10
1.10
1.09
1.0

1.0
1.01
0.95
1.06
1.07
1.07
1.07
1.06
1.0
0.9
0.98
0.96
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Table B.25:mur results for No 1 5679.6 A at, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 1.2 085 25 0.98 3.1 1.01 538 1.11  10.3 1.18 13.8 1.21 16.8
17000,35 4.2 0.96 8.1 1.09 9.9 1.13 17.0 1.22 27.1 1.29 344 1.31 40.2
19000, 3.5 10.7 1.03 19.8 1.18 235 122 37.4 1.32 546 1.38 66.0 140 74.6
21000,3.5 19.7 1.05 354 1.22 415 1.27 62.7 1.37 85.9 1.42 100.1 1.43 110.44
23000,3.5 25.2 1.05 43.9 1.19 51.2 1.23 76.6 1.33 103.1 1.38 1185 1.40 129.40
25000,3.5 21.6 1.06 37.4 1.13 437 1.15 66.6 1.23 93.0 1.29 108.7 1.31 119.82
27000,3.5 13.8 1.08 26.2 1.16 31.3 1.17 49.6 1.19 714 1.21 855 1.22 96.0
29000,35 55 0.88 13.2 1.11 16.8 1.16 315 1.24 50.2 1.24 62.0 1.23 70.6
31000,35 -0.9 -044 1.2 029 26 0.51 10.2 1.01 234 1.24 336 1.29 417
15000,4.0 0.6 081 1.3 091 16 0.94 3.2 1.02 5.8 1.09 8.1 1.12 10.1
17000,4.0 2.2 090 44 101 54 1.04 938 1.12 165 1.18 21.7 1.21 259
19000,4.0 6.0 0.98 11.4 1.09 13.8 1.13 23.2 1.21 35.9 1.26 449 1.28 51.9
21000,4.0 12.7 1.02 23.2 1.15 275 1.19 434 1.27 623 1.32 746 1.33 8338
23000,4.0 20.0 1.04 35.3 1.16 41.3 1.20 62.6 1.28 85.8 1.32 99.9 1.33 110.2
25000,4.0 215 1.02 37.2 1.11 434 1.13 65.9 1.21 90.7 1.26 105.5 1.27 116.08
27000,4.0 16.6 1.00 29.6 1.06 34.8 1.08 54.2 112 77.2 1.17 917 1.19 1021
29000,4.0 104 0.96 20.2 1.04 24.3 1.06 40.1 1.09 593 1.10 720 1.12 81.4
31000,4.0 4.5 0.76 105 0.95 13.3 0.99 25.2 1.07 41.2 1.10 51.8 1.10 59.7
15000,4.5 0.3 0.80 0.7 0.88 0.9 090 1.8 0.96 34 1.02 4.8 1.05 6.1
17000,45 1.2 087 24 0.95 3.0 098 5.6 1.04 10.0 1.09 135 1.11 16.6
19000,45 34 0.93 6.6 1.02 8.0 1.05 141 1.11 231 1.16 29.8 1.18 35.2
21000,45 7.7 0.98 14.4 1.08 17.3 1.11 285 1.17 433 1.22 534 1.23 61.2
23000,4.5 13.9 1.01 25.0 1.11 295 1.14 46.3 1.20 66.0 1.24 787 1.25 88.1
25000,4.5 18.5 1.01 323 1.09 37.8 1.11 57.8 1.17 805 1.21 945 1.22 104.7
27000,45 171 0.97 30.1 1.03 35.3 1.04 547 1.09 774 1.14 916 1.15 101.9
29000,4.5 12.2 0.94 226 0.99 26.9 1.01 43.3 1.04 634 1.07 765 1.09 86.3
31000,45 7.1 0.87 14.3 095 175 0.97 30.3 1.01 46.9 1.03 58.1 1.04 665

1.24

1.33
141
1.4

13
1.24
1.22
1.30
1.14
1.22
1.30
1.34
1.34
1.2
1.20
1.13
1.10
1.06
1.13
1.19
1.24
1.25
1.22
1.16
1.10
1.05
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Table B.26:murt results for Nm 1 5679.6 A at, =5 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW., W, WW, W, WW, W, W/W, W, W/W, W, WW,
15000,35 1.1 0.78 2.4 0.90 3.0 094 6.0 1.05 111 1.13 15.3 1.17 19.0
17000,3.5 4.0 0.88 8.3 1.02 10.3 1.06 18.6 1.17 31.0 1.25 40.3 1.28 47.9
19000,3.5 10.6 0.93 20.8 1.10 25.3 1.15 427 1.27 65.3 1.34 80.8 1.38 927
21000,3.5 19.9 0.96 38.1 1.14 457 1.19 73.8 1.32 106.2 1.40 126.5 1.43 141.24
23000,3.5 26.2 0.99 48.1 1.13 57.2 1.17 90.7 1.29 1284 1.37 150.7 1.39 166.40
25000,3.5 22.2 1.02 41.0 1.11 48.7 1.14 77.7 1.20 113.1 1.27 135.2 1.30 150.92
27000,3.5 13.3 1.00 27.3 1.13 33.3 1.15 56.3 1.19 84.7 1.21 103.3 1.22 117.34
29000,35 4.4 0.69 123 1.00 16.1 1.07 32.9 1.21 56.5 125 722 1.25 838
31000,35 -16 -0.74 -0.2 -0.05 1.0 0.19 8.3 0.81 227 1.16 34.8 1.26 44.8
15000,4.0 0.6 0.76 1.2 0.85 1.6 0.88 3.2 0.97 6.1 1.04 8.7 1.08 11.0
17000,4.0 21 0.84 44 095 54 0.98 10.3 1.07 18.2 1.14 245 1.18 29.8
19000,4.0 5.9 0.91 11.8 1.03 145 1.07 25.6 1.16 414 1.23 53.0 1.26 62.2
21000,4.0 128 095 246 1.08 29.7 1.13 49.6 1.23 747 1.30 915 1.32 104.1
23000,4.0 20.5 0.97 38.2 1.10 455 1.14 731 1.24 105.2 1.31 125.0 1.33 139.84
25000,4.0 22.3 0.98 40.6 1.07 48.2 1.10 76.7 1.18 1105 1.24 131.2 1.27 146.28
27000,4.0 16.7 0.96 31.7 1.04 379 1.06 61.9 1.11  91.8 1.16 111.2 1.18 125.40
29000,4.0 9.9 0.89 205 1.01 25.3 1.03 44.3 1.08 68.7 1.10 85.0 1.11 973
31000,4.0 3.7 0.63 9.9 0.87 12.9 0.92 26.1 1.04 455 1.09 59.0 1.10 69.2
15000,4.5 0.3 0.76 0.7 0.83 0.8 086 1.7 0.93 3.4 0.99 5.0 1.02 6.4
17000,45 1.1 082 24 091 3.0 093 5.8 1.00 10.7 1.06 14.8 1.09 184
19000,4.5 3.3 0.88 6.7 0.97 8.2 1.00 15.1 1.07 25.7 1.13 34.0 1.16 40.8
21000,45 7.7 0.93 15.0 1.03 18.2 1.06 31.6 1.14 50.1 1.19 63.2 1.22 734
23000,4.5 14.2 0.96 26.6 1.06 31.9 1.09 52.7 1.17 787 1.23 957 1.24 108.4
25000,4.5 19.1 0.97 34.9 1.05 415 1.07 66.6 1.15 96.9 1.20 115.9 1.22 129.83
27000,4.5 175 094 323 1.00 385 1.02 62.4 1.07 92.0 1.12 1109 1.14 124.86
29000,4.5 12.2 0.90 23.6 0.97 28.6 0.99 48.2 1.03 735 1.06 905 1.08 103.2
31000,45 6.8 0.81 14.3 0.92 17.8 094 325 1.00 528 1.02 66.8 1.03 775

1.20
1.30
1.40

1.2
1.24
1.29
1.10
1.20
1.28
1.34

1.2
1.12
1.10

1.04
111
1.17
1.23

1.25
1.2
11
1.09
1.04
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Table B.27:murtr results for Nm 1 5679.6 A ai; =10 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, W/W, W, W/W, W, W/W,
15000,3.5 1.0 0.70 2.3 082 29 0.86 6.1 0.98 11.8 1.07 16.8 1.12 213
17000,3.5 3.8 0.78 8.3 0.93 104 0.97 20.1 1.10 354 1.19 474 1.24 575
19000,3.5 10.2 0.83 21.4 0.99 26.6 1.05 484 1.19 79.0 1.29 100.8 1.34 117.96
21000,3.5 19.6 0.85 40.0 1.03 49.2 1.08 86.5 1.24 134.0 1.35 164.8 1.40 187.82
23000,3.5 26.5 0.92 521 1.05 63.3 1.09 108.0 1.22 164.2 1.33 1994 1.37 224.39
25000,3.5 21.8 0.94 44.1 1.07 53.7 1.10 91.9 1.17 141.8 1.24 1751 1.28 199.80
27000,3.5 119 0.86 27.1 1.05 34.2 1.09 638 1.18 103.3 1.21 130.1 1.22 150.33
29000,35 25 0.40 10.1 0.81 14.1 0.91 329 1.13 63.2 1.24 85.6 1.26 102.7
31000,35 -23 -1.07 -21 -051 -14 -0.28 4.6 0.45 19.6 0.97 33.8 1.16 46.44
15000,4.0 0.5 070 1.2 0.79 15 0.82 3.2 0.91 6.3 0.99 9.2 1.03 11.9
17000,4.0 2.0 0.77 4.3 0.88 54 0.91 10.8 1.01 19.9 1.09 27.6 1.13 343
19000,4.0 5.7 0.82 11.9 0.95 14.9 0.99 28.0 1.10 48.0 1.18 63.3 1.22 75.8
21000,4.0 125 0.86 255 1.00 315 1.04 565 1.16 90.9 1.25 1149 1.29 133.31
23000,4.0 20.6 0.89 40.6 1.02 495 1.06 85.7 1.18 132.1 1.27 162.2 1.31 184.33
25000,4.0 22.4 0.91 4338 1.02 53.1 1.05 90.3 1.13 138.7 1.21 170.2 1.25 193.26
27000,4.0 16.2 0.88 33.2 0.99 40.7 1.02 715 1.08 1125 1.13 140.6 1.16 161.88
29000,4.0 9.0 0.78 20.2 0.93 255 0.97 48.7 1.05 815 1.09 104.4 1.10 122.0
31000,4.0 25 041 8.4 0.72 115 0.79 26.1 0.97 50.0 1.06 68.3 1.09 827
15000,4.5 0.3 0.72 0.6 0.79 0.8 0.81 1.7 0.88 35 0.94 5.2 0.98 6.8
17000,45 1.1 0.77 2.3 085 2.9 0.88 5.9 0.95 11.3 1.02 16.1 1.05 20.4
19000,4.5 3.2 082 6.7 091 8.3 094 161 1.02 2838 1.09 39.0 1.12 47.8
21000,45 7.6 0.87 154 0.96 19.0 1.00 35.0 1.09 587 1.16 76.3 1.19 904
23000,4.5 141 0.89 27.9 0.99 34.2 1.03 60.3 1.12 95.9 1.19 120.4 1.22 138.94
25000,4.5 19.2 0.91 37.3 1.00 45.2 1.02 776 1.10 120.1 1.17 148.2 1.20 169.21
27000,45 17.4 0.88 34.3 0.96 41.8 098 721 1.04 1127 1.09 140.2 1.12 160.94
29000,45 11.7 0.83 24.2 0.92 29.9 0.95 541 1.00 87.8 1.04 1115 1.06 129.67
31000,45 6.0 0.70 13.8 0.85 17.6 0.88 345 0.96 604 1.01 793 1.02 94.2

1.15
1.26
1.3

1.26
1.2
1.06
1.16

1.25

13

111
1.10
1.00
1.07
1.14
121
1.2
1
1
1.0
1.03

GT¢



Table B.28:murtr results for Nm 1 6482 A atz, =0 km s (Equivalent widthsW,, are in mA)

Te, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solarn Whereey sola= 7.83)

-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW. W, WWw, W, WW, W, WW, W, WW,. W, WW,

15000,3.5 0.2 0.95 0.5 1.02 0.6 1.05 1.3 1.11 25 1.17 3.6 1.20 46
17000,35 0.9 1.01 1.9 1.10 2.4 1.12 4.7 1.19 8.6 1.24 11.9 1.27 147
19000,3.5 2.8 1.04 538 115 7.1 1.18 13.1 1.25 22.3 1.31 294 1.34 354
21000,3.5 6.0 1.03 12.2 1.16 15.0 1.20 27.0 1.30 439 1.38 56.1 1.42 65.8
23000,35 7.6 0.94 16.2 1.10 20.2 1.16 37.4 1.30 61.2 141 77.8 1.46 90.5
25000,3.5 5.3 0.80 12.0 0.97 15.4 1.03 311 1.21 55.2 1.36 72.8 1.44 86.5
27000,35 24 059 6.0 0.79 8.0 0.85 18.1 1.06 36.4 1.25 515 1.35 63.9
29000,3.5 -0.8 -0.43 0.2 0.07 1.0 021 54 0.60 155 0.93 25.2 1.09 34.2
31000,35 -29 -455 -42 -326 -46 -282 -50 -154 -34 -053 -05 -0.050 30.24
15000,4.0 0.1 0.88 0.2 095 0.3 0.97 0.6 1.04 1.2 1.09 1.8 112 24
17000,4.0 0.4 095 0.9 1.03 1.2 1.05 24 1.12 45 1.17 6.4 1.19 8.2
19000,4.0 14 1.00 2.9 1.09 3.6 111 7.0 1.18 12.6 1.23 17.2 1.25 211
21000,4.0 3.4 101 71 1.12 8.8 1.15 16.2 1.23 27.4 1.28 36.0 1.30 43.0
23000,4.0 5.9 0.97 12.2 1.11 151 1.15 27.6 1.25 454 1.32 58.1 1.35 68.1
25000,4.0 5.9 0.87 12.9 1.02 16.2 1.07 30.9 1.20 52.2 1.30 67.3 1.34 78.9
27000,4.0 3.9 0.75 8.8 0.90 11.3 0.95 23.3 1.11 427 1.24 57.3 1.30 69.0
29000,4.0 1.7 053 45 0.72 6.0 0.78 13.7 0.96 28.0 1.13 40.0 1.22 50.2
31000,4.0 -05 -0.27 0.5 0.16 1.2 0.28 4.8 0.60 13.0 0.88 20.8 1.01 28.1
15000,4.5 0.1 0.84 0.1 090 0.1 092 0.3 0.97 0.6 1.02 0.9 1.05 1.3
17000,4.5 0.2 0.90 0.5 096 0.6 099 1.2 1.04 24 1.09 35 1.11 45
19000,4.5 0.7 095 15 1.02 1.9 1.05 3.7 1.10 7.0 1.15 9.8 1.17 124
21000,4.5 1.8 0.98 3.8 1.07 438 1.09 9.2 1.15 16.4 1.19 22.2 1.21 271
23000,4.5 3.7 097 7.8 1.08 9.7 1.11 18.0 1.18 30.6 1.23 40.0 1.25 47.6
25000,4.5 5.2 0.92 10.9 1.04 13.6 1.07 254 1.16 425 1.23 549 1.25 64.6
27000,45 4.4 0.81 9.6 094 12.2 0.98 23.9 1.09 419 1.18 55.1 1.22 655
29000,45 2.7 0.69 6.2 0.83 8.0 0.87 16.8 1.01 31.7 1.12 43.6 1.17 53.3
31000,45 1.0 041 2.8 0.62 3.9 0.68 9.2 0.86 19.4 1.01 28.3 1.09 36.0

1.21
1.28
1.36
1.44
1.49
1.48
1.41
1.19

1.14
1.20
1.26
1.32
1.37
1.37
1.34
1.27
1.09
1.07
1.13
1.18
1.22
1.26
1.26
1.24
1.20
1.13

9T¢
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Table B.29:murtr results for Nim 1 6482 A atg, =10 km s (Equivalent widthsW,, are in mA)

Tes, 109(Q) Nitrogen Abundance flierenceAey, (A en = en — €N solan Whereey sola= 7.83)
-1.00 -0.70 -0.60 -0.30 0.00 0.18 0.30

W, WW, W, WW, W, WW, W, WW, W, W/W, W, W/W, W, W/W,
15000,3.5 0.2 0.86 04 0.93 0.6 095 1.2 1.02 2.5 1.09 3.7 1.13 4.9
17000,3.5 0.9 090 1.8 099 23 1.02 4.8 1.10 9.4 1.17 13.6 1.20 17.4
19000,3.5 2.6 091 5.6 1.02 71 1.06 14.2 1.15 26.6 1.23 36.9 1.27 459
21000,3.5 5.5 0.88 11.9 1.01 15.1 1.05 30.2 1.18 55.1 1.28 74.9 1.34 91.2
23000,3.5 6.9 0.80 15.3 0.94 19.7 0.99 41.0 1.15 76.7 1.29 104.7 1.36 1275
25000,3.5 4.6 0.67 10.7 0.80 14.0 0.85 31.2 1.03 63.6 122 911 1.31 114.3
27000,35 1.4 0.36 4.5 056 6.2 0.63 15.8 0.84 36.6 1.06 56.5 1.19 747
29000,35 -2.1 -108 -20 -051 -16 -034 1.4 0.15 10.2 057 204 0.79 3093
31000,35 -36 -554 59 -459 -68 -421 -94 -290 -105 -1.63 -95 -0984 -0.58
15000,4.0 0.1 081 0.2 0.86 0.3 0.88 0.6 0.95 1.2 1.01 1.8 1.05 2.4
17000,4.0 0.4 0.86 0.9 093 1.1 096 23 1.03 4.7 1.10 6.9 1.13 9.1
19000,4.0 1.3 089 2.8 0.98 3.5 1.00 7.2 1.09 14.0 1.16 20.1 1.19 255
21000,4.0 3.1 0.88 6.8 0.99 8.6 1.03 17.4 1.13 32.7 1.21 453 1.25 56.2
23000,4.0 5.2 0.83 11.6 0.96 14.8 1.00 30.3 1.13 56.1 1.24 76.7 1.28 936
25000,4.0 5.2 0.73 11.8 0.86 15.3 091 326 1.06 62.7 1.20 87.2 1.26 107.3
27000,4.0 3.2 0.60 7.6 0.73 10.0 0.78 22.6 0.95 471 1.11 685 1.20 87.1
29000,4.0 0.9 0.28 3.2 0.49 45 0.56 11.7 0.76 27.3 0.96 425 1.07 565
31000,40 -14 -082 -11 -033 -08 -0.18 1.9 0.23 9.3 058 175 0.76  25.8
15000,4.5 0.1 0.79 0.1 0.83 0.1 0.84 0.3 0.90 0.6 0.95 0.9 0.98 1.2
17000,4.5 0.2 0.83 04 0.88 0.5 090 1.1 0.97 2.4 1.03 35 1.06 4.7
19000,4.5 0.6 086 1.4 093 1.8 0.96 3.7 1.03 7.3 1.09 10.8 1.12 14.0
21000,45 1.7 0.87 3.6 0.96 4.6 099 95 1.07 184 1.14 26.2 1.17 331
23000,45 34 08 7.4 096 94 0.99 19.2 1.09 36.2 1.17 50.2 1.20 621
25000,4.5 4.6 0.78 10.2 0.90 13.1 094 27.1 1.06 51.1 1.16 705 1.20 86.5
27000,4.5 3.8 0.68 8.7 0.80 11.3 0.84 24.4 0.97 48.1 1.09 68.1 1.15 84.9
29000,45 21 054 5.2 0.67 6.9 0.72 15.8 0.86 33.6 1.01 496 1.08 63.9
31000,4.5 0.3 0.12 1.8 0.38 2.6 045 7.5 0.67 18.2 0.86 28.7 0.96 38.7

1.15
1.23
1.30
1.37
1.41
1.37
1.27
0.9

1.07
1.15
1.22
1.27
131
1.30
1.25
1.14
0.87
1.00
1.08
1.14
1.19
1.22
1.23
1.18
1.13
1.02

LTC



Appendix C

Monte Carlo Results

Table C.1: Results of Monte Carlo Simulations fon itom at log¢)=3.5, andt;= 0.0 km s
average equivalent widthg, W, >, and the expected errorg2

A €N Tt <W,> o A EN Tt <Wy> 20
(A) (K) A  mA) | A (K) (mA)  (mA)
3995 6.830 15000.0 5,5 0.546482 6.83 15000.0 0.2 0.03

19000.0 22.8 1.97 19000.0 28 0.34
23000.0 33.2 3.08 23000.0 6.8 1.07
27000.0 146 1.83 27000.0 1.4 047
31000.0 -1.1 0.21 31000.0 -3.2 0.26
7.230 15000.0 109 0.9p 7.23 15000.0 0.6 0.07
19000.0 39.3 2.76 19000.0 70 0.77
23000.0 585 4.13 23000.0 184 2.34
27000.0 319 3.29 27000.0 55 1.25
31000.0 0.1 0.65 31000.0 54 041
7.530 15000.0 171 1.3 7.53 15000.0 1.3 0.14

23000.0 80.8  4.63 23000.0 343 3.61

¢]
19000.0 546 3.34 19000.0 12.8 1.30
3
27000.0 514 4.29 27000.0 135 2.38

27000.0 99.5 5.33
31000.0 30.8 4.02

27000.0 53.0 5.55
31000.0 -24  2.05

31000.0 4.4 1.47 31000.0 -6.8 0.57
7.830 15000.0 254 1.8D 7.83 15000.0 25 0.26
19000.0 723 3.94 19000.0 21.8 1.99
23000.0 104.6 5.06 23000.0 56.9 4.88
27000.0 745 493 27000.0 289 3.94
31000.0 141 2.64 31000.0 -6.6 1.00
8.130 15000.0 36.0 2.3 8.13 15000.0 46 0.46
19000.0 928 4.68 19000.0 347 2.85
23000.0 130.5 5.63 23000.0 849 6.03

3

D
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Table C.2: Results of Monte Carlo Simulations fon Mtom at log¢)=4.0, and4,= 0.0 km s*:
average equivalent widths, W, >, and the expected errorg2

A €N Ter <W,> o A €N Tex <W,> 20
(A) (K) (mA)  mA) | A (K)  (mA) (mA)
3995 6.830 15000.0 2.9 0.306482 6.83 15000.0 0.1 0.01
19000.0 148 1.36 19000.0 1.4 0.17
23000.0 29.8 2.69 23000.0 55 0.74
27000.0 20.3 2.23 27000.0 3.0 0.58
31000.0 46 0.71 31000.0 -1.0 0.14
7.230 15000.0 6.2 0.59 7.23 15000.0 0.3 0.03
19000.0 27.2 2.09 19000.0 3.6 0.40
23000.0 525 3.7(¢ 23000.0 145 1.65
27000.0 40.8 3.61 27000.0 94 1.46
31000.0 13.2 181 31000.0 -0.1 0.40
7.530 15000.0 10.3  0.90 7.53 15000.0 0.6 0.07
19000.0 39.7 2.69 19000.0 6.9 0.72
23000.0 72.8 4.29 23000.0 26.6 2.64
27000.0 61.8 4.42 27000.0 20.1 2.60
31000.0 25,6 2.94 31000.0 25 0.91
7.830 15000.0 16.3 1.2P 7.83 15000.0 1.2 0.13
19000.0 549 3.36 19000.0 124 1.20
23000.0 95.0 4.9¢ 23000.0 43.8 3.72
27000.0 85.3 4.98 27000.0 37.8 4.01
31000.0 43.8 4.06 31000.0 89 1.87
8.130 15000.0 244 1.75 8.13 15000.0 24 0.25
19000.0 73.1 4.18 19000.0 209 184
23000.0 119.8 5.74 23000.0 66.0 4.83
27000.0 110.3 5,51 27000.0 625 5.37
31000.0 65.9 4.83 31000.0 21.7 3.30
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Table C.3: Results of Monte Carlo Simulations fon Etom at log¢)=4.5, and4,= 0.0 km s*:
average equivalent widths, W, >, and the expected errorg2

A €N Ter <W,> o A €N Tex <W,> 20
(A) (K) (mA)  mA) | A (K)  (mA) (mA)
3995 6.830 15000.0 1.4 0.156482 6.83 15000.0 0.1 0.01

19000.0 8.8 0.86 19000.0 0.7 0.08
23000.0 22,7 211 23000.0 3.7 0.45
27000.0 222 2.29 27000.0 4.0 0.59
31000.0 8.6 1.17 31000.0 0.6 0.19
7.230 15000.0 3.2 0.3B 7.23 15000.0 0.1 0.02
19000.0 174 1.48 19000.0 1.8 0.21
23000.0 41.7 3.12 23000.0 95 1.04
27000.0 435 3.59 27000.0 11.3 1.44
31000.0 20.7 231 31000.0 29 057
7.530 15000.0 57 0.5 7.53 15000.0 0.3 0.03

23000.0 59.7 3.8% 23000.0 177 175

5
19000.0 27.0 2.06 19000.0 3.7 0.39
)
27000.0 64.6 4.37 27000.0 226 249
)

31000.0 36.0 3.34 31000.0 75 119
7.830 15000.0 96 0.8 7.83 15000.0 0.6 0.07

23000.0 80.2 4.67 23000.0 30.1 2.65

5

19000.0 394 275 19000.0 6.9 0.70
7

27000.0 879 5.04 27000.0 40.0 3.74

31000.0 56.1 431 31000.0 16.7 2.21
8.130 15000.0 154 1.24 8.13 15000.0 1.3 0.13
19000.0 549 361 19000.0 123 1.15
23000.0 103.6 5.83 23000.0 47.0 3.67
27000.0 113.0 5.87 27000.0 63.3 4.98

31000.0 78.9  5.0( 31000.0 323 3.54
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Table C.4: Results of Monte Carlo Simulations fon Mt logg=3.5, andé= 5.0 kms: aver-
age equivalent widths; W, >, and the expected errar,

A N Ter <w> 20 A eN Ter  <w> 20
(A) (K) (mA) (mA) | (A) (K) (mA) (mA)
3995 6.830 15000.0 5.8 0.606482 6.83 15000.0 0.2 0.03
19000.0 25.3 2.36 19000.0 2.7 034
23000.0 36.3 3.65 23000.0 6.5 1.08
27000.0 148 1.94 27000.0 1.1 045
31000.0 -1.4  0.20 31000.0 -3.5 0.28
7.230 15000.0 121 1.1t 7.23 15000.0 0.6 0.07
19000.0 46.0 3.49 19000.0 7.0 0.81
23000.0 679 5.32 23000.0 18.3 2.52
27000.0 339 3.77 27000.0 4.8 1.24
31000.0 -0.9 0.6( 31000.0 -6.3 0.49

7.530 15000.0 196 1.6
19000.0 66.1 4.2¢
23000.0 97.7 6.16
27000.0 57.3 5.27

7.53 15000.0 12 0.14
19000.0 134 1.43
23000.0 36.1 4.19
27000.0 126 2.47

~N—OO o

31000.0 27 1.38 31000.0 -85 0.66
7.830 15000.0 299 228 7.83 15000.0 25 0.27
19000.0 89.5 5.07 19000.0 23.9 2.30

23000.0 130.0 6.74 23000.0 63,5 6.03
27000.0 87.0 6.36 27000.0 28.9 4.39
31000.0 122 2.76 31000.0 -95 1.02

1
)
)
8.130 15000.0 435 2.9 8.13 15000.0 4.8 0.50
)
3
)
3

19000.0 116.1 5.9( 19000.0 39.3 3.42
23000.0 164.3 7.28 23000.0 995 7.72
27000.0 120.2 7.0( 27000.0 56.8 6.63
31000.0 30.4 4.58 31000.0 -6.7 2.03
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Table C.5: Results of Monte Carlo Simulations fon Mt logg=4.5, andé= 5.0 kms: aver-
age equivalent widths; W, >, and the expected errar,

A N Ter <w> 20 A eN Ter  <w> 20
(A) (K) (mA) (mA) | (A) (K) (mA) (mA)
3995 6.830 15000.0 1.4 0.166482 6.83 15000.0 0.1 0.01
19000.0 9.3 0.95 19000.0 0.7 0.08
23000.0 244 2.4( 23000.0 35 044
27000.0 23.2 253 27000.0 3.7 0.59
31000.0 84 1.13 31000.0 0.3 0.18
7.230 15000.0 3.3 0.3 7.23 15000.0 0.1 0.02
19000.0 19.1 1.71 19000.0 1.8 0.21

23000.0 47.2 3.79
27000.0 48.0 4.29
31000.0 211 2.44
7.530 15000.0 6.1 06

) 23000.0 95 1.08
) 27000.0 110 1.47
) 31000.0 24 054
D 7.53 15000.0 0.3 0.03
19000.0 30.6 2.43 19000.0 3.7 0.40
23000.0 70.1 4.76 23000.0 184 1.92
27000.0 744 5.46 27000.0 229 2.70

)

6

)

3

4

31000.0 38.4 3.8 31000.0 6.8 1.18
7.830 15000.0 10.5 0.9 7.83 15000.0 0.6 0.07
19000.0 45.9 3.2¢
23000.0 96.7 5.69
27000.0 104.7 6.33

19000.0 7.1 074
23000.0 32.8 3.04
27000.0 429 431

31000.0 62.6 5.21 31000.0 16.2 231
8.130 15000.0 17.3 1.44 8.13 15000.0 12 0.14
19000.0 65.2 4.22 19000.0 131 1.27
23000.0 126.4 6.76 23000.0 53.3 4.35
27000.0 137.2 7.13 27000.0 713 6.00

31000.0 915 6.17 31000.0 334 394
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Table C.6: Results of Monte Carlo Simulations fon btom at log@)=3.5, and:= 10.0 km s
average equivalent widths, W, >, and the expected errorg2

A €N Ter <W,> o A €N Teg <W,> 20
(A) K  (mA) A | A (K)  (mA) (mA)
3995 6.830 15000.0 6.2 0.676482 6.83 15000.0 0.2 0.03
19000.0 28.2 2.85 19000.0 25 034
23000.0 39.6 434 23000.0 6.0 1.09
27000.0 146 2.04 27000.0 06 0.42
31000.0 -1.7  0.19 31000.0 -3.8 0.32
7.230 15000.0 134 131 7.23 15000.0 0.6 0.07
19000.0 54.8 4.61 19000.0 6.9 0.85
23000.0 799 7.14 23000.0 176 2.67
27000.0 35.8 4.36 27000.0 3.8 1.20
31000.0 -2.2  0.53 31000.0 -7.5 0.59
7.530 15000.0 226 2.0L 7.53 15000.0 1.2 0.14
19000.0 826 5.93 19000.0 13.9 157
23000.0 122.2 8.8% 23000.0 371 481
27000.0 64.3 6.69 27000.0 109 251
31000.0 0.1 1.27 31000.0 -11.1  0.84
7.830 15000.0 36.0 2.8f 7.83 15000.0 25 0.28
19000.0 1159 7.1% 19000.0 26.0 2.68
23000.0 1704 9.93 23000.0 70.3 7.59
27000.0 1046 8.82 27000.0 274 483
31000.0 8.3 2.79 31000.0 -14.1  1.16
8.130 15000.0 541 3.88 8.13 15000.0 49 053
19000.0 154.1 8.31 19000.0 449 4.19
23000.0 221.6 10.66 23000.0 118.4 10.42
27000.0 1529 10.19 27000.0 59.4 8.08
31000.0 275 5.22 31000.0 -14.0 1.99
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Table C.7: Results of Monte Carlo Simulations fon btom at log@)=4.0, and:= 10.0 km s*:
average equivalent widths, W, >, and the expected errorg2

A €N Ter <W,> o A €N Tex <W,> 20
(A) K)  (mA) A | A (K)  (mA)  (mA)

3995 6.830 15000.0 3.1 0.356482 6.83 15000.0 0.1 0.01
19000.0 174 181 19000.0 1.3 0.16

23000.0 35.2 3.74 23000.0 49 0.74

27000.0 219 2.68 27000.0 24 0.56

31000.0 34 0.71 31000.0 -1.9 0.18

7.230 15000.0 7.1  0.74 7.23 15000.0 0.3 0.03
19000.0 35.6 3.17 19000.0 35 041

23000.0 71.0 6.18 23000.0 141 1.83

27000.0 49.1 5.21 27000.0 8.0 1.47

31000.0 11.7  1.9(¢ 31000.0 -2.0 0.35

7.530 15000.0 126 1.2 7.53 15000.0 0.6 0.07
19000.0 56.2 4.37 19000.0 7.1 0.80

23000.0 108.6 7.78 23000.0 289 3.35

27000.0 826 7.37 27000.0 18.8 2.93

31000.0 259 3.57 31000.0 -0.5  0.77

7.830 15000.0 21.3 1.88 7.83 15000.0 1.2 0.14
19000.0 82.8 5.63 19000.0 13.8 1.46

23000.0 151.8 8.96 23000.0 539 544

27000.0 125.8 9.06 27000.0 405 5.29

31000.0 50.6 5.81 31000.0 46 1.79

8.130 15000.0 341 270 8.13 15000.0 24 0.27
19000.0 1151 6.90 19000.0 252 245

23000.0 198.6 9.93 23000.0 90.3 7.78

27000.0 174.4 10.18 27000.0 77.2 8.23

)

31000.0 86.8  7.94 31000.0 17.7 3.73
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Table C.8: Results of Monte Carlo Simulations fon btom at log@)=4.5, and:= 10.0 km s*:
average equivalent widths, W, >, and the expected errorg2

A €N Ter <W,> o A €N Tex <W,> 20
(A) (K) (mA)  mA) | A (K)  (mA) (mA)
3995 6.830 15000.0 1.4 0.166482 6.83 15000.0 0.0 0.01
19000.0 9.8 1.0 19000.0 0.6 0.08
23000.0 26.2 277 23000.0 3.3 044
27000.0 24.2 281 27000.0 3.4 0.58
31000.0 7.9 1.13 31000.0 -0.1 0.16
7.230 15000.0 3.5 0.38 7.23 15000.0 0.1 0.02
19000.0 21.3 2.02 19000.0 1.7 0.20
23000.0 542 4.82 23000.0 9.2 1.10
27000.0 53.3 5.28 27000.0 10.2 1.48
31000.0 21.2 2.68 31000.0 1.6 0.49
7.530 15000.0 6.5 0.6} 7.53 15000.0 0.3 0.03
19000.0 354 3.01 19000.0 3.6 041
23000.0 85.1 6.37 23000.0 189 2.08
27000.0 879 7.27 27000.0 226 2.89
31000.0 40.8 4.55 31000.0 56 1.12
7.830 15000.0 116 1.1p 7.83 15000.0 0.6 0.07
19000.0 55.2 4.15% 19000.0 7.3 0.78
23000.0 1225 7.71 23000.0 35.6 3.54
27000.0 130.8 8.80 27000.0 454 5.03
31000.0 71.2 6.66 31000.0 148 2.36
8.130 15000.0 19.7 1.74 8.13 15000.0 1.2 0.14
19000.0 81.0 541 19000.0 139 1.40
23000.0 164.6 8.9% 23000.0 61.2 5.38
27000.0 178.2 9.87 27000.0 81.2 7.59
31000.0 1109 8.39 31000.0 334 4.40
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Table C.9: Results of Monte Carlo Simulations fon Etom at log¢)=3.5, and4,= 0.0 km s*:
Correlation Co#icients

A Tet Perturbed Transition Category r
A (K)

3995 19000 9 —» 16 (2p3stP° -2p 3p D) rbb 0.984

37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.269

28 —» 35 (2p4p?dP -2p 4d 3D°) cbb 0.238

9 — 16 (2p3stpP° -2p3p D) stk 0.236

94 — 104 (X?2p2P°Nm -2°2p2P°N1v) cbb 0.224

23000 9 — 16 (2p3stP° -2p 3p ID) rbb 0.973

37 — 55 (2p4flF -2p 5d 1D°) cbb -0.264

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.236

8 — 49 (2p3s3P° -2p 5p 3D) cbb -0.233

28 — 35 (2p4p3P -2p 4d 3D°) chb 0.230

27000 9 — 16 (2p3stP° -2p3p D) rbb 0.965

37 — 55 (p4flF -2p 5d 1DO°) chb -0.267

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.240

8 — 49 (2p3s3p° -2p 5p 3D) cbb -0.230

28 —» 35 (2p4p°®P -2p 4d 3D°) cbb 0.226

6482 19000 9 — 11 (2p3stP° -2p3pP) rbb 0.984

14 — 73 (2p3p?3s -2p 6s3P°) cbb -0.247

55 — 94 (2p5d1D° 282 2p2P° Nm) cbf 0.232

56 — 94 (2p5d3D° -2 2p2P° Nmr)  cbf -0.215

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.214

23000 9 — 11 (2p3stp° -2p 3p 1P) rbb 0.942

14 — 73 (2p3p3sS -2p 65 3P°) cbb -0.255

55 — 94 (2p5dID° -2 2p?P° Nm) cbf 0.229

56 — 80 (2p5d3D° -2p 6p 3P) stk -0.225

20 - 43 (2p3d3D° -2p 4f 3D) rbb -0.212

27000 9 — 11 (2p3stpP° -2p3pP) rbb 0.887

14 — 73 (2p3pS3sS -2p 6s3P°) cbb -0.240

1 - 19 (2p3plP -2p 3d 1D°) rbb -0.235

55 — 94 (2p5d1D° 282 2p2P° Nm) cbf 0.224

56 — 80 (2p5d?3D° -2p 6p 3P) stk -0.220
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Table C.10: Results of Monte Carlo Simulations fon hitom at log@)=4.0, and:,= 0.0 km s*:

Correlation Co#icients

A Tef Perturbed Transition Category r
A (K)

3995 19000 9 —» 16 (2p3stP° -2p 3p D) rbb 0.971

9 — 16 (2p3stP° -2p3p D) stk 0.310

37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.261

28 — 35 (2p4p3P -2p 4d 3D°) cbb 0.244

94 — 104 (X?2p2P°Nm -28°2p2P°N1v) cbb 0.212

23000 9 — 16 (2p3stp° -2p 3p D) rbb 0.969

9 — 16 (2p3stpP° -2p3p D) stk 0.288

37 — 55 (p4flF -2p 5d 1DO°) chb -0.261

28 —» 35 (2p4p°®P -2p 4d 3D°) cbb 0.241

8 — 49 (2p3s3p° -2p 5p 3D) cbb -0.222

27000 9 — 16 (2p3stP° -2p3p D) rbb 0.963

37 — 55 (p4flF -2p 5d 1DO°) chb -0.262

8 — 49 (2p3s3P° -2p 5p 3D) cbb -0.232

94 — 104 (X?2p2P°Nm -2°2p2P°N1v) cbb 0.231

28 — 35 (2p4p3P -2p 4d 3D°) cbb 0.227

6482 19000 9 —» 11 (2p3stP° -2p3ptP) rbb 0.987

14 — 73 (2p3p3sS -2p 6s3P°) cbb -0.246

55 — 94 (2p5dD° 282 2p2P° Nmr)  cbf 0.227

56 — 94 (2p5d3D° -2 2p2P° Nmr)  cbf -0.217

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.216

23000 9 — 11 (2p3stP° -2p3p 1P) rbb 0.968

14 — 73 (2p3p?3sS -2p 65 3P°) cbb -0.253

55 — 94 (2p5d!D° -2 2p?P° Nm) cbf 0.230

56 — 80 (2p5d3D° -2p 6p 3P) stk -0.212

20 —» 43 (2p3d°®D° -2p 4f 3D) rbb -0.208

27000 9 — 11 (2p3stP° -2p3pP) rbb 0.912

14 — 73 (2p3pS3sS -2p 6s3P°) cbb -0.252

55 — 94 (2p5dD° -2 2p2P° Nmr)  cbf 0.225

20 - 43 (2p3d3D° -2p 4f 3D) rbb -0.217

56 — 80 (2p5d3D° -2p 6p 3P) stk -0.217
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Table C.11: Results of Monte Carlo Simulations fon Mtom at log§)=4.5, andéa= 0.0
kms: Correlation Cofficients

A Tesr Perturbed Transition Category r
A (K)

3995 19000 9 — 16 (2p3s!P° -2p3plD) rbb 0.954

9 — 16 (2p3s'P° -2p3plD) stk 0.372

37 — 55 (2p4flF -2p5dID°) cbb -0.252

28 — 35 (2p4p3P -2p4d3DO) cbb 0.248

55 — 94 (2p5d'D° -28°2p2P°Nm) cbf -0.208

23000 9 — 16 (2p3s'P° -2p3pID) rbb 0.940

9 — 16 (2p3s'P° -2p3plD) stk 0.408

28 — 35 (2p4p°P -2p4d3D°) cbb 0.250

37 — 55 (2p4flF -2p5dID°) cbb -0.247

8 — 49 (2p3s3P° -2p5p3D) cbb -0.209

27000 9 — 16 (2p3s'P° -2p3pID) rbb 0.954

9 — 16 (2p3s'P° -2p3plD) stk 0.300

37 — 55 (p4flF -2p5d'DO) cbb -0.254

28 — 35 (p4p3P -2p4dZ3DO) cbb 0.240

8 — 49 (2p3s3P° -2p5p°3D) cbb -0.225

6482 19000 9 — 11 (2p3s'P° -2p3plP) rbb 0.990

14 — 73 (2p3p3S -2p6s3PO) cbb -0.244

55 — 94 (2p5d'D° -28°2p2P°Nm) cbf 0.224

56 — 94 (2p5d°3D° -28*2p2?P°Nm) cbf -0.218

47 — 77 (2p5s'P° -2p6plP) rbb -0.216

23000 9 — 11 (2p3s'P° -2p3plP) rbb 0.977

14 — 73 (2p3p3S -2p6s3P°) cbb -0.250

55 — 94 (2p5d'D° -282p2P°Nm) cbf 0.223

9 — 11 (2p3s'P° -2p3plP) stk 0.219

56 — 94 (2p5d3D° -25°2p2P°Nm) cbf -0.209

27000 9 — 11 (2p3s'P° -2p3plpP) rbb 0.940

14 — 73 (2p3p3S -2p6s3P°) cbb -0.257

55 — 94 (2p5d'D° -28°2p2?P°Nm) cbf 0.226

20 —» 43 (2p3d3D° -2p4f3D) rbb -0.216

56 — 80 (2p5d3D° -2p6p?3P) stk -0.207
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Table C.12: Results of Monte Carlo Simulations fon Mt logg=3.5, and&= 5.0 kms?:
Correlation Co#icients

A Ter Perturbed Transition Type r

A) (K)

3995 19000 9 —» 16 (2p3stP° -2p 3p D) rbb  0.992

37 —» 55 (2p4flF -2p 5d 1D°) cbb  -0.274

28 — 35 (2p4p3P -2p 4d 3DO) cbb  0.231

94 — 104 (2°2p?P°Nm -25°2p?P°Nmwv) cbb  0.228

32 - 89 (2p4pls -2p 6d 1P°) rbb  0.221

23000 9 — 16 (2p3stP° -2p 3p ID) rbb 0.976

37 —» 55 (2p4flF -2p 5d 1D°) cbb  -0.268

94 — 104 (X?2p?P°Nm -28°3d2DNwv) cbb  0.239

8 — 49 (2p3s3P° -2p 5p 3D) cbb  -0.231

28 —» 35 (2p4p?®P -2p 4d 3D°) cbb  0.227

27000 9 — 16 (2p3sIP° -2p3p D) rbb 0.968

37 — 55 (p4flF -2p 5d 1DO°) cbb  -0.267

94 — 104 (2°2p?P°Nm -25°3d2°DNiv) cbb  0.241

8 — 49 (2p3s3pP° -2p 5p °D) cbb  -0.230

28 — 35 (2p4p3P -2p 4d 3D°) cbb  0.228

6482 19000 9 — 11 (2p3stP° -2p3ptP) rbb 0.984

14 — 73 (2p3p3s -2p 6s3P°) cbb  -0.246

55 — 94 (2p5d!D° 282 2p2P°Nm) cbf  0.232

56 — 94 (2p5d3D° -28 2p2P°Nm) cbf  -0.216

47 — 77 (2p5stP° -2p 6p 1P) rbb  -0.216

23000 9 — 11 (2p3stp° -2p 3p 1P) rbb 0.941

14 — 73 (2p3p?3S -2p 65 3P°) cbb  -0.253

55 — 94 (2p5d?!D° -2 2p2P°Nm) cbf  0.229

56 — 80 (2p5d3D° -2p 6p 3P) stk -0.223

5 — 45 (2p°°D° -p2( 3s3P) cbb  -0.213

27000 9 — 11 (2p3stP° -2p3ptP) rbb 0.886

11 —- 19 (2p3plP -2p 3d 1D°) rbb  -0.249

14 — 73 (2p3p?3s -2p 6s3P°) cbb  -0.242

55 — 94 (2p5d!D° 282 2p2P°Nm) cbf  0.224

3 - 9 (2p%1s -2p 3s1P9) rbb  -0.223
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Table C.13: Results of Monte Carlo Simulations fon Mt logg=4.5, and&= 5.0 kms?:

Correlation Co#icients (r)

Cuaprter C. MonTE CArRLO RESuLTS

A Ter Perturbed Transition Type r

A) (K)

3995 19000 9 —» 16 (2p3stP° -2p 3p D) rbb  0.981

9 - 16 (2p3s'P° -2p3p D) stk 0.267

37 — 55 (2p4aflF -2p 5d 1DO°) cbb  -0.266

28 — 35 (2p4p°P -2p 4d 3D°) cbb  0.239

94 — 104 (X?2p?P°Nm -2823d2DNw) cbb  0.215

23000 9 —» 16 (2p3stP° -2p 3p D) rbb 0974

9 —» 16 (2p3stp° -2p 3p D) stk 0.292

37 — 55 (p4flF -2p 5d 1DO°) cbb  -0.263

28 — 35 (2p4p°P -2p 4d 3D°) cbb  0.241

8 — 49 (2p3s3P° -2p 5p 3D) cbb  -0.216

27000 9 > 16 (2p3stP° -2p3p D) rbb 0.970

37 - 55 (2p4aflF -2p 5d 1DO°) cbb  -0.263

28 — 35 (2p4p®P -2p 4d 3D°) cbb  0.233

8 — 49 (2p3s3p° -2p 5p 3D) cbb  -0.228

94 — 104 ((2°2p?P°Nm -25°3d2°DN1v) cbb 0.224

6482 19000 9 — 11 (2p3stP° -2p3pIP) rbb 0.992

14 — 73 (2p3p°3sS -2p 6s3P°) cbb  -0.242

55 — 94 (2p5d1D° 282 2p2P° Nm) cbf 0.225

47 — 77 (2p5stp° -2p 6p 1P) rbb  -0.219

56 — 94 (2p5d3D° 282 2p2P°Nm) cbf  -0.218

23000 9 —» 11 (2p3stP° -2p 3p'P) rbb  0.981

14 — 73 (2p3p?3sS -2p 65 3P°) cbb  -0.248

55 — 94 (2p5diD° -2 2p2P°Nm) cbf  0.226

47 — 77 (2p5s'P° -2p 6p 1P) rbb  -0.214

56 — 94 (2p5d3D° -2 2p2P°Nm) cbf -0.212

27000 9 — 11 (2p3stpP° -2p3pP) rbb 0.940

14 — 73 (2p3pS3sS -2p 6s3P°) cbb  -0.256

55 — 94 (2p5d!D° -2 2p2P°Nm) cbf  0.227

20 — 43 (2p3d°3D° -2p 4f 3D) rbb  -0.213

38 —» 94 (2p4f3F 28 2p2P°Nm) rbf  -0.209
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Table C.14: Results of Monte Carlo Simulations fon Mtom at log§)=3.5, andé= 10.0
kms: Correlation Co#ficients

A Tet Perturbed Transition Category r
A (K)

3995 19000 9 — 16 (2p3sltP° -2p3p D) rbb 0.996

37 — 55 (p4flF -2p 5d 1DO°) cbb -0.278

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.230

28 —» 35 (2p4p?dP -2p 4d 3D°) cbb 0.226

32 - 89 (2p4pls -2p 6d 1P°) rbb 0.224

23000 9 — 16 (2p3stP° -2p 3p D) rbb 0.978

37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.270

94 — 104 (2?2p2P°Nm -25°2p2P°Nwv) cbb 0.240

8 — 49 (2p3s3P° -2p 5p 3D) cbb -0.229

28 — 35 (2p4p3P -2p 4d 3DO) cbb 0.224

27000 9 — 16 (2p3stP° -2p 3p D) rbb 0.973

37 — 55 (2p4flF -2p 5d 1D°) cbb -0.268

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.241

8 — 49 (2p3s3P° -2p 5p 3D) cbb -0.230

28 —» 35 (2p4p?dP -2p 4d 3D°) cbb 0.230

6482 19000 9 — 11 (2p3stP° -2p3pP) rbb 0.984

14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.245

55 — 94 (2p5dD° -2 2p2P° Nm) cbf 0.230

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.218

56 — 94 (2p5d3D° -2 2p2P° Nmr)  cbf -0.217

23000 9 — 11 (2p3stP° -2p3pP) rbb 0.940

14 — 73 (2p3p?3S -2p 6s3P°) cbb -0.253

55 — 94 (2p5d1D° 282 2p2P° Nm) cbf 0.228

56 — 80 (2p5d?3D° -2p 6p 3P) stk -0.219

5 — 45 (2p%°3D° -p2( 3s°P) cbb -0.215

27000 9 — 11 (2p3stp° -2p 3p P) rbb 0.884

11 - 19 (2p3plP -2p 3d 1D°) rbb -0.272

14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.246

55 — 94 (2p5dD° -2 2p2P° Nmr) cbf 0.223

3 - 9 (2p?1s -2p 3s1P9) rbb -0.223
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Table C.15: Results of Monte Carlo Simulations fon Mtom at log§)=4.0, andé,= 10.0

km s: Correlation Co#ficients

Cuaprter C. MonTE CArRLO RESuLTS

A Tes Perturbed Transition Category r
(A) (K)

3995 19000 9 —» 16 (2p3slP° -2p 3p D) rbb 0.996

37 — 55 (p4flF -2p 5d 1DO°) cbb -0.276

28 —» 35 (2p4p?®P -2p 4d 3D°) cbb 0.228

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.226

32 - 89 (2p4pls -2p 6d 1P°) rbb 0.224

23000 9 — 16 (2p3stP° -2p3p D) rbb 0.990

37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.276

94 — 104 (2°2p2?P°Nm -25°2p2P°Nwv) cbb 0.232

28 —» 35 (2p4p°®P -2p 4d 3D°) cbb 0.227

8 — 49 (2p3s3p° -2p 5p 3D) cbb -0.223

27000 9 — 16 (2p3stP° -2p3p D) rbb 0.971

37 —» 55 (2p4flF -2p 5d 1D°) cbb -0.267

94 — 104 (2°2p?P°Nm -25°2p?P°N1) chb 0.235

8 — 49 (2p3s3P° -2p 5p °D) cbb -0.230

28 — 35 (2p4p3P -2p 4d 3D°) chb 0.224

6482 19000 9 —» 11 (2p3stP° -2p 3p 'P) rbb 0.988

14 — 73 (2p3p°3S -2p 65 3P°) cbb -0.243

55 — 94 (2p5dD° -28% 2p?P° Nmr)  cbf 0.227

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.222

48 — 94 (2p5ptP -28% 2p?P° Nm) cbf 0.219

23000 9 — 11 (2p3stP° -2p 3p'P) rbb 0.968

14 — 73 (2p3p?3S -2p 6s3P°) cbb -0.250

55 — 94 (2p5d1D° 282 2p2P° Nm) cbf 0.230

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.213

56 — 94 (2p5d3D° -28% 2p?P° Nm) cbf -0.207

27000 9 — 11 (2p3stp° -2p 3p P) rbb 0.908

14 — 73 (2p3p°3sS -2p 6s3P°) cbb -0.254

11 —- 19 (2p3plP -2p 3d 1D°) rbb -0.225

55 — 94 (2p5dD° -28% 2p?P° Nmr) cbf 0.223

20 - 43 (2p3d3D° -2p 4f 3D) rbb -0.216
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Table C.16: Results of Monte Carlo Simulations fon Mtom at log§)=4.5, andé= 10.0

km s: Correlation Co#ficients

A Teg Perturbed Transition Category r
A (K)

3995 19000 9 —» 16 (2p3slP° -2p 3p 1D) rbb 0.995

37 - 55 (p4aflF -2p 5d 1D°) cbb -0.274

28 —» 35 (2p4p?3P -2p 4d 3D°) cbb 0.230

32 - 89 (p4pls -2p 6d 1P°) rbb 0.223

94 — 104 (2°2p?P°Nm -25°2p?P° Nm) cbb 0.223

23000 9 —» 16 (2p3stP° -2p 3p ID) rbb 0.991

37 —» 55 (p4flF -2p 5d 1D°) cbb -0.274

28 — 35 (2p4p°P -2p 4d 3D°) cbb 0.231

94 — 104 (2°2p?P°Nm -25°2p2P° Nm) cbb 0.225

8 — 49 (2p3s3p° -2p 5p D) cbb -0.219

27000 9 — 16 (2p3stP° -2p 3p 1D) rbb 0.978

37 — 55 (2p4flF -2p 5d 1D°) cbb -0.269

8 — 49 (2p3s?3P° -2p 5p °D) cbb -0.228

94 — 104 (2°2p?P°Nm -25°2p2P° N) cbb 0.228

28 — 35 (2p4p3P -2p 4d 3D°) cbb 0.227

6482 19000 9 — 11 (2p3stP° -2p3pP) rbb 0.993

14 — 73 (2p3pS3S -2p 6s3P°) cbb -0.242

55 — 94 (2p5d!D° -28% 2p 2P° Nm) cbf 0.225

47 — 77 (2p5stP° -2p 6p 1P) rbb -0.222

48 — 94 (2p5ptP -28% 2p 2P° N m) cbf 0.221

23000 9 — 11 (2p3siP° -2p3pP) rbb 0.982

14 — 73 (2p3p°S -2p 6s3P°) cbb -0.246

55 — 94 (2p5d!D° -25? 2p 2P° N m) cbf 0.227

47 — 77 (2p5stP° -2p 6p P) rbb -0.219

56 — 94 (2p5d3D° 282 2p2P° Nm Nm) cbf -0.213

27000 9 — 11 (2p3stP° -2p 3p 1P) rbb 0.938

14 — 73 (2p3p3s -2p 6s 3P°) cbb -0.256

55 — 94 (2p5d!D° -28% 2p ?P° Nm) cbf 0.227

38 — 94 (2p4f3F -28% 2p 2P° N'm) rof -0.215

20 - 87 (2p3d3D° -high I,n = 6) cbb -0.213
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Figure D.1: The same as Figure (8.22) but for the Be star HD 8332
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Figure D.2: The same as Figure (8.22) but for the Be star HD 9613
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Figure D.9: The same as Figure (8.22) but for the Be star HD 8926
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Figure D.17: The same as Figure (8.22) but for the Be star H[1. 158
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Figure D.18: The same as Figure (8.22) but for the Be star HB&B.7
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Figure D.19: The same as Figure (8.22) but for the Be star HA@D3
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Figure D.20: The same as Figure (8.22) but for the Be star HD20.7
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Figure D.21: The same as Figure (8.22) but for the Be star HR2374

253



Appendix E

N Normalized Spectra

254



255

42.2417.2 mA
(165.0 km &)
] ] ]

3970 3980 3990 4000

18.0+5.0 mA

(165.0 km &)
| | | |
4400 4410 4420 4430 4440 4450
1 _
L\Lo
[T
0.98 37.7412.2 mA N
| | | | (165.0 km &) I
4590 4600 4610 4620 4630 4640
X (A)
1 [ T T T T T T
"\'-o 17.0+8.2 mA
“ 098 | wsoms)  AESEM
| | | | | | |
5630 5640 5650 5660 5670 5680 5690

Figure E.1: The same as Figure (8.18) but for the Be star HD 2332



256 CuarTeER E. N1t NORMALIZED SPECTRA

1 _
0.99 _
= 0.98 -
0.97 59.8+18.9 mA B
(175.0 km &)
0.96 ! ! ! ! ! !
3950 3960 3970 3980 3990 4000
S T T Y N A P U UTRY At ¥, IO S TP
0.99
& 0.98
32.1£7.7 mA
0.97 (175.0 km &) 7
0.96 |
4450
&0 13.0+8.5 mA
w 1750 ki & 43.6£19.1 mA
(175.0km &) (175.0 km &) -
| |
5630 5640 5650 5660 5670 5680 5690

A (A)
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Figure E.15: The same as Figure (8.18) but for the Be star HD24.2
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Figure E.16: The same as Figure (8.18) but for the Be star HB3%61
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Figure E.17: The same as Figure (8.18) but for the Be star HBI@1
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Figure E.18: The same as Figure (8.18) but for the Be star H3&03



FIF

0.995

0.99

0.985

0.98

0.975

0.97

0.965

0.96

0.955

0.95

Figure E.19: The same as Figure (8.18) but for the Be star HO&89
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Figure E.20: The same as Figure (8.18) but for the Be star HB21.2

115.0+33.4 mA

(310.0 km &)

3950

3960

3970

A (A)

3980

3990 4000

140.0£30.4 mA

(265.0 km &)

3950

3960

3970

X (A)

3980

3990 4000

273



274

CuarTeER E. N1t NORMALIZED SPECTRA

83.8£25.0 mA
(280.0 km &)

40.8+:26.6 mA

(280.0 km &)

5640 5650 5660 5670 5680 5690

X (A)

Figure E.21: The same as Figure (8.18) but for the Be star HRB57
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Figure E.22: The same as Figure (8.18) but for the Be star HBZD5
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Figure E.23: The same as Figure (8.18) but for the Be star HDZ1.7
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