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A panoramic view of the southern sky . The foggy band along the b ottom is our o wn galaxy ,

the Milky W a y . Up left and righ t are the Large and the Small Magellanic Cloud resp ectiv ely

� t w o neigh b our galaxies of the Milky W a y some 200 000 ligh t y ears a w a y .





Zusammenfassung

Üb erriesen der Sp ektralt yp en B und A (BA Üb erriesen) gehören zu den visuell

hellsten Sternen im Univ ersum. Sie k önnen einige zehn Sonnenmassen sc h w er w erden

und eine Ausdehn ung erreic hen, die mit der Umlaufbahn der Erde um die Sonne

v ergleic h bar ist. Durc h ihre in trinsisc he visuelle Helligk eit � in der Gröÿenordn ung

ganzer Kugelsternhaufen o der sogar kleiner Zw erggalaxien � sind sie selbst in groÿen

En tfern ungen herv orragend b eobac h tbar.

Ihre rec h t extreme Natur spiegelt sic h auc h in ihren A tmosphären wider. Die

niedrigen Dic h ten und in tensiv en Strahlungsfelder v erlangen den Einsatz aufw ändiger

Analysetec hnik en. Die gängige, do c h (zu) einfac he Annahme eines Lok alen Thermo-

dynamisc hen Gleic hgewic h ts (L TE) m uss aufgegeb en w erden. An dessen Stelle tritt

die viel allgemeinere F orderung nac h Stationarität der atomaren Besetzungsdic h ten.

Die K omplexität der non-L TE Mo dellierung der un tersuc h ten c hemisc hen Elemen te

(hier H, He, C, N, O, Mg, S, Ti und F e) ist ein Grund dafür, dass BA Üb erriesen

bisher relativ spärlic h studiert wurden.

Sind die mit einer Analyse v erbundenen Sc h wierigk eiten jedo c h üb erwunden erö�-

nen sic h w eitreic hende P ersp ektiv en. Insb esondere k ann aufgrund der Möglic hk eit,

diese Sterne auc h in anderen Galaxien im Detail zu un tersuc hen, folgenden F ragestel-

lungen nac hgegangen w erden:

1. Üb erprüfung v on En t wic klungsmo dellen massereic her Sterne in einer Vielzahl

un tersc hiedlic her galaktisc her Umgebungen.

2. Un tersuc h ung v on Elemen thäu�gk eitsv erteilungen und -gradien ten in anderen

Galaxien und damit deren c hemisc her En t wic klung.

3. V erw endung als Standardk erzen zur En tfern ungsb estimm ung mittels der �uss-

gewic h teten Sc h w ereb esc hleunigungs�Leuc h tkraft Relation (�ux-w eigh ted gra-

vit y�luminosit y relationship, F GLR).

Die v orliegende Arb eit b efasst sic h mit allen drei F orsc h ungsasp ekten durc h eine

detaillierte quan titativ e Sp ektralanalyse v on BA Üb erriesen in der Kleinen Mag-

ellansc hen W olk e (KMW) � einer relativ nahen ( � 60 kp c) Nac h bargalaxie, deren

Metallgehalt n ur ein Fünftel der Milc hstraÿe b eträgt. Ho c haufgelöste Sp ektren mit

gutem Signal-zu-Rausc h-V erhältnis v on 38 Ob jekten, die mit dem FER OS Sp ektro-

graph am 2.2 m T elesk op der Europäisc hen Südstern w arte (La Silla, Chile) aufgenom-

men wurden, k onn ten durc h die Anpassung syn thetisc her Sp ektren analysiert w er-

den. Diese syn thetisc hen Sp ektren basieren auf einem ausgefeiltem h ybriden non-

L TE Ansatz. A tmosphärisc he P arameter wie E�ektivtemp eratur ( Te� ), Ob er�äc hen-

sc h w ereb esc hleunigung ( logg) so wie v ersc hiedene c hemisc he Häu�gk eiten wurden b e-

stimm t. 1 � -Unsic herheiten für Te� k onn ten auf w enige Prozen t und für logg so wie

Häu�gk eiten auf � 10 � 20% reduziert w erden. Die Qualität des Beobac h tungsmate-

rials und die ausgeklügelte Mo dellierung erlaubten eine gleic hzeitige Repro duktion

v ersc hiedener Indik atoren im b eobac h teten Sp ektrum und damit eine Bestimmung

aller wic h tigen atmosphärisc hen P arameter. Dies sorgt für ein bisher nic h t erreic h tes



Maÿ an Selbstk onsistenz b ei extragalaktisc hen Sp ektralanalysen dieser Sterne. Mit

Blic k auf die zuv or genann ten F orsc h ungssc h w erpunkte ergeb en sic h folgende Sc hluss-

folgerungen:

1. Die mit den b esc hrieb enen Metho den erreic h te Genauigk eit b ei der Bestim-

m ung v on Elemen thäu�gk eitsv erhältnissen erlaubt erstmals signi�k an te T ests

v on Sternen t wic klungsmo dellen b ei niedriger Metallizität. Zen traler Punkt hier-

b ei ist die Durc hmisc h ung der Sternatmosphären mit n uklear prozessiertem Ma-

terial aus dem Kern eines Sterns. Ausgeprägte Anzeic hen für die Präsenz v on im

CNO-Zyklus prozessiertem Material (Stic ksto�-Anreic herung und K ohlensto�-

Abreic herung) wurden in den A tmosphären v on allen Sternen en tdec kt. Dies

legt nahe, dass die Üb erriesen des Samples en t w eder viel w eiter in ihrer En t wic k-

lung fortgesc hritten sind als v on der Theorie v orhergesagt o der ab er deutlic h ef-

�zien tere Misc h ungsprozesse v orliegen als bisher angenommen. Solc h e�zien te

Misc h ungsprozesse w erden b eispielsw eise v on den neuesten Sternen t wic klungs-

modellen v orhergesagt, w elc he das W ec hselspiel v on Rotation und Magnetfeldern

b erüc ksic h tigen.

2. Die genauen Häu�gk eiten für die einzelnen Sterne legen zudem einen sehr ho-

hen Grad an c hemisc her Homogenität (t ypisc he 1 � -Streuung 0.1 dex) für die

Elemen te nahe, die no c h nic h t durc h die En t wic klung in den un tersuc h ten Ster-

nen an- o der abgereic hert wurden. Demen tsprec hend wurden auc h k eine aus-

sagekräftigen Häu�gk eitsm uster o der -gradien ten innerhalb der KMW � w eder

in zw ei no c h in drei Dimensionen � gefunden.

3. Die An w endung der F GLR zur Bestimm ung der En tfern ungen zu den einzelnen

Üb erriesen o�en bart eine deutlic he Tiefenausdehn ung der KMW v on

� 10 � 15 kp c � ein b eac h tlic her W ert w enn man ihre Breitenausdehn ung auf der

Himmelssphäre v on � 4 kp c b edenkt. Auÿerdem ersc hein t die Tiefen v erteilung

bimo dal.



Abstract

Sup ergian ts of sp ectral t yp e B and A (BA-t yp e sup ergian ts) are among the visually

brigh test stars in the univ erse. They ma y reac h masses of sev eral ten times the mass

of our Sun and radii comparable to Earth's orbit around the Sun. Because of their

enormous in trinsic visual brigh tness � of the order of the inte gr ate d ligh t of globular

clusters or ev en dw arf galaxies � they are also w ell accessible from the observ ational

p oin t of view up to large distances.

Their rather extreme nature, though, demands a more extensiv e treatmen t from

the theoretical p oin t of view. In particular, their extended atmospheres with lo w den-

sities and in tense radiation require a sophisticated ph ysical description accoun ting for

deviations from the (to o) simple assumption of Lo cal Thermo dynamic Equilibrium

(L TE) in order to a v oid large systematic uncertain ties. The more complicated treat-

men t of the statistical equilibrium of atomic p opulation densities in non-L TE for the

elemen ts under in v estigation (here H, He, C, N, O, Mg, S, Ti, and F e) ma y b e an

imp ortan t reason wh y BA-t yp e sup ergian ts ha v e b een in v estigated rather scarcely to

date.

Ho w ev er, the di�culties in v olv ed are more than balanced b y the opp ortunities.

A ma jor asp ect is the p ossibilit y to in v estigate these stars with quan titativ e sp ectral

analyses at large distances ( � Mp c), including other galaxies. Th us, they ma y serv e

1. to study the ev olution of massiv e stars in a v ariet y of en vironmen ts,

2. to examine c hemical abundance patterns and gradien ts in other galaxies and

th us their c hemical ev olution, and

3. as indep enden t distance indicators via the �ux-w eigh ted gra vit y�luminosit y re-

lationship (F GLR)

The presen t w ork addresses all three researc h asp ects through a detailed quan ti-

tativ e sp ectral analysis of BA sup ergian ts in the Small Magellanic Cloud � a close

( � 60 kp c) neigh b our to our Galaxy with only ab out one �fth solar metallicit y . High-

resolution, high signal-to-noise sp ectra of 38 targets observ ed with the FER OS sp ec-

trograph on the 2.2 m telescop e of the Europ ean Southern Observ atory (La Silla,

Chile) w ere analysed b y sp ectral line �tting. The syn thetic sp ectra w ere calculated

using a sophisticated h ybrid non-L TE approac h and used to determine atmospheric

parameters suc h as e�ectiv e temp erature Te� and surface gra vit y logg as w ell as

elemen tal abundances. 1 � -uncertain ties for Te� are reduced to few p er cen t while

logg and abundances are constrained to � 10 � 20% � a precision unpreceden ted for

extragalactic studies of BA-t yp e sup ergian ts. Unlik e man y previous analyses, a high

degree of consistency w as ac hiev ed b y �tting sev eral sp ectral indicators sim ultane-

ously while all imp ortan t atmospheric parameters are determine d in a self-consisten t

w a y . With resp ect to the ab o v e men tionend applications, the follo wing conclusions

can b e made:

1. The accurate and consisten t abundances allo w for the �rst time to measure

abundance ratios of imp ortan t sp ecies, e.g. N/C, with su�cien t accuracy to



pro vide observ ational constrain ts on stellar ev olution mo dels � in particular with

resp ect to mixing pro cesses. Pronounced signatures of CN-pro cessed matter

(nitrogen enric hmen t and carb on depletion) in the atmosphere are found for all

stars and suggest either that the sup ergian ts of the sample m ust b e far more

ev olv ed than predicted b y theory or that the mixing m ust b e m uc h more e�cien t

than previously though t. In this resp ect, the e�ciency of the mixing corresp onds

to the predictions from recen t stellar ev olution mo dels including the in terpla y

of rotation and magnetic �elds.

2. The accurate abundances of individual stars also indicate a v ery high degree

of c hemical homogeneit y (with t ypical 1 � -scatters of 0.1 dex) for the elemen ts

not a�ected b y the ev olution of the sample stars. Th us, no clear abundance

patterns or gradien ts � neither in t w o nor in three dimensions � could b e found

within the SMC.

3. Applying the F GLR in order to deriv e distances to the individual targets re-

v ealed a signi�can t extension of the SMC in the line-of-sigh t of � 10-15 kp c �

a remark able scale giv en the extension of the SMC in the �eld-of-view of only

� 4 kp c. Moreo v er, the radial star distribution app ears to b e bimo dal.
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1 In tro duction

Massiv e stars are of fundamen tal imp ortance for the energy and momen tum balance of

galaxies. They represen t ma jor sources for ionising UV radiation, creating brigh t H i i

regions within the in terstellar medium. The considerable momen tum con tribution

mainly comes from the natural end of massiv e stars: a sup erno v a explosion as a

consequence of the core collapse of the star. These explosions transfer momen tum

to the in terstellar medium and compress it through sho c kw a v es th us triggering new

star formation in their surroundings. They also enric h the in terstellar medium with

helium and hea vier c hemical elemen ts (= metals) via stellar winds as w ell as sup erno v a

explosions. These elemen ts ha v e b een e�ectiv ely pro duced in n uclear reactions during

the normal life of suc h stars. Moreo v er, the sup erno v a explosions themselv es are

generally b eliev ed to b e the source of the r-pro cess elemen ts pro duced b y neutron

captures.

Massiv e stars are th us imp ortan t ingredien ts for the cosmic cycle of matter b y

ejecting c hemically enric hed material in to the in terstellar medium and triggering at

the same time the formation of new generations of stars out of the enric hed material.

Of course, there are other imp ortan t con tributions to the c hemical enric hmen t of a

galaxy from the wind of asymptotic gian t branc h stars and explosions of lo w-mass

stars as sup erno v ae of t yp e Ia. Ho w ev er, they act on m uc h longer timescales then

massiv e stars. In v estigations of massiv e stars th us allo w for constrain ts on the � not

fully understo o d � ev olution of massiv e stars themselv es as w ell as on the closely

related c hemo dynamic ev olution of their host galaxies.

Sup ergian ts of sp ectral t yp es B and A (BA sup ergian ts) are massiv e stars whic h

ha v e already ev olv ed a w a y from their birth con�guration on the so-called main se-

quence. They p ossess up to sev eral ten solar masses, whic h imply v ery short life-

times of a few ten million to sev eral million y ears, sev eral ten thousand to sev eral

h undred thousand times the luminosit y of the Sun, and extend from sev eral ten to

a few h undred solar radii � a scale of the order of the distance Sun-Earth. It is,

hence, not surprising that they are among the visually brigh test stars in the uni-

v erse whic h mak es them suitable targets for extragalactic stellar astronom y probing

v arious galactic en vironmen ts. Bresolin et al. (2001 ) ha v e sho wn that it is p ossible

to get at least a v ery go o d idea of the o v erall metallicities of single stars out to

distances of ab out sev en megaparsecs (e.g. in the galaxy NGC3621, Fig. 1.1) with

the V ery Large T elescop e of the Europ ean Southern Observ atory using in termediate

resolution sp ectroscop y . Other examples of extragalactic stellar studies with determi-

nations of parameters and a v erage metallicities from in termediate resolution sp ectra

are pro vided b y Kudritzki et al. (2008 ), Urbaneja et al. (2005 ), Bresolin et al. (2002 ),

Urbaneja et al. (2008 ), and U et al. (2009 ) for the galaxies NGC300, WLM, and M33

(all at distances of the order of a Mp c). More detailed in v estigations of individual

elemen tal and ionic sp ecies are feasible at high sp ectral resolution for distances of the

order of sev eral h undred kp c with the state-of-the-art 8-10 m class telescop es. Other

prominen t examples are M31 as studied b y V enn et al. (2000 ), NGC6822 (V enn et

al. 2001 ), WLM (V enn et al. 2003 ), and Sextans A (Kaufer et al. 2004 ).

BA sup ergian ts are th us excellen t targets to map the c hemical abundance distri-
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1 INTR ODUCTION

Figure 1.1: NGC3621 at a distance of 6.7 Mp c or 22 Mly . The circles and rectangles denote

BA sup ergian ts and H i i regions, resp ectiv ely , from whic h Bresolin et al. (2001 ) w ere able

to obtain sp ectra with F ORS1 at the V ery Large T elescop e.

butions of v arious sp ecies throughout a galaxy and to searc h for abundance gradien ts

of these elemen ts. This allo ws to obtain constrain ts on the c hemical ev olution of

galaxies in a v ariet y of en vironmen ts. F urthermore, one can study the abundances

of elemen ts whic h are pro cessed in n uclear reactions de ep inside a star during its

life (esp ecially those of He, C, and N). Deriv ed atmospheric abundances th us repre-

sen t imp ortan t input in order to theoretically describ e the e�ciency of mixing in to

the stellar atmosphere. A t presen t, this is an activ e area of researc h and sev eral

mec hanisms including the e�ects of rotation (e.g. Heger & Langer 2000 ; Meynet &

Maeder 2003 ) and magnetic �elds (Heger et al. 2005 ; Maeder & Meynet 2005 ) are

b eing discussed.

In addition to the abundance asp ect, BA sup ergian ts also o�er a high p oten tial
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Figure 1.2: A sc hematic represen tation

of the Lo cal Group of galaxies. This

p opulation of galaxies sho ws t w o ma jor

concen trations of galaxies (indicated as

dashed red circles), one around our o wn

galaxy , the Milky W a y , and one around

M31, the Andromeda Galaxy . The

Milky W a y near the cen ter of the image

is surrounded b y sev eral smaller galax-

ies with the Large and the Small Magel-

lanic Cloud (LMC, SMC) b eing among

the closest (from Greb el 1999 ).

as standard candles for distance determinations. T w o tec hniques or relations ha v e

b een prop osed to ac hiev e that. The �rst p ossibilit y is giv en b y the wind momen tum�

luminosit y relationship (WLR, Kudritzki et al. 1999 ) connecting stellar wind prop-

erties, e.g. deriv ed from H � emission, to the luminosit y or absolute magnitude.

The second relation is the �ux-w eigthed gra vit y�luminosit y relationship (Kudritzki

et al. 2003 ). It allo ws to determine the luminosit y of a star from the e�ectiv e tem-

p erature Te� and the surface gra vit y g � t w o basic parameters of a stellar atmosphere

whic h can b e deriv ed with high accuracies (sev eral p er cen t in Te� or few 10% in

g, resp ectiv ely) emplo ying state-of-the-art analysis tec hniques. An adv an tage o v er

classical distance indicators suc h as the Cepheid p erio d�luminosit y relation is the

p ossibilit y to determine metallicit y and in terstellar reddening sim ultaneously . These

quan tities can not b e constrained directly b y the photometric Cepheid studies in tro-

ducing additional systematic uncertain ties in their analyses.

The Magellanic Clouds (MCs, see the �gure at the b eginning of this thesis as

w ell as Figs. 1.2 and 6.1) are close ( � 50 � 60 kp c) neigh b our-galaxies of our Milky

W a y . They are lo cated near to the celestial south p ole (15 � 20

�
a w a y) and th us

w ere not describ ed b y Europ eans un til the v o y age of circumna vigation of F erdinand

Magellan in 1519. After the in v en tion of the telescop e, their cloudy app earance w as

resolv ed and they w ere found to consist of man y substructures suc h as star clusters

and nebulae. The luminous masses of the MCs are with � 1010
(LMC) and � 2 � 109

(SMC) solar masses ( M � ) m uc h smaller than the mass of the Milky W a y (still a

matter of debate, around 2 � 1012 M � including the Dark Matter halo).

The Magellanic Clouds in general and the Small Magellanic Cloud in particular

are v aluable targets for researc h as they represen t signi�can tly di�eren t en vironmen ts

for their mem b er ob jects than the Milky W a y in sev eral resp ects. As structures

smaller than and (mostly) indep enden t from the Milky W a y they can b e exp ected to

ha v e undergone di�eren t star formation and c hemical enric hmen t histories and sho w

di�eren t dynamics. In particular, the metal con ten t of the SMC is only ab out one

�fth of that of the Sun or the solar vicinit y . This ma y ha v e strong in�uence on stellar

ev olution. Giv en their pro ximit y , the MCs are th us ideal testb eds to study massiv e
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1 INTR ODUCTION

stars in an en vironmen t of lo w metallicit y in great detail.

The presen t w ork com bines these t w o in teresting �elds of researc h � massiv e stars

and ev olution of galaxies � b y in v estigating BA-t yp e sup ergian ts in the Small Mag-

ellanic Cloud. One ma jor asp ect of this w ork is the distribution of abundances of

v arious elemen ts throughout this irregular galaxy . F or those elemen ts not y et a�ected

b y the n uclear pro cesses in the star, p ossible patterns o v er the galaxy or the relativ e

abundances of m ultiple elemen ts with resp ect to eac h other allo w conclusions on the

presen t-da y c hemical comp osition this galaxy (b ecause of the short-liv ed nature of

these stars).

Moreo v er, abundance ratios of n uclear pro cessed elemen ts (suc h as He, C, and N)

allo w to in v estigate the e�ciency of mixing pro cesses in suc h a metal-p o or en viron-

men t. These ma y v ary with the metallicit y of the medium in whic h a star is formed.

A ccording to Maeder & Meynet (2001 ) or Meynet & Maeder (2005 ), the lo w er metal-

licit y leads to more compact stars with faster rotation b ecause of the smaller opacit y

of the stellar material. This is also the reason for a reduced mass loss through stellar

winds whic h again reduces the slo wing do wn of the rotation due to loss of angular mo-

men tum connected to winds. All in all, this is exp ected to strengthen the e�ciency

of rotationally induced mixing of pro cessed material from the stellar core in to the

atmosphere � an e�ect whic h w e w an t to test b y accurate quan titativ e sp ectroscopic

analyses.

In addition, the distance determination emplo ying the F GLR is in v estigated in the

lo w-metallicit y en vironmen t of the SMC. It will b e attempted to c hec k for a metallicit y

dep endence of the F GLR calibration. Moreo v er, assuming an existing calibration, the

distances to individual stars are examined in order to study the line-of-sigh t extension

of the SMC.

In order to dra w suc h conclusions, a sophisticated analysis tec hnique based on

h ybrid non-L TE sp ectrum syn thesis (Przybilla 2002 ; Przybilla et al. 2006 ) is used

for in v estigating high resolution ( R = 48 000), high signal-to-noise ( � 100) sp ectra

of 38 BA sup ergian ts via line pro�le �ts. Basic atmospheric parameters suc h as

the e�ectiv e temp erature, the surface gra vit y , microturbulence, helium abundance,

and metallicit y are determined with great care and form the basis for abundance

determinations emplo ying mo dern atomic data.

The atmospheres of BA sup ergian ts p ossess in general relativ ely high temp eratures

and lo w densities, represen ting a considerable c hallenge for a theoretical description.

It is e.g. necessary to accoun t for deviations from the con v enien t but (to o) simple

appro ximation of Lo cal Thermo dynamic Equilibrium (L TE) in order to a v oid sig-

ni�can t systematic e�ects on the atmospheric parameters as w ell as on abundances.

Suc h non-L TE calculations also strongly dep end on the a v ailabilit y of large amoun ts

of reliable atomic data. Before applying them to the sp ectral analysis, they ha v e

to b e calibrated for the parameter ranges presen t in suc h atmospheres. This is a

considerable e�ort whic h migh t b e one reason wh y (extragalactic) sup ergian ts ha v e

b een rather scarcely studied in the past. A-t yp e sup ergian ts in the SMC ha v e only

b een studied so far b y V enn (1999 , 10 ob jects). Sev eral hotter (early) B sup ergian ts
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w ere analysed b y T rundle et al. (2004 , 7 ob jects), T rundle & Lennon (2005 , 10), Lee

et al. (2005 , 4) and T rundle et al. (2007 , 7).

The presen t w ork can th us pro vide an imp ortan t con tribution to the in v estigation

of these remark able ob jects esp ecially in an in teresting extragalactic en vironmen t.

The thesis is organised as follo ws: Section 2 giv es an in tro duction to basic stellar

parameters and n uclear pro cesses. This is used to presen t some information on stel-

lar ev olution theory necessary to in terpret the main results of this w ork in Sect. 3.

Section 4 pro vides an o v erview of the basic concepts b ehind the description of the

matter and the photon �ux in a stellar atmosphere. In Sect. 5, the structure and

ev olution of galaxies is explained in order to b e able to dra w some conclusions in this

resp ect from the results of this w ork.

The underlying observ ational material of the sample stars of this thesis and its

pro cessing in to a useful form (data reduction) is presen ted in Sect. 6. The compu-

tation of the syn thetic sp ectra used to analyse the observ ed sp ectra is explained in

Sect. 7 along with the strategy for deriving v arious atmospheric parameters emplo ying

m ultiple sp ectral features. The results for those parameters are presen ted, discussed,

and compared with previous analyses in Sect. 8. With these parameters at hand, it is

then straigh t-forw ard to obtain abundance information for sev eral ionic and elemen tal

sp ecies in Sect. 9. Based on the a v ailable mo del atoms, features of He i , C i/i i , N i/i i ,

O i/i i , Mg i/i i , S i i/i i i , Ti i i , and F e i i ( i denote neutral sp ecies, i i singly ionised

ones and so on) can b e analysed in non-L TE in the sample stars. The presen t w ork

th us represen ts the most comprehensiv e non-L TE abundance study of BA-t yp e su-

p ergian ts at high sp ectral resolution in an extragalactic en vironmen t with the largest

set of observ ed targets � all analysed in a homogeneous w a y . The deriv ed abundances

allo w to discuss implications for stellar ev olution and the presen t-da y c hemical com-

p osition of the SMC suc h as (t w o-dimensional) abundance patterns. Moreo v er, in

Sect. 10, it is tried to calibrate the F GLR in the lo w metallicit y en vironmen t of the

SMC. Then, a giv en F GLR is used to prob e the depth extension of the SMC and to

in v estigate p ossible three-dimensional abundance patterns of this galaxy . Finally , the

results are summarised in Sect. 11.
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2 Basic Prop erties of Stars

This section pro vides a short o v erview of fundamen tal prop erties of stars. It shall

mostly address non-astronomers and mak e them familiar with the sometimes � let us

sa y � un usual quan tities and ideas of astronomers.

2.1 Basic Stellar P arameters

2.1.1 In tensit y , Magnitudes, and E�ectiv e T emp erature

Let us de�ne the sp e ci�c intensity I � as the radiation p o w er emitted p er frequency

in terv al � � in the direction of the solid angle � ! when considering the surface elemen t

� A under the angle �

I � :=
� E

� � � t� ! � A cos(� )
(2.1)

The in tensit y including all p ossible frequencies is then called the total intensity

I =
Z

I � d� (2.2)

The distan t observ er on earth is in virtually all cases only able to observ e the

inte gr ate d starligh t o v er the whole stellar disc. W e therefore de�ne the �ux density

as

F� =
I

I � cos(#)d! (2.3)

Again, the total �ux density is de�ned as the in tegral o v er all frequencies:

F =
Z

F� d� (2.4)

In order to c haracterise a star or a stellar atmosphere � the part of a star from

whic h radiation can escap e � it is a go o d idea to assign a c haracteristic temp erature.

As there is of course a temp erature strati�cation in a stellar atmospheres b ecause of

the fusion pro cesses inside a star, some meaningful a v erage v alue is necessary . One

p ossibilit y here is to compare the �ux of a star to that of a blac k b o dy radiator.

A ccording to the Stefan Boltzmann la w it is

Fbb = �T 4: (2.5)

where � is the Stefan Boltzmann constan t. Of course, a star is not en tirely in

thermo dynamic equilibrium, ho w ev er, w e can de�ne the e�e ctive temp er atur e of a

star as the temp erature of the blac k b o dy emitting the same total �ux F :

F = �T 4
e� : (2.6)

The e�ectiv e temp erature is a fundamen tal astroph ysical quan tit y describing a

star and a ma jor parameter for stellar atmosphere mo delling. BA-t yp e sup ergian ts
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2 BASIC PR OPER TIES OF ST ARS

as treated in the presen t w ork sho w e�ectiv e temp eratures at the order of � 8000�
20 000K.

As men tioned ab o v e, an observ er on earth ma y only study the ligh t in tegrated

o v er the whole stellar surface except for the Sun and few gian t stars close to the Sun.

Ho w ev er, F is the �ux on the stellar surface. The observ able quan tit y is therefore

f � = F�
R2

d2
(2.7)

where R is the radius of the star and d its distance from the observ er. The

luminosit y is the total radiation p o w er of a star:

L = 4�R 2 � F = 4�R 2 � �T 4
e� : (2.8)

The quan tities de�ned so far are v ery logical and easy to underhand. Ho w ev er,

due the long history of astronom y , sev eral not-so-logical quan tities are still in use.

One of those is the so-called magnitude . It go es bac k o v er 2000 y ears to Hipparc h

who divided stars based on their brigh tness in the sky in to six classes � 1 b eing the

brigh test ob jects and 6 the fain test ones still visible to the nak ed ey e. This and

the fact that the h uman ey e resp onds logarithmically to incidence of ligh t led to the

de�nition of the app ar ent magnitude

m = � 2:5 log
F
F0

+ m0 (2.9)

where F0 and m0 are the �ux and magnitude of some standard ob ject � usually

the star V ega for historical reasons. V arious �lters and corresp onding magnitudes

can b e used to c haracterise a star suc h as mU (/ U , ultra violet), mB (/ B , blue), or

mV (/ V , visual). Besides this UBV system dev elop ed b y Johnson & Morgan in the

early 1950`s, other magnitude systems (e.g. of Strömgren) are in use.

Besides the magnitudes themselv es, measured c olour indic es or just c olours are

also useful to c haracterise a star:

(U � B) = mU � mB (2.10)

(B � V) = mB � mV

Absorption/scattering of the starligh t b y the in terstellar matter c hanges the in-

trinsic colours ( (B � V)0 , etc.) of a star leading to a c olour exc ess :

E(B � V) = ( B � V) � (B � V)0 (2.11)

In order to subtract distance e�ects when comparing magnitudes, one can de�ne

the absolute magnitudes M as the magnitudes when a star is at a distance of 10 p c.

Therefore, m and M are related via the distance d (in p c):

m � M = � 2:5 log
�

l
L

�
= 5 � logd � 5 + AV (2.12)
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2.1 Basic Stellar P arameters

where AV is the extinction in the visual band due to the same e�ect leading to a

colour excess. AV and E(B � V) are related via

AV = RV � E(B � V): (2.13)

Usually , RV is � 3.1, ho w ev er, it ma y v ary according to di�eren t c hemical com-

p ositions of the medium whic h the ligh t is passing through.

The absolute b olometric magnitude mbol co v ers the energy emitted in all frequen-

cies. In practice, it is of course not p ossible to determine the �ux o v er an in�nite

w a v elength range. In order to describ e the b olometric �ux one therefore uses the

b olometric c orr e ction

B:C: = Mbol � MV (2.14)

The absolute b olometric magnitude is directly related to the luminosit y b y

Mbol = � 2:5 log
�

L
L �

�
+ 4:74: (2.15)

with + 4.74 b eing the absolute b olometric magnitude of the Sun.

2.1.2 Sp ectral Classi�cation

One ma jor sc heme for the classi�cation of stars based on stellar sp ectra is the Harvar d

Sp e ctr al Classi�c ation . A ccording to sev eral sp ectral features, stars are classi�ed as

O B A F G K M.

E.g., A-stars sho w strong h ydrogen lines in the sp ectrum while B-stars ha v e strong

lines of neutral helium. Later, it w as found that these sp ectral classes are a tem-

p erature sequence in the men tioned order with O stars ha ving the highest e�ectiv e

temp eratures ( � 30 000� 50 000K) and M stars the lo w est ones ( & 3000K). Usually ,

a �ner classi�cation is pro vided b y adding a n um b er from 0 to 9 after the letter, with

lo w er n um b ers meaning higher temp eratures. Figure 2.1 summarises the strengths of

lines (equiv alen t width) of v arious sp ecies presen t in di�eren t sp ectral t yp es.

The temp erature alone can only pro vide a v ery rough classi�cation as t w o stars

of the same temp erature ma y ha v e di�eren t luminosities b y sev eral orders of magni-

tude. The Y erkes Sp e ctr al Classi�c ation (later the MK classi�cation, after Morgan

and Keenan) therefore in tro duced a second dimension for classi�cation based on the

widths of h ydrogen lines and relativ e strengths of ionised elemen ts, the luminosit y

class:

Ia most luminous sup ergian ts

Ib less luminous sup ergian ts

I I luminous gian ts

I I I normal gian ts

IV subgian ts

V main sequence stars (dw arfs)
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2 BASIC PR OPER TIES OF ST ARS

Figure 2.1: Ov erview of v arious molecules, elemen ts, and ionic sp ecies visible in a stel-

lar sp ectrum according to the sp ectral t yp e or e�ectiv e temp erature (from Karttunen et

al. 1994 ).

These designations are v ery appropriate as di�erences in the emitted p o w er at

constan t temp eratures comes from v arying radii (Eqn. 2.8). A Hertzsprung-R ussel l-

Diagr am (HRD) sho ws the absolute magnitudes of stars v ersus the sp ectral t yp e.

Figure 2.2 presen ts a more ph ysical v ersion of suc h a diagram b y including luminosit y

and e�ectiv e temp erature. The main se quenc e , where stars sp end the largest fraction

of their liv es burning h ydrogen to helium in the core, is clearly visible and con tains

stars with luminosit y class V. The main sequence is parameterised b y the stellar mass,

with higher masses pro viding higher luminosities. The gian ts and sup ergian ts ab o v e

b elong to later stages of stellar ev olution (see Sect. 3). Lines of constan t radii are

o v erplotted. F or sup ergian ts sho wing signi�can t emission due to strong stellar wind

in the w eakly b ound atmosphere one has in tro duced the class Iae.

As w as already explained, the sp ectral t yp e is closely related to the e�ectiv e

temp erature of the stellar surface/atmosphere. The luminosit y class again is related

to the size or � in terms of the ph ysics on the microscopic scale � the densit y of the

stellar atmosphere.

2.2 The Inner Structure

Stars suc h as our Sun are stable and shine steadily for billions of y ears. This equi-

librium can b e describ ed mathematically b y four basic equations. The in w ard gra v-

itational pull on the stellar material shall b e matc hed b y its pressure demanding a

hydr ostatic e quilibrium
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2.2 The Inner Structure

Figure 2.2: Ph ysical Hertzsprung-Russell-Diagram sho wing luminosities and e�ectiv e tem-

p eratures for a large p opulation of stars.

dP
dr

= �
GM r �

r 2
: (2.16)

Here, G is the gra vitational constan t, � the densit y , M r the mass inside a sphere

of radius r and P the pressure. The second equation ensures mass c ontinuity :

dMr

dr
= 4�r 2�: (2.17)

Essen tially all the energy radiated b y a star is pro duced in the n uclear reaction

in the stellar core and needs to b e transp orted out w ards to the atmosphere. Ener gy

c onservation then demands
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dLr

dr
= 4�r 2�� (2.18)

where L r is the p o w er passing trough the surface with radius r and � the amoun t of

energy released in the star p er unit time and mass. The energy transp ort to w ards the

stellar surface can in principle happ en through conduction, con v ection and radiation.

As conduction is v ery ine�cien t for most stars (except e.g. white dw arfs or neutron

stars), energy transp ort and th us the temp erature gradien t inside a star is giv en b y

dT
dr

= �
3

4ac
��
T3

L r

4�r 2
(radiative) (2.19)

dT
dr

=
�

1 �
1



�
T
P

dP
dr

(convective): (2.20)

where a is the radiation constan t, c the sp eed of ligh t, � the absorption co e�cien t

(amoun t of absorption p er unit mass) and 
 the adiabatic exp onen t. The temp erature

gradien t th us dep ends on the temp erature, densit y , and c hemical comp osition.

The high temp eratures inside stars ionise the material almost completely and the

in teractions b et w een individual particles are small. Therefore the equation of state

for an ideal gas is a go o d appro ximation:

P =
k

�m H
�T (2.21)

where k is the Boltzmann constan t, � the mean molecular w eigh t in units of mH ,

and mH the mass of the h ydrogen atom. � can b e deduced from the mass fractions

of h ydrogen, helium, and hea vier elemen ts: X , Y , and Z resp ectiv ely (for stellar

in teriors):

� =
1

2X + 3
4Y + 1

2Z
(2.22)

In case of high temp eratures equation 2.21 m ust b e completed with the radiation

pressure Prad = 1
3aT4

. In case of a degenerate material as in the iron cores of far

ev olv ed stars or in white dw arfs, the follo wing form ulae describ e the electron gas:

P =
h2

me

�
� e

mH

� � 5=3

� 5=3 (classical) (2.23)

P = hc(� emH )� 4=3� 4=3 (relativistic) (2.24)

2.3 F usion Pro cesses

P er de�nition stars are b o dies whic h are b ound b y self-gra vit y and whic h radiate

energy supplied b y an in ternal source. F or a small fraction of stars, this in ternal

source can b e gra vitational energy released b y con traction or collapse during the

con traction of a proto-star to w ards the main sequence or b y co oling e.g. in white

12



2.3 F usion Pro cesses

Figure 2.3: Binding energy of v ari-

ous isotop es p er n ucleon as a func-

tion of atomic w eigh t. F usion of

ligh t elemen ts can pro vide energy

up to

56
F e, the most stable n ucleus

(from Prialnik 2010 ).

dw arfs. F or the large ma jorit y , ho w ev er, the energy is pro vided b y a set of n uclear

reactions fusing ligh t elemen ts to hea vier ones inside the stars. Whic h elemen ts can

in principle b e used to release energy with fusion reactions? Figure 2.3 sho ws the

binding energy p er n ucleon v ersus the atomic w eigh t for sev eral sp ecies. Ob viously ,

fusion pro cesses of the ligh t elemen ts, b eing also the most abundan t in the univ erse,

is only p ossible up to iron � the most stable atomic core. Moreo v er, the fusion step

from

1
H to

4
He pro vides the largest amoun t of energy p er reactan t atom. T ogether

with the fact that h ydrogen is � b y far � the most abundan t elemen t in the univ erse,

it is easy to accept that fusing h ydrogen to helium (h ydrogen burning ) can supp ort

and stabilise stars for the ma jor part of their liv es.

Therefore, w e start our little excursion on fusion pro cesses with the mec hanisms

a v ailable for turning h ydrogen in to helium. T w o basic sc hemes, the pp-chain and the

CNO-cycle tak e place in stars. Figure 2.4 is summarising the v arious reaction steps

for the pp-c hain where di�eren t sub-c hains (pp I�I I I) are plotted. Sev eral steps are

necessary as assem bling four h ydrogen cores at the same place in order to fuse them

to one helium core is highly unlik ely . Instead, sev eral in termediate stages including

Li, Be, and B isotop es are emplo y ed, with the pp I c hain b eing the dominan t pro cess.

The �rst reaction step in the pp-c hain, the fusion of t w o protons to deuterium,

has the smallest probabilit y and is resp onsible for the billions of y ears of lifetime in

13



2 BASIC PR OPER TIES OF ST ARS

Figure 2.4: The n uclear reactions

of the pp-c hains: pp I, I I, and I I I

(from Prialnik 2010 ). The pp I

branc h is the most probable one

pro ducing o v er 90% of the energy

in stars lik e our Sun. F or higher

temp erature, pp I I and I I I con-

tribute more to the energy output.

(lo w-mass) stars. This is due to the Coulom b barrier b et w een the equally c harged

atomic n uclei/protons. This barrier is easier to o v ercome with increased kinetic energy

implying that the temp erature inside the star where fusion reactions tak e place is also

strongly in�uencing the reaction sp eed or the rate of energy released p er unit mass:

qpp / �T 4
(2.25)

where � and T are the lo cal densit y and temp erature resp ectiv ely .

The second ma jor pro cess for h ydrogen burning is the CNO-(bi)-cycle illustrated

in Fig. 2.5. The righ t part of the �gure is sho wing the dominan t pro cess. In the

CNO-cycle, carb on nitrogen and o xygen act as catalysts with v arious isotop es of

these elemen ts b eing destro y ed and reformed while p ositrons, neutrinos, and photons

are emitted.

As atomic n uclei with m uc h higher c harges than in the pp-c hain are in v olv ed in

the CNO-cycle, it is clear that the CNO-cycle is m uc h more sensitiv e to the lo cal

temp erature than the pp-c hain. The rate of energy released p er unit mass for the

CNO-cycle ma y b e appro ximated b y a steep p o w er la w:

qCNO / �T 16
(2.26)

In addition to the lo cal temp erature, the reaction rate in the CNO-cycle also

dep ends on the abundance of the necessary catalysts. Assuming an elemen tal com-

p osition as in our Sun, the pp-c hain and the CNO-cycle are equally e�cien t at a

14



2.3 F usion Pro cesses

Figure 2.5: The n uclear reactions in-

v olv ed in the CNO-(bi)-cycle (from

Prialnik 2010 ). The righ t half of the

�gure sho ws the main cycle pro vid-

ing the largest energy output.

temp erature of ab out 17.5 �106
K. Belo w that temp erature, the pp-c hain is the domi-

nan t pro cess, ab o v e it the CNO-cycle.

Higher stellar masses lead to a stronger gra vitational pull compressing the core

matter to higher densities and also higher temp eratures. Therefore, the hot stars

on the main sequence are the more massiv e ones. This also means that the relativ e

con tribution of pp-c hain and CNO-cycle to the stellar energy output is primarily

a function of the stellar mass. The �critical� mass where pp-c hain and CNO-cycle

pro duce the same yield is 1.5 M � . A t higher masses, CNO burning is dominating.

It is w orth men tioning here that the single reaction steps in the main CNO-cycle

(righ t part of Fig. 2.5) exhibit signi�can tly di�eren t reaction times. The slo w est reac-

tion step is that from

14
N to

15
O. Because of this b ottlenec k, the c hemical comp osition

will c hange to w ards higher nitrogen and lo w er carb on abundances where the CNO-

cycle tak es place � deep inside the star (see also Sect. 3.4 for a further discussion of

this comp osition c hange).

F usion of h ydrogen cores (i.e. protons) ma y also happ en with other atomic n uclei

suc h as Ne or Mg. The corresp onding NaNe and MgAl cycles are only imp ortan t at

v ery high temp eratures ( & 4 � 108
K) and in v olv e sev eral isotop es of these elemen ts.

They are of sp ecial in terest in the extreme conditions of no v a outbursts.

In the later stages of stellar ev olution (see Sect. 3) further fusion pro cesses for

hea vier elemen ts than h ydrogen ma y tak e place. One of them is the triple- � reaction

where three � particles or

4
He n uclei are fused to one

12
C n ucleus, with

8
Be as

in terstage.

15



2 BASIC PR OPER TIES OF ST ARS

Sev eral further pro cesses including burning of carb on, o xygen, and silicon up to

iron as �nal pro duct ma y app ear in stars. Hea vier elemen ts ma y b e pro duced through

neutron capture in s- and r-pro cesses in the course of the main fusion pro cesses or in

sup erno v ae explosions.

16



3 Stellar Ev olution Theory

Relying on the n uclear pro cesses describ ed ab o v e, a basic o v erview on stellar ev olution

is giv en. The main fo cus will b e on the ev olution of massiv e stars as they are the

ob jects under in v estigation here.

3.1 Ev olutionary Time Scales

First of all, let us in tro duce some imp ortan t timescales for stellar ev olution. The

nucle ar time sc ale is de�ned as the time in whic h a star radiates a w a y all the energy

that can b e released b y n uclear reaction. Based on n uclear ph ysics and the assumption

that only � 10% of the stellar h ydrogen con ten t is turned in to helium, one can deduce

tn =
M=M �

L=L �
� 1010 yr (3.1)

When in terpreting this equation one m ust consider that the luminosit y L strongly

dep ends on the stellar mass M . F rom an empirical calibration one �nds the mass�

luminosit y relation

L / M �
(3.2)

where � � 3 for a wide range of masses. With that, w e obtain

tn / M 1� � � M � 2: (3.3)

Th us, w e come again to the result that the n uclear reactions and hence the lifetime

of a star is a function of the total mass. As an example, the n uclear time scale for an

1 M � star is � 109
yr and for a 15 M � star only � 107

yr.

The thermal time sc ale is the time in whic h a star w ould radiate a w a y all its

thermal energy if the n uclear energy pro duction w ould suddenly stop:

t th =
(M=M � )2

(L=L � )(R=R� )
� 2 � 107 yr: (3.4)

Finally , the last and shortest timescale is the time it w ould tak e for the gra vita-

tional collapse of a star if the supp orting pressure is turned o�:

t � =

r
R3

GM
: (3.5)

3.2 Early and mid Phases of Stellar Ev olution

A t the v ery b eginning stars are formed out of in terstellar dust clouds con tracting

under their o wn gra vit y . The lo w er mass limit for o v ercoming the pressure of a gas

cloud is giv en b y the Jeans mass

M J � 3 �

r
T3

n
� M � (3.6)
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3 STELLAR EV OLUTION THEOR Y

Figure 3.1: Ov erview of con v ection

zones during the main sequence in

a wide sp ectrum of stellar masses

(from Prialnik 2010). The y-axis

indicates the depth via the mass m
con tained inside a sphere at the re-

sp ectiv e depth relativ e to the total

mass. F or high-mass stars only the

inner la y ers are con v ectiv e while

for lo w-mass stars only the outer

la y ers are con v ectiv e. Stars with

M � 0:26M � are fully con v ectiv e.

where n is the densit y in atoms/m

3
. T ypical prop erties of the in terstellar clouds

lead to Jeans masses of ab out 30 000 M � . Although m uc h lo w er Jeans masses are

theoretically p ossible, it is v ery unlik ely to form just one star in suc h a pro cess.

Usually , suc h clouds fragmen t forming man y stars at a time. The initial impulse for

con traction ma y come from compression of gas in spiral arms or sup erno v a explosions

of massiv e stars (see b elo w).

While con tracting the matter is heated up from the release of gra vitational energy

as so on as the cloud gets optically thic k enough. If suc h a fragmen t of the cloud

ends up with at least 0.08 M � n uclear fusions in the form of h ydrogen burning in the

stellar c or e sets in. Hydrogen burning happ ens on n uclear timescales and stabilises

a star for the longest part of its life on the main sequence of the HRD.

Hydrogen burning is pro ducing a core of helium ash b eing inert in the �rst in-

stance. While the amoun t of h ydrogen fuel is decreasing in the core, h ydrogen burning

is gradually transfered in to a shell around the core. The star is lea ving the main se-

quence and ev olving to w ards co oler temp eratures b ecoming a red (sup er)gian t. The

total mass of the star is then decisiv ely in�uencing the further ev olution. Stars with

M . 0:6M � only exp erience h ydrogen burning. The further discussion is limited to

stars M & 0:6M �

As describ ed in Sect. 2.3, lo w-mass stars burn h ydrogen via the pp-c hain. As this

pro cess is not as sensitiv e to the temp erature as the CNO-cycle in massiv e stars, the

fusion pro cesses are widely spread in the stellar core. Therefore, radiation is e�ectiv e

enough in order to transp ort the released energy to the stellar surface. Ho w ev er, due

to the generally lo w temp eratures in the outer la y ers, the opacit y is high there ren-

dering radiation insu�cien t to transp ort the energy . Con v ection will set in. Fig. 3.1

sho ws the depth zones where con v ection tak es place for a wide range of masses.

The t ypical life of a M > 0:6m� star is explained based on the ev olutionary trac ks

of the 1 M � star in Fig. 3.2. After the main sequence stage, the dislo cation of the

h ydrogen burning zones to outer zones lea v es the helium core unsupp orted b y the

energy release of n uclear reactions. It will therefore con tract increasing its temp era-

ture un til an equilibrium is found. As h ydrogen burns in outer and larger zones and
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3.2 Early and mid Phases of Stellar Ev olution

Figure 3.2:

Examples for

ev olution-

ary trac ks in

the ph ysical

Hertzsprung-

Russell diagram

for v arious

initial masses

(1, 5, and

25 M � ), from

Prialnik (2010 ).

Sev eral imp or-

tan t stages in

the stellar life

are indicated.

See text for

further explana-

tions. The main

sequence can b e

inferred from

the starting

p oin t of the

three trac ks

(close to the

small shaded

areas).

as the core is heated up more and more, the luminosit y increases accompanied b y a

co oling-do wn of the surface due to an expansion of the en v elop e. The star then mo v es

along the r e d giant br anch or R GB, see Fig. 3.2. An end of this pro cess is reac hed as

so on as helium core burning starts when cen tral temp eratures rise to � 108
K.

In lo w-mass stars, this temp erature is not reac hed b efore the formerly ideal elec-

tron gas in the stellar core b ecomes degenerate, stabilised b y the degenerate pressure.

In general, the gas is degenerate only to some exten t. Assuming full degeneracy , the

gas is describ ed b y Eqn. 2.23 or 2.24 in case of an extreme gas with high particle

v elo cities. When helium burning sets in under these conditions, the energy released

in this pro cess is not used to expand the core b ecause of no v olume dep endence in

the equations. The energy is therefore only turned in to thermal energy raising the

core temp erature whic h in turn raises the � extremely temp erature sensitiv e � helium

burning rate. This thermal runa w a y pro cess is also called helium �ash .

Although this onset of helium burning can b e extremely violen t, most of its energy

is absorb ed b y the outer la y ers of the star. After the �ash, the star is bac k to lo w er lu-
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3 STELLAR EV OLUTION THEOR Y

minosities and sligh tly hotter temp eratures on the horizontal br anch burning steadily

helium to carb on in the core with the triple- � pro cess. A t some p oin t, also helium

will start to burn in a shell forcing the star on the asymptotic giant br anch or A GB.

A t those gian t branc hes, the outer la y ers are w eakly gra vitationally b ound leading

to pronounced loss of matter whic h ev en tually forms a planetary nebula around the

star. During this pro cess, the hot inner la y ers of the star are exp osed and the star

mo v es to the left in the diagram. Finally , after the n uclear reactions ha v e stopp ed,

the star mainly consists of a C/O core and is stabilised b y the electron pressure. It

is co oling do wn to a white dw arf (see Sect. 3.3) emitting thermal radiation.

Massiv e stars ev olv e � apart from the increased ev olution sp eed � in a di�eren t

w a y . First of all, they p osses a di�eren t inner structure on the main sequence. As

h ydrogen burning is dominated b y the CNO-cycle releasing m uc h more energy due

to the strong temp erature dep endence, the core of massiv e stars is con v ectiv e as

radiation is not su�cien t for the out w ard transp ort of this energy . Then, in con trast

to lo w-mass stars, the en v elop es of massiv e stars are relativ ely hot k eeping opacities

quite lo w th us allo wing radiation to do the job of bringing the energy the last step

to the surface.

Moreo v er, b ecause of the signi�can tly higher core temp erature, helium core burn-

ing sets in under ideal gas condition, a v oiding explosiv e helium �ashes. The star

mo v es up w ards in the Hertzsprung-Russell diagram to w ards higher luminosities at

almost constan t temp eratures (see the trac ks for 5 M � in Fig. 3.2). In this phase af-

ter igniting helium burning in the core, the star ma y exp erience blue lo ops . The cause

for this phase is still a matter of debate and dep ends on subtle details. An o v erview

of the discussion and e�ects of helium abundance or metal con ten t on the exten t of

blue lo ops is giv en b y Xu & Li (2004a , 2004b). The higher the stellar mass, the

smaller the exten t of these blue lo ops. Moreo v er, there seems to b e a dep endence on

the metallicit y so that blue lo ops are fa v oured at quite lo w (0.004 mass fraction) and

quite high (0.02) metallicities. T w o e�ects leading to this b eha viour are suggested.

Firstly , the reduced opacit y at lo w er metallicit y leads to a hotter stellar en v elop e

whic h fa v ours energy transp ort b y conduction (and th us blue lo ops) in con trast to

con v ection. Secondly , rather high metallicities and th us rather high abundances of

14
N mak es the h ydrogen shell burning more e�cien t through a larger con tribution

from the second cycle of the CNO bi-cycle (left part of Fig. 2.5). This pushes the

star more e�ectiv ely in to a blue lo op.

With su�cien tly high masses further fusion pro cesses ma y tak e place (under non-

degenerate conditions) leading to m ultiple la y ers with distinct burning pro cesses

w orking their w a y out w ards and lea ving the ashes b ehind as fuel for the next pro-

cess. This onion skin mo del is sc hematically presen ted in Fig. 3.3. As the di�erence

in binding energy p er n ucleon decreases to w ards the fusion of higher elemen ts, eac h

pro cess m ust happ en faster to stabilise the star. Figure 3.4 sho ws the distribution of

v arious elemen ts throughout an ev olv ed massiv e star. The last p ossible reaction is

reac hed b y fusing silicon to iron whic h sho ws the highest binding energy p er n ucleon

(see Sect. 2.3) taking place in ab out one day . F urther energy then can not b e gained

through fusion reaction and a core collapse sup erno v a is pro duced as so on as the inert

iron core has gro wn to a certain threshold, the Chandr asekhar mass (see Sect. 3.3).
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3.3 Final Stages of Stellar Ev olution

Figure 3.3: Onion skin mo del for

massiv e stars ( M � 8M � ) from

Prialnik (2010 ). This is situation

immediately b efore the collapse of

the inert iron core leading to a t yp e

I I sup erno v a.

These explosions are p ossible sites for the formation of elemen ts hea vier than iron

through neutron-capture of n uclei in the r-pro cess on the iron seeds. In addition to

the c hemical enric hmen t of the in terstellar medium, these explosion ma y also trigger

new star formation through the resulting sho c k w a v es.

3.3 Final Stages of Stellar Ev olution

F or completeness, the �nal stages of stellar ev olution are brie�y summarised here. It

will not surprise that the �nal fate of star again dep ends on the mass. Ho w ev er, note

that mass is usually mean t as �mass at the end of the ev olution�. During the red

(sup er)gian t phase there is pronounced mass loss due to the small gra vitational pull

on the outer la y ers. Moreo v er, for massiv e stars, there can also b e signi�can t mass

loss b efore that stage b ecause of the strong radiation �eld leading to strong stellar

winds. The sub ject is to o complex and extensiv e for a detailed discussion at this

p oin t. As a guide, mass loss from the solar wind is of the order of few 10� 14 M � /yr

while for a 30M � main sequence star it is roughly 10� 5:5 M � /yr dep ending on the

temp erature. F or stars in the red gian t phase it can range � again dep ending on the

temp erature � from � 10� 8 � 10� 2 M � /yr due to the strong increase of the stellar

radius and the consequen tly w eakly b ound outer la y ers.

In case of �nal masses b elo w the Chandr asekhar mass ( MCh = 1:44M � for a C/O-

or He core) the �nal state will b e a white dwarf whic h is stabilised b y the degenerate

pressure of the electron gas. The equations 2.23 or 2.24 as w ell as 2.16 and 2.17 fully

describ e the star and imply

R /
1

3
p

M
(3.7)

meaning that the radius of a white dw arf is decreasing when additional material

is added. F or arbitrarily large masses, the white dw arf w ould con tract to arbitrarily

small radii. This problem is �solv ed� b y using the relativistic equations whic h predict
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Figure 3.4: Elemen tal distribution in an ev olv ed massiv e star as a function of mass inside a

certain radius mr at the end of silicon burning, from Hirsc hi et al. (2004 ). The mo dels w ere

calculated for a 20 M � star at solar metallicit y ( Z = 0.02) for initial rotational v elo cities of

0 ( left ) and 300 ( right ) km s

� 1
. The general e�ect of rotation is that burning zones and

cores reac h further to w ards the surface.

zero radii as so on as the Chandrasekhar mass is reac hed. Of course, this do es not

really solv e the problem as zero radii or in�nitely large densities are imp ossible. If a

white dw arf is ac cr eting mass and gets close to the Chandrasekhar mass it will th us

explo de as sup erno v a t yp e Ia � a thermon uclear reaction disin tegrating the whole

star.

In the case of massiv e stars with iron core masses higher than MCh at the end

where all fusion sources are exhausted, the result will b e a collapse to w ards to densities

as in atomic n uclei. A neutr on star is formed whic h is supp orted b y the degenerate

pressure of the neutron gas created when protons and electrons are forced to react to

neutrons.

Ab o v e end masses higher than the Opp enheimer-V olko� mass ( � 3M � ) ev en

pure neutrons are no longer able to pro vide supp ort against gra vitation. The star

will collapse to a black hole . Neutron stars or blac k holes are the pro ducts of core

collapse sup erno v a explosions of a massiv e star.

3.4 Chemical Ev olution and Mixing of (Massiv e) Stars

As describ ed so far, stars and in particular massiv e stars undergo v arious phases of

ev olution including m ultiple fusion pro cesses happ ening inside the star where condi-

tions are su�cien t. These newly pro duced elemen ts, the ashes of the burning pro-

cesses, ma y b e distributed in to the in terstellar medium when a massiv e star �nally

explo des and is disrupted. Ho w ev er, observing these elemen ts deep inside a star is

imp ossible as the ligh t whic h could b e used for an analysis originates from the stellar

22



3.4 Chemical Ev olution and Mixing of (Massiv e) Stars

Figure 3.5: Kipp enhahn diagrams indicating con v ectiv e zones at certain depths in the star

(blac k areas) from Hirsc hi et al. (2004 ). Up/down : Mo del for 12/20 M � , left/right : initial

rotational v elo cities of 0/300 km s

� 1
. Indicated along the x-axis are the v arious burning

phases in addition to the logarithmic timescale. The 12 M � mo del for no rotation sho ws no

con v ection for a certain p erio d of time (after the sharp blac k area from the top) indicating

a blue lo op phase. The mo dels with rotation or higher masses a v oid this state and sho w

also signi�can t mass loss.

atmosphere. Th us, in order to �see� the results of these pro cesses, there has to b e

mixing of some kind b et w een the deep burning la y ers inside the star and the outer

atmosphere. Whic h pro cesses for transp orting matter are e�ectiv e in a star?

One imp ortan t pro cess is c onve ction , the most e�ectiv e form for matter trans-

p ort. In Sect. 3.2, w e sa w that con v ection already happ ens in main sequence stars

of all masses either in the stellar core (massiv e stars) or in the outer la y ers and the

atmosphere (lo w-mass stars) in order to transp ort the energy output of the n uclear
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Figure 3.6: A 3D con tour

plot b y G. Meynet rep-

resen ting the inner struc-

ture of a massiv e rotat-

ing star. The toroidal

shap e of the meridional

curren ts is clearly visible.

reactions to the stellar surface (see also Fig. 3.1). This con v ection w ould in principle

also transp ort matter and th us burning pro ducts throughout the star. However , these

con v ection zones nev er co v er all the necessary depths from the atmosphere do wn to the

burning core (except for v ery lo w-mass stars). Therefore, during the main sequence,

con v ection is inappropriate to rev eal abundance patterns due to n uclear reactions to

an external observ er.

Ho w ev er, during more ev olv ed phases in the ev olution of massiv e (and also lo w-

mass) stars, con v ection pla ys an imp ortan t role for mixing as can b e seen in Fig. 3.5.

F or the 12 M � mo dels (upp er t w o plots), the con v ection zone in the core on the

main sequence due to the extensiv e energy release in the CNO-cycle is nicely visible

(blac k area do wn left). In that phase, pro cessed material is transp orted up to radii

corresp onding to mr . 4 � 5 but not to the surface. This ma y happ en at later

stages when further n uclear reactions set in. The sharp blac k area from the surface

do wn to mr � 3 is the con v ection zone created at a later phase of h ydrogen shell

burning and the inset of cen tral helium burning. This is called the �rst dr e dge-up .

As the con v ection zone in this dredge-up go es deep er than the previous con v ection

zone from the h ydrogen burning, n uclear pro cessed matter can reac h the surface and

ma y th us b e detected b y studying atmospheric abundances. During the further life as

red sup ergian t there are further opp ortunities for extensiv e mixing b et w een n uclear

pro cessed matter from the stellar core and the atmosphere b y con v ection.

Con v ection (in the late phases of stellar ev olution) is not the only mec hanism that

can lead to mixing. During the main sequence and b efore the red sup ergian t stage,

meridional curr ents (Fig. 3.6) induced b y rotation ma y already lead to mixing. (Stars
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Figure 3.7: Theoretical ev olution trac ks for massiv e stars with zero-age main sequence

masses from 9 to 25 M � . The trac ks are based on the mo dels pro vided b y Meynet &

Maeder (2003 ) including mass-loss (dep ending on the initial mass and the ev olutionary

state, e.g. 10� 5:5 M � =yr for the rotating 15 M � mo del at 10 000 K). Dotted curv es are

calculated for non-rotating mo dels while solid lines accoun t for an initial rotational v elo cit y

of 300 km s

� 1
. The n um b ers along the trac ks indicate the N/C mass ratio starting with

(N/C) 0 = 0.31 on the main sequence.

are b orn with high angular momen tum and, hence, rotate quic kly .) The meridional

curren ts can ha v e sev eral reasons. One reason comes from the �attening of a rotating

star on the p oles due to cen trifugal forces. This leads to higher temp eratures on the

p oles than presen t along the equator inducing curren ts surfacing at the p oles and

diving bac k at the equator. A second reason for rotationally induced mixing is based

on di�eren tial rotation. Rotational v elo cities on the p oles are smaller than along the

equator leading to friction in the star and th us to turbulences (shear instabilities)

and matter transp ort.

In this picture, fast-rotating stars are exp ected to exp erience more e�cien t mix-

ing. Moreo v er, mo dels predict higher mixing rates for larger stellar masses despite a

reduced lifetime (see Fig. 3.7). In massiv e stars, more e�cien t mixing will e.g. app ear

as enhanced N/C and N/O ratios due to the ph ysics of the CNO-cycle (see Sect. 2.3).

Precise determinations of stellar atmospheric abundances through observ ations th us

pro vide imp ortan t input and constrain ts for stellar ev olution mo dels of massiv e stars.
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4 Stellar Mo del A tmospheres

Virtually all information ab out stars is deriv ed from the emitted ligh t � in the stel lar

atmospher e . The atmosphere is de�ned as the region of a star from whic h photons can

escap e in to space. (Of course, this m ust b e a matter of probabilities and w a v elength-

dep enden t.) Information on the stellar atmosphere and other c haracteristic stellar

parameters can b e deriv ed b y analysing the observ ed sp e ctrum created therein. One

imp ortan t approac h is the comparison of synthetic sp e ctr a based on mo del atmo-

spher es � a set of parameters (suc h as temp erature or densit y) as a function of depth.

This section shall pro vide an o v erview of the ph ysical principles em b edded in

co des whic h w ere emplo y ed in the presen t study . A detailed picture is giv en e.g.

b y Mihalas (1970 ) or Hub en y (1997 ). The mo del atmospheres used in this w ork for

sup ergian ts of sp ectral t yp es B and A are based on sev eral assumptions:

� Plane-p ar al lel ge ometry . Ev en in the extended atmospheres of sup ergian ts, the

thic kness of the atmosphere is rather small compared to the total radius of

the star. The (small) curv ature of the la y ers can therefore b e neglected for

the pro cesses whic h need to b e describ ed. The t ypical relativ e thic kness of the

atmosphere with resp ect to the stellar radius is of the order of sev eral p ercen t

for most ob jects in this study and up to � 20 % in the most extreme cases.

� Homo geneity . The v arious depths p oin ts or la y ers in the (mo del) atmosphere

are exp ected to b e homogenous e.g. in terms of c hemical comp osition or densit y

(gran ulations). One depth co ordinate is th us su�cien t. P opular quan tities

therefore are z (= 0 in the cen ter and increasing out w ard) or � (optical depth,

= 0 at the surface and increasing in w ard).

� Stationarity . A tmosphere are exp ected to b e time-indep enden t excluding suc h

e�ects as pulsations.

� Hydr ostatic e quilibrium . In analogy to Eqn. 2.16, h ydrostatic equilibrium in-

cluding the e�ects of radiativ e acceleration is giv en as

dP
dz

= � � (g � grad) (4.1)

with the radiativ e acceleration grad de�ned in Sect. 4.4. Stellar winds are driv en

b y radiation and result from grad > g . Therefore, stellar winds cannot b e ad-

dressed in h ydrostatic approac hes.

� R adiative Equilibrium . In a static atmosphere, energy is transp orted to the sur-

face in the form of radiation. The consequen tial radiativ e equilibrium demands

that the amoun t of energy absorb ed b y atmospheric matter equals the loss due

to emission. In particular, this ignores con v ection in atmospheric la y ers in the

presen t analyses. The Sc h w arzsc hild criterion implies that con v ection will tak e

place if the temp erature gradien t in the atmosphere is larger than the adia-

batic gradien t. It can b e sho wn that con v ection is not relev an t for B and A

sup ergian ts.
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4 STELLAR MODEL A TMOSPHERES

4.1 The Absorption of Radiation

A basic mo del for describing the absorption of radiation trough matter is pro vided

b y considering an absorbing ion as a damp ed harmonic oscillator with the damping

constan t 
 and the eigenfrequency ! 0 corresp onding to the energy di�erence for the

v arious electronic states. The radiation �eld in a star can then b e treated as p erio dic

excitation with frequency ! leading to the follo wing solution for the equation of

motion:

x(t) =
eE0

m
�

! 2
0 � ! 2 � i!


(! 2
0 � ! 2)2 � 
 2! 2

� ei!t : (4.2)

Electro dynamics then pro vides the emitted a v erage p o w er:

P =
2e2

3c3
� [•x]2 / ' (� ) (4.3)

with ' (� ) b eing the pr o�le function describing the p o w er emitted (or absorb ed)

at v arious frequencies � . ' (� ) is the F ourier transformation of the solution x(t) in

frequency space and ma y b e appro ximated with

' (� ) =



4� 2

(� 0 � � )2 +
� 


4�

� 2 (4.4)

for � � � 0 . Quan tum mec hanical calculations yield v ery similar results as this

classical approac h with the only di�erence b eing an additional factor to the absorption

c o e�cient � (� ) :

� (� ) = nl �
�e 2

mc
� f lu � ' (� ) (4.5)

with nl b eing the o ccupation densit y in the lo w er ( l ) state. The oscil lator str ength

f lu v aries b et w een 0 and 1 and is dep ends on the detailed prop erties of eac h transition.

F or example, Balmer lines sho w oscillator strengths of 0.64, 0.12, and 0.04 for H � ,

H � , and H
 . Although the oscillator strengths for the (higher) Balmer lines are

quite small, Balmer lines are quite strong in most stars due to the large abundance

of h ydrogen. Moreo v er, all Balmer lines ha v e similar strength as the strength is

a function of g � f with g b eing the statistical w eigh t (see b elo w) whic h is again

prop ortional to n2
.

4.2 In teraction of Radiation and Matter in Lo cal Thermo dynamic Equi-

librium (L TE)

A go o d understanding of the basic ph ysics in stellar atmospheres can b e ac hiev ed b y

considering thermo dynamic e quilibrium (TE). An y system in equilibrium is describ ed

b y three fundamen tal equations: the Maxw ell v elo cit y distribution, the Boltzmann

form ula and the Saha equation.

The Maxw ell distribution indicates the probabilit y of �nding a particle of mass m
in a system with temp erature T in a v elo cit y in terv al [vi ; vi + d vi ] (with i = x; y; z ):
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4.2 In teraction of Radiation and Matter in Lo cal Thermo dynamic Equilibrium (L TE)

P(~v)dvxdvydvz =
�

m
2�k B T

� 3
2

� exp
�

�
m

2kB T
(v2

x + v2
y + v2

z )
�

dvxdvydvz (4.6)

where kB is the Boltzmann constan t. This relation can b e applied to free electrons

as w ell as to hea vier ions.

F or one ionic sp ecies, the o c cup ation r atios nu=nl b et w een t w o discrete energy

lev els separated b y the energy � E are describ ed in thermo dynamic equilibrium b y

Boltzmann's form ula:

nu

nl
=

gu

gl
� e

�
� � E
k B T

�

(4.7)

with the g s b eing the statistical w eigh ts of the resp ectiv e energy lev els. These

are giv en b y the n um b er of p ossibilities to distribute electrons o v er the lev els. This

n um b er for the upp er ( u ) and lo w er ( l ) lev els dep ends on di�eren t quan tum mec han-

ical rules suc h as the P auli principle. The o ccupation with resp ect to all N particles

is giv en b y

nu

N
=

gu e� � E
k B T

Uu(T)
(4.8)

with

Uu(T) =
X

i

gi e� � E
k B T

(4.9)

b eing the p artition function o v er all p ossible states. In principle, there is a in�nite

n um b er of lev els for an atom as lev els can get arbitrarily close to the ionisation

threshold. Ho w ev er, realit y inhibits this since in teraction with particles close-b y lead

to a smearing of the lev els, �cancelling� lev els with high energies. Th us, the sum

b ecomes �nite.

Describing ionisation is a bit more complex as the momen ta of free electron can

in principle adopt arbitrary v alues leading to an in�nite n um b er of p ossibilities and

statistical w eigh ts. Relief comes from the P auli principle limiting the n um b er of

electrons in a phase space v olume h3
( h : Planc k's constan t) to t w o. With that, one

can deriv e the Saha e quation for the o ccupation ratios of di�eren t ionisation stages:

N j +1

N j
=

1
ne

2
�

2�m ekT
h2

� 3=2 Uj +1

Uj
� e

�
�

E j; Ion
k B T

�

(4.10)

where N j is the total n um b er of atoms in the ionisation stage j and E j; Ion the

ionisation energy b et w een the t w o stages. W orth men tioning are the prop ortionalit y

to the electron densit y ne and to T3=2
. De�ning the ionisation degree x

x :=
ne

N
(4.11)
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4 STELLAR MODEL A TMOSPHERES

Figure 4.1: Ionisation degree for h ydrogen ( left ) and helium ( right ) as a function of tem-

p erature for v arious densities. Solving the equations and plotting w as done with MAPLE.

The n um b ers next to the curv es indicate the densit y in cm

� 3
. A densit y of 10

14
cm

� 3
is of

the order of the densit y in the atmospheres of main sequence stars.

with N b eing the n um b er of atoms in all ionisation stages one ma y solv e the Saha

equation using particle n um b er conserv ation and c harge conserv ation as additional

constrain ts. Fig. 4.1 sho ws suc h a simple solution for h ydrogen and helium for v arious

densities if only the ground states are considered. This is a go o d appro ximation

b ecause of the high energies of the �rst lev els ab o v e the ground state.

The ranges of small inclination in the �gure corresp ond to the v arious ionisation

stages. In the righ t part of Fig. 4.1 at the small slop e at x = 1 , all helium atoms

are singly ionised on the aver age . F rom no w on, neutral elemen ts shall b e denoted

with the usual astronomical lab elling suc h as He i while singly ionised sp ecies are

indicated as He i i and so on.

With the ideas and the formalism of excitation (Boltzmann) and ionisation (Saha)

in mind, it is straigh t-forw ard to understand the curv es in Fig. 2.1. Belo w a certain

temp erature, there are not enough h ydrogen atoms with their electron in the �rst

excited state (n=2) as these is the lev el from whic h absorption leads to the observ ed

Balmer lines in the optic al part of the sp ectrum. In case of m uc h higher temp erature,

signi�can t ionisation will tak e place lea ving few absorb ers whic h could cause a line

to form.

Comparing Fig. 2.1 with the curv e for helium (Fig. 4.1, righ t) at a densit y of

10

14
cm

� 3
(t ypical for a stellar atmosphere) rev eals that the maxim um for absorption

for He i and its ionisation to He i i are lo cated at roughly the same temp erature

( � 25 000K). Although some simpli�cations ha v e b een made for Fig. 4.1, this is rea-

sonable as the lines considered for sp ectral classi�cation originate again from excited

lev els of He i lying close the ionisation b order.

These principles are also applicable for hea vier elemen ts than h ydrogen and helium

whic h are all called metals in astronom y . Ho w ev er, metals usually do not ha v e high

excitation energies for their visible sp ectral lines.

The form ulae and discussions so far w ere based on the assumption of thermo dy-

namic equilibrium (TE) implying a Planc k-curv e as sp eci�c in tensit y and a Maxw ell
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4.2 In teraction of Radiation and Matter in Lo cal Thermo dynamic Equilibrium (L TE)

Figure 4.2: Sc hematic represen tation of a L TE ( left ) and a non-L TE ( right ) atmosphere.

L TE is based on the assumption of small isolated v olume elemen ts (blue b o xes) eac h of

them b eing in thermo dynamic equilibrium. A t high temp eratures or/and lo w densities,

photons ma y connect the v arious v olume elemen ts (with di�eren t temp eratures) cancelling

the isolation.

v elo cit y distribution for all particles for a giv en temp erature. Ho w ev er, TE demands a

blac k b o dy with a constan t temp erature throughout a closed system (i.e. no photons

leaking out). As w e ob viously can se e stars as they emit radiation, that assumption

cannot b e true for the system star. This is also easy to accept b ecause of the hot

stellar in terior (p o w ered b y n uclear burning) and the cold outer space.

Help comes from the idea of assuming lo c al thermo dynamic equilibrium (L TE).

In this picture, the star is divided in to man y small v olume elemen ts dV whic h are

eac h � indep enden tly of the others � in thermo dynamic equilibrium. The sp eci�c

in tensit y in this picture is then pro duced from o v erlapping man y Planc k curv es from

v arious v olume elemen ts with di�eren t temp eratures. Figure 4.2 illustrates the idea

of isolated v olume elemen ts and temp erature strati�cation.

Of course, also L TE is only an appro ximation whic h ma y b e less accurate under

certain circumstances when the isolation of the v olume elemen ts is no longer (quite)

v alid. Isolation can b e �brok en� b y photons tra v elling relativ ely large distances in

the stellar atmosphere �connecting� v olume elemen ts of di�eren t temp eratures th us

disturbing the equilibrium (see Fig. 4.2, righ t). This ma y happ en at t w o basic con-

ditions:

� L ow densities . The lo w er the densit y in the stellar atmosphere, the larger the

mean free paths for photons and the easier it is for photons to connect v olume

elemen ts of signi�can tly di�eren t thermo dynamic states. Moreo v er, the lo w er

densities reduces the collision rates of electrons whic h thermalise the plasma.

� High temp er atur e . Because of the high sensitivit y of the photon �ux to the

temp erature ( / T4
), the �ux will rapidly increase with higher temp eratures.

This will mak e it m uc h more probable that photons are able to bridge certain

distances and th us also to disturb the L TE.

As a consequence, e�ects of deviations from L TE ma y b ecome relativ ely imp or-

tan t and need to b e accoun ted for in the hot, lo w-densit y atmospheres of BA-t yp e

sup ergian ts of the presen t w ork.
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4 STELLAR MODEL A TMOSPHERES

4.3 The Generalisation of non-L TE

Dropping the assumption of L TE leads to the more general picture of non-L TE (also

NL TE). While lev el p opulation and ionisation are no longer fully describ ed b y the

Boltzmann and Saha equations, the Maxw ell v elo cit y distribution is still v alid with ki-

netic temp erature T. Boltzmann and Saha equations are th us replaced b y demanding

statistic al e quilibrium

dni

dt
= 0 (4.12)

implying that the o ccupation densities ni of eac h lev el i are time indep enden t.

Expressed in r ate c o e�cients for c ol lisional ly ( Cij ) and r adiatively ( Rij ) induced

transitions from lev els i to j , one arriv es at

X
pro cesses dep opulating i =

X
pro cesses p opulating i (4.13)

ni

X

j 6= i

(Rij + Cij ) =
X

j 6= i

nj (Rj i + Cj i )

Both radiativ e and collisional transitions ma y b e further distinguished in b ound-

b ound (bb) and b ound-free (bf ) transitions. Collisional excitations for bb and bf are

giv en b y

Cij = ne �
Z 1

v0

� ij f (v)vdv (4.14)

where � ij (v) is the collisional cross-section at v elo cit y v , ne the electron densit y

and f (v) the distribution function for the v elo cities. The in tegration starts at v0

b eing the minim um energy threshold for this transition. The do wn w ard rates are

then describ ed b y

Cj i =
n�

i

n�
j

� Cij (4.15)

with the asterisk denoting L TE p opulations. F or the radiativ e bb and bf excita-

tion, one �nds

Rij = 4� �
Z 1

� 0

� ij (� ) �
J�

h�
� d� (4.16)

where � ij is again the atomic cross-section of this transition and J� is the in tegral

of the sp eci�c in tensit y o v er all angles:

J� =
1
2

Z 1

� 1
I � (� )d�: (4.17)

� 0 is the smallest frequency at whic h the transition ma y o ccur. Do wn w ard pro-

cesses are giv en as
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Rj i = 4� �
n�

i

n�
j

�
Z 1

� 0

� ij (� )
�

2� 2

c2
+

J�

h�

�
� exp

�
�

h�
kT

�
dv (4.18)

with the t w o terms in square brac k ets describing sp on taneous and induces emis-

sion, resp ectiv ely . A dditional relev an t pro cesses suc h as free-free pro cesses or auto-

ionisation are discussed in detail in Mihalas (1970 ).

The statistical equilibrium equations for all lev els of an atom ma y then b e solv ed

b y in tro ducing the total n um b er conserv ation as additional constrain t.

4.4 Radiativ e T ransfer

In the non-con v ectiv e atmospheres of BA-t yp e sup ergian ts radiation is transp ort-

ing the energy out w ards. This section o v er r adiative tr ansfer is th us giving a basic

o v erview ab out the resp ectiv e principles.

The ph ysical pro cesses in v olv ed can b e c haracterised as true emission (a photon is

draining kinetic energy from the gas), true absorption (a photon is destro y ed adding

its energy to the thermal energy of the gas) and scattering (frequency and direction

c hange of a photon, hardly an y energy transfer). Scattering includes absorption and

re-emission of photons as w ell as Thomson scattering. T rue absorption comprises for

example ionisation and excitation b y photons follo w ed b y a collision. Rev ersing these

pro cesses pro vide examples for true emission.

Mathematically , an y alteration to the sp eci�c in tensit y I � (see Sect. 2.1.1) along

a distance s can b e the result of absorption with absorption c o e�cient or op acity � �

and emission with emission c o e�cient � � :

dI �

ds
= � � � � � � I � : (4.19)

The absorption leads to a radiativ e acceleration

grad =
1

c� (z)

Z 1

0
� � F� d� : (4.20)

With the sour c e function

S� :=
� �

� �
(4.21)

the r adiative tr ansfer e quation is written as

dI �

ds
= � � (S� � I � ) : (4.22)

Instead of linear distance s one often deals with the optic al depth � :

d� = �dt (4.23)

� (�; t ) =
Z t

t=0
� � (t0)dt0:
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4 STELLAR MODEL A TMOSPHERES

Here, t is a parameter measuring the depth from the surface on in w ards. � is

indicating the distance in units of the mean free path and giv es an idea on ho w

strongly radiation at the resp ectiv e frequency is damp ed. The larger � the smaller the

detectable in tensit y and the more out w ard the depth p oin t from whic h the radiation

�nally escap es in to space (see also Sect. 4.5).

A formal solution of the transfer equation is giv en b y

I � (� 1; � ) = I � (� 2; � ) exp
�

�
� 2 � � 1

�

�
+

Z � 2

� 1

S� exp
�

�
t � � � 1

�

�
dt �

�
(4.24)

where � = cos� . The solution is formal since S� is again a function of I � in the

general case.

The �rst term describ es the sp eci�c in tensit y emitted at a depth � 2 whic h is partly

(exp onen tially) absorb ed un til it reac hes the depth � 1 . The second term accoun ts for

the gain in in tensit y b y reemission at t � (in tegration v ariable ranging from � 2 to

� 1 ) whic h is again partly absorb ed when passing from the depths t � to the depth

� 1 where I � (� 1; � ) is observ ed. A p ossible strategy to solv e the transfer equation is

brie�y explained in Sect. 7.1.

4.5 Sp ectral Line F ormation

Line formation in stellar atmospheres can in principle b e understo o d with the w a v e-

length or frequency dep enden t opacit y � � . A t sp ectral lines, the opacit y is higher

due to the p ossibilit y of transitions and the resulting higher probabilit y for an ab-

sorption of a photon with an appropriate energy . These photons are th us absorb ed

and emitted rep eatedly leading to a random w alk in the stellar atmosphere whereas

a con tin uum photon easily passes the atmosphere. Therefore, the material in the

atmosphere is more opaque at w a v elengths of sp ectral lines reducing the mean free

paths of photons with corresp onding frequencies or w a v elengths.

This implies that line photons originate from outer parts in the atmosphere and

th us � as outer usually means c o oler � from parts with lo w er temp eratures. With

Planc k's la w stating that hotter matter is more luminous one can easily see that

� at sp ectral lines � w e observ e outer, co oler, and less luminous parts in a stellar

atmosphere �nally leading to an absorption pro�le.

F or sp ectral analyses, the sp ectral con tin uum if often normalised (recti�ed) to 1

and sp ectral lines are dips directed do wn w ard to 0. With that, the e quivalent width

of a sp ectral line is de�ned as the area in the normalised sp ectrum b et w een a sp ectral

line and the con tin uum at 1. The equiv alen t width can also b e in terpreted as the

width of a rectangle with that area and depth and is a measure for the strength of a

line.

4.6 Line Broadening Mec hanisms

Sp ectral lines are transitions b et w een discr ete energy lev els of an atom or ion. Sev eral

mec hanisms in stellar atmospheres ma y a�ect the formation and width of (initially

sharp) sp ectral lines yielding the relativ ely broad lines then observ ed in a sp ectrum.
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4.6 Line Broadening Mec hanisms

� Natur al damping . Ev ery energy lev el of an atom � except the ground state �

p ossesses a �nite lifetime

� =
1

P
i<j A j i

(4.25)

where the A ij are the Einstein co e�cien ts for sp on taneous emission from lev el

j to i . With Heisen b erg's uncertain t y principle

� E � � �
h
2�

(4.26)

indicating that the energy lev els cannot b e in�nitely sharp the natural line width

can b e describ ed with a Loren tz pro�le with damping constan t


 =
1
� u

+
1
� l

=
X

k<u

Auk +
X

k<l

Aul (4.27)

where j and i are the lev els in v olv ed in the transition. Loren tz pro�les and

damping constan t 
 are also describ ed in Eqn. 4.4.

� Pr essur e br o adening . Collisions b et w een the radian t atom or ion with other

particle ma y result in pressure broadening. These collisions can b e in terpreted

as disturbances to the phases of the original oscillation leading to a Loren tz

pro�le as pro�le function with damping


 col: =
2
�

/ N (4.28)

where � is the mean time b et w een t w o collisions and N the densit y of col-

liding particles. The pressure broadening ma y also b e in terpreted as (linear

or quadratic) Stark e�ect. The denser the c harged particles, the stronger the

Stark e�ect and the splitting of the lev els. Sup erp ositions o v er man y la y ers in

the atmospheres with di�eren t pressure and th us di�eren t densit y �nally lead

to con tin uous line broadening.

F urther pressure broadening mec hanisms are v an der W aals in teraction b et w een

neutral particles or broadening due to inheren t pressure with the latter b eing

caused b y neutral particles of the same sp ecies. Due to the large abundance of

h ydrogen, in teractions b et w een h ydrogen atoms are the most imp ortan t pro cess

of this kind.

� Thermal Doppler br o adening results from the thermal mo v emen t of the absorb-

ing particles and the Doppler e�ect th us caused. With that, absorption is no

longer restricted to frequencies close to the rest transition frequency but ma y

extend to Doppler-shifted frequencies. As only the line-of-sigh t mo v emen t to

an observ er is imp ortan t, a one-dimensional Maxw ell distribution P(v)dv is

su�cien t:
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P(v)dv =
1

v0
p

�
� exp

�
�

v2

v2
0

�
dv (4.29)

with v as the v elo cit y comp onen t in direction to an observ er and

v0 =

r
2kBT

m
: (4.30)

where m is the mass of the atomic sp ecies under in v estigation. The more atoms

at a certain v elo cit y (in terv al), the stronger the absorption at the resp ectiv e

Doppler-shifted frequency . The resulting absorption line pro�le will th us re�ect

the v elo cit y pro�le to yield the t ypical Gaussian Doppler broadening

' � =
1

p
� � � D

� exp
�

�
� �
� � D

� 2

(4.31)

where � � = � � � 0 ( � 0 is the unshifted natural frequency of the transition) and

� � D the Doppler width of the line,

� � D =
� 0

c
� v0 (4.32)

� Micr oturbulenc e . In h ydrostatic mo del atmospheres as emplo y ed in the presen t

study , an additional parameter c haracterising non-thermal turbulences on small

scales (small relativ e to the mean-free-path photons) is usually necessary for a

consisten t agreemen t b et w een observ ations and theory .

It is assumed that these turbulences also sho w a Gaussian distribution leading

to a mo di�cation of the Doppler width to

� � D =
� 0

c

q
v2

0 + � 2
(4.33)

where � is the v alue referred to as micr oturbulenc e .

All broadening mec hanisms describ ed so far directly a�ect the absorption of the

radiation causing b oth a larger equiv alen t width and a broader line pro�le.

In a star, all these broadening mec hanisms act together. The mathematical treat-

men t of this is a con v olution o v er all pro�le functions where the con v olution of the t w o

Gaussian pro�les (thermal and microturbulen t broadening) leads to another Gaussian

pro�le with quadratic addition of the t ypical widths and the con v olution of the t w o

Loren tzian pro�les leads to another Loren tz pro�le with linear addition of the t ypical

widths. The con v olution of the Gaussian and the Loren tzian pro�le �nally yields a

V oigt pro�le whic h has no analytical expression but has to b e ev aluated b y n umerical

in tegration.
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4.7 Radial V elo cit y , Rotational V elo cit y , and Macroturbulence

The r adial velo city of the whole star in the line of sigh t to w ards an observ er leads to

a Doppler shift of the whole sp ectrum according to

� �
�

=
vr

c
: (4.34)

Moreo v er, the Doppler e�ect is imp ortan t when accoun ting for the r otation of a

star. V arious p oin ts on the stellar surface are th us mo ving to w ards the observ er or

a w a y from him with a distribution of v elo cities. P oin ts close to the rotation axis

mo v e slo wly in the line of sigh t and exp erience a small Doppler shift. A sp ectral line

is therefore smeared, ho w ev er, its equiv alen t width do es not c hange.

Of course, the o v erall e�ect of a certain rotational v elo cit y dep ends on the orien-

tation of the rotation axis with resp ect to the observ er. No e�ects of rotation can for

example b e measured if the axis p oin ts directly to the observ er. Therefore, in most

cases, it is only p ossible to measure the pr oje cte d rotational v elo cit y as vrot sini where

i is the inclination angle b et w een the line of sigh t and the rotation axis.

Another e�ect c hanging the line pro�le but not the equiv alen t width is giv en b y

the macr oturbulenc e . In the macroturbulen t v elo cit y � , one summarises large-scale

(compared to the mean free path of photons), radial-tangen tial mo v emen ts in the

stellar atmosphere.

There is still an ongoing discussion in the literature on the nature of the macro-

turbulence. Con v ection can b e ruled out (in sup ergian ts) due to the radiativ e nature

of the atmosphere in massiv e stars. Lucy (1976 ) suggested non-radial pulsations in

A-t yp e sup ergian ts to b e iden ti�ed with macroturbulence. This idea w as recen tly

supp orted b y A erts et al. (2009 ) who could mimic macroturbulen t-lik e e�ects in line

pro�les based on time series of syn thetic sp ectra whic h w ere calculated for v arious

phases during pulsations.
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5 Structure and Ev olution of Galaxies

In order to understand the role of the Small Magellanic Cloud in the general picture

of the ev olution of dw arf galaxies and to put the results of this w ork in to the con text

an o v erview of the structure and ev olution of galaxies is giv en.

5.1 Basic Galaxy Classi�cation

A basic classi�cation of galaxies w as �rst prop osed b y Hubble in 1926 (with further

impro v emen t later on). Solely based on their morphology (in blue colours), galaxies

are classi�ed according to the so-called Hubble sequence as depicted in Fig. 5.1.

Although this sequence is not a priori an ev olutionary sequence, the galaxy t yp es on

the left are referred to as �early t yp es� and the ones on the righ t as �late t yp es�.

The basic distinction is made b et w een el liptic al galaxies (E) without an y promi-

nen t features suc h as dust bands or brigh t stars and spir al galaxies (S). Both groups

are �connected� b y the lenticular galaxies (S0).

The ellipticals are further classi�ed b y their (apparen t) �atness from E0 to E7

with smaller n um b ers indicating a more circular shap e. The spirals are distinguished

based on the presence (SB) or absence (S) of a bar. They exhibit a cen tral bulge

whic h is structurally similar to an elliptical as w ell as a disc (lik e in an S0 galaxy)

consisting of stars and gas. A further sub-classi�cation is made as S(B)a, S(B)b, and

S(B)c with later t yp es sho wing a smaller cen tral area and a more delicate structure

of the spiral arms. Discs of len ticulars are not structured, i.e. they do not sho w spiral

arms.

In addition to these, systems sho wing no rotational symmetry or spiral arms are

de�ned as irr e gular galaxies (Irr). Both Magellanic Clouds are examples for irregulars.

El liptic al galaxies sho w a brigh tness distribution whic h ma y b e appro ximated

(prett y w ell in most cases) b y form ula of the kind

I (R)
I 0

=
1

(1 + R
Rc

)2
or (5.1)

I (R)
I e

= exp

 

� 7:67

" �
R
Re

� 1
4

� 1

#!

(5.2)

where R is measured along the ma jor axis, I 0 is the cen tral in tensit y , Rc is the

distance from the cen ter where the brigh tness is do wn to 0.25 I 0 , Re is the radius

within whic h half of the luminosit y of the system is emitted and I e is the surface

brigh tness at this p osition. P opulation syn thesis indicates that stars in elliptical

galaxies formed in a narro w time in terv al. They consist mainly of old stars with most

of their ligh t emitted b y red gian ts. The in terstellar medium in ellipticals con tains

v ery little amoun ts of gas or dust whic h w ould b e visible as emissions of H i i regions

or as absorption bands. Although small amoun ts of gas ha v e b een detected in those

galaxies, no notew orth y star formation is going on in these systems.

Ellipticals sho w a colour�luminosit y relation indicating that brigh ter galaxies are

also redder and a decreasing metallicit y with lo w er brigh tness. The statistical mo v e-
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5 STR UCTURE AND EV OLUTION OF GALAXIES

Figure 5.1: Hubble sequence for classi�cation of galaxies. (This image is based on the image

�The Hubble sequence: classi�cation of galaxies� from �de.wikip edia.org� and w as published

under the GNU license for free do cumen tation, author: Ville K oistinen; image w as colour

in v erted for prin ting.)

men t of the stars is more imp ortan t than a large-scale rotation around some axis

whic h means that elliptical galaxies are supp orted b y the pressure of the �star gas�.

Spir al galaxies , in con trast, are mainly shap ed b y an ordered rotation of disk

and bulge. Moreo v er, there is still a considerable amoun t of in terstellar gas presen t

(concen trated in the plane) whic h is compressed and expanded b y densit y w a v es (an

in terpretation of the spiral arms) triggering the formation of new stars. The spiral

arms th us con tain man y y oung/blue stars and are the main sites for the ongoing star

formation in these galaxies. The brigh tness distribution of the galaxy disc describ ed

b y an exp onen tial decline in radial direction

I (R) = I 0 � e� R
R d

(5.3)

where Rd is called the scale length.

The in tensit y of the disc is also declining exp onen tially p erp endicular to the plane

I (z) = I 0 � e� z
zd : (5.4)

The scale heigh t zd dep ends of the t yp e of ob jects ranging from < 100 p c for gas

and dust to more than 1000 p c for the oldest stellar p opulations, the so-called thic k

disc.

The Magellanic Clouds (MCs) are the protot yp es of irr e gular galaxies . There is

still a signi�can t amoun t of gas in the MCs, esp ecially in the SMC where the gas

is distributed in a v ery complex w a y � probably due to the gra vitational in teraction
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of b oth the Large Magellanic Cloud and the Milky W a y . Previous studies found a

metallicit y of � 1/5 solar implying a di�eren t history of star formation and c hemi-

cal enric hmen t than in the Milky W a y (see Sect. 9 for a deep er discussion). Both

Clouds still con tain y oung stars and y oung globular clusters in addition to an older

p opulation.

It is w orth men tioning here that the Hubble classi�cation only pro vides a some-

what limited view on the galaxy classi�cation. The Hubble sequence is limited to

observ ations in the visual while galaxies ma y sho w pronounced di�erences in the UV

(e.g. from star formation) or in the X-ra y (e.g. high energy phenomena in the cen tral

region suc h as activ e galactic n uclei) and the radio (e.g. cold gas in H i regions that

extends m uc h further out as it do es not form stars). Nev ertheless, the Hubble t yp es

are still commonly used and giv e a go o d �rst impression on the o v erall structure.

5.2 Principles of Galactic Ev olution Theory

In order to dev elop a basic understanding of the predictions of galactic ev olution the-

ory , the basic principles b ehind the mo dels shall b e brie�y explained. The (c hemical)

ev olution of a galaxy is closely related to the ev olution of man y generations of its

stars. The star formation history (SFH) is the ev olution with time of the amoun t of

stars (i.e. their total mass) formed � de�ned as the star formation r ate SFR � and

their initial c hemical comp osition � describ ed via the age metal licity r elation AMR.

The star formation history ma y th us b e expressed as

� = �(	( t); �( t)) (5.5)

where 	( t) is the SFR and �( t) the AMR. Of course, the star formation rate and

the age metallicit y relation will a�ect eac h other with ev ery new generation of stars

ejecting their n uclear-pro cessed matter in to the in terstellar medium during sup erno v a

explosions or strong stellar winds in ev olv ed stages.

In order to trace the c hemical ev olution of a galaxy through the c hemical ev olution

of its matter in gas and stars b y means of stellar ev olution theory , w e further need

to kno w the distribution function of stellar masses at birth, the initial mass function

(IMF) describing the n um b er of stars ( dn ) b orn with a mass b et w een M and M +d M :

dn
dM

= CM � x
(5.6)

where C is a normalisation constan t. This relation is kno wn as Salp eter's law with

x = 2:35. Recen t in v estigations (Kroupa 2001 ) con�rm x � 2:35 for M � 0:5M �

whereas for 0:1 � M=M � < 0:5, x seems to b e smaller (around 1.3). An yw a y , the

results imply that star formation fa v ours lo w-mass stars. Moreo v er, the IMF app ears

to b e quite univ ersal (Kroupa 2001 ).

F ollo wing Salaris & Cassisi (2008 ), the ev olution of the total mass M (t) of the

galaxy neglecting p ossible dark matter is then describ ed as
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5 STR UCTURE AND EV OLUTION OF GALAXIES

M (t) = g(t) + s(t) (5.7)

dM (t)
dt

= F (t) � E(t) (5.8)

where g(t) and s(t) are the amoun t of matter in the in terstellar gas or in stars

resp ectiv ely and F (t) and E(t) are the rates of accretion of matter from outside the

system and the ejection of matter out of the system, resp ectiv ely .

With ejection of gas from the stars due to an y p ossible pro cess (winds, explosions

as pro vided b y stellar ev olution mo dels) e(t) the ev olution of the mass in gas and

stars is then

dg(t)
dt

= F (t) � E(t) + e(t) � 	( t) (5.9)

ds(t)
dt

= 	( t) � e(t): (5.10)

The time ev olution of the mass fraction X i (t) of a (non-radioactiv e) elemen t i is

then giv en as

dg(t)X i (t)
dt

= eX i (t) � X i (t)	( t) + X F
i (t)F (t) � X i (t)E(t) (5.11)

where eX i (t) is the total mass of the elemen t i ejected from stars, X i (t)	( t) the

mass lo c k ed in to stars in star formation, X F
i (t)F (t) is the addition of mass from

in�o wing material in to the system and X i (t)E(t) the mass loss due to ejection out of

the system.

Some insigh t in the c hemical ev olution of galaxies can already b e gained b y consid-

ering the `Simple' mo del with instan taneous recycling describ ed b y four assumptions:

(1) The system is isolated allo wing no in�o w or out�o w of matter:

F (t) = E(t) = 0 ! M (t) = M = const: (5.12)

(2) The system starts with all the matter in the gas phase:

g(0) = M (5.13)

(3) The system is w ell mixed at all times implying that the abundances are the

same in the gas as w ell as in newly formed stars

(4) The dela y b et w een the formation of a generation of stars and the injection of

the n uclear pro cessed matter inside the stars in to the in terstellar medium is

negligible (so-called instan taneous recycling). A t least for the sup erno v a t yp e

I I explosions of short-liv ed massiv e stars, this is a go o d appro ximation.
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5.2 Principles of Galactic Ev olution Theory

The yield pi is de�ned as the mass ratio for an elemen t i that is pro duced in a

new generation of stars divided b y the mass that remains lo c k ed up in ob jects suc h as

white dw arfs or neutron stars. 10� 1 � 10� 2
are t ypical v alues for pi whic h is assumed

to b e constan t o v er the man y generations of stars. F urthermore, Z i is de�ned as the

total mass of an elemen t i

Z i = X i � g (5.14)

The c hange in Z i , �Z i when forming a new generation of stars is � due to instan-

taneous recycling appro ximation � giv en b y

�Z i = pi �s � X i �s (5.15)

where �s is the mass lo c k ed up in the stellar remnan ts. This equation accoun ts

for a p ositiv e con tribution due to pro cessed material re-injected in to the in terstellar

medium and a negativ e con tribution from the lo c k ed matter.

The abundance c hange of X i is then

�X i = �
�

Z i

g

�
=

�Z i

g
�

Z i

g2
�g =

1
g

(�Z i � X i �g ) (5.16)

Com bining this with Eqn. 5.15 and the condition for a closed system,

�s = � �g (5.17)

w e �nd

�X i =
1
g

(pi �s � X i �s � X i �g ) = � pi
�g
g

: (5.18)

In tegration assuming a constan t pi yields

X i (t) � X i (0) = pi � ln
�

g(0)
g(t)

�
(5.19)

This leads already to an in teresting consequence. As g(0) is the total mass M
in the Simple mo del, one can see that the mass fraction X i of an elemen t i is in-

creasing with decreasing in terstellar gas. This result is exp ected as the massiv e stars

formed out of the in terstellar medium ev en tually return some enric hed matter in to

the medium while some fraction of the gas mass sta ys lo c k ed up in to lo w-mass ob jects

leading all in all to a decrease of gas. In detail, the yields will highly dep end on stellar

c hemical ev olution (as w ell as on the SFR and AMR).

So far, the discussion w as restricted to whole systems where the quan tities men-

tioned here are in terpreted as mean quan tities o v er the whole system. F or inhomoge-

neous systems (suc h as most galaxies where abundance gradien ts ha v e b een observ ed),

the system can b e divided in to small v olume elemen ts with the equations applied to

these individually . In that case, one m ust also describ e or mak e assumptions to mix-

ing pro cesses. Closed b o x mo dels are in use as w ell as dynamical mo dels allo wing for

mass exc hange b et w een the di�eren t regions.

43



5 STR UCTURE AND EV OLUTION OF GALAXIES

The Simple mo del pro vides a go o d basic understanding is already capable of �

qualitativ ely � explaining basic asp ects observ ed suc h as abundance patterns. Ho w-

ev er, for a go o d quan titativ e description, some assumptions of the Simple mo del

m ust b e dropp ed. In the follo wing, sev eral predictions made b y these mo dels are

presen ted and a w a y to pin do wn the a priori unkno wn SFR and AMR of a system

from observ ations is discussed.

5.3 Examples for Mo del Predictions and Observ ational Constrain ts

5.3.1 Determination of Star F ormation Rates and Age�metallicit y relations (in

the SMC)

A p o w erful w a y to determine the star formation rate and the age�metallicit y relation

for a system (o v er the history of this system) is to observ e a c olour magnitude diagr am

(CMD), similar to the Hertzsprung-Russell diagram as describ ed in Sect. 2.1.2 but

e.g. plotting V v ersus V � I (see Fig. 5.2).

The main idea then is to mo del the observ ed distribution of (man y!) stars in the

CMD based on a set of elemen tary stellar p opulations calculated for v arious ages

t and metallicities Z . Man y linear com binations of suc h p opulations eac h of them

forming a syn thetic CMD are then compared to the observ ation. The parameters �

meaning the time-dep enden t SFRs and AMRs � of the b est �tting com bined syn thetic

p opulation should then represen t the real star formation history of the system.

F or example, from the CMD in Fig. 5.2 it is already clear that there m ust ha v e

b een subsequen t phases of star formation due to presence of b oth ev olv ed red gian ts

and more massiv e y oung stars on the main sequence.

Harris & Zaritsky (2004 ) �nd a quite pronounced ep o c h of star formation during

the earliest phases more than 8.4 Gyr ago follo w ed b y a more quiescen t ep o c h and

then more or less con tin uous star formation from 3 Gyr ago to the presen t. Figure 5.4

indicates that the SMC metallicit y remained quite lo w up to � 3 Gyr ago follo w ed b y

a steady enric hmen t to the presen t-da y v alue of ab out 1/5 solar.

In similar studies, Chiosi & V allenari (2007 ) �nd a lo w rate of star formation

un til 6 Gyr ago and after that t w o main p erio ds of pronounced star formation around

3 � 6 Gyr and around 0.3 � 0.4 Gyr ago. No ël et al. (2009 ) �nd t w o main phases of star

formation throughout the SMC at � 10 Gyr and � 5 Gyr ago as w ell as y oung star

formation in eastern and most cen tral �elds.

5.3.2 Elemen t Ratios in V arious En vironmen ts

Relativ e abundances of the elemen ts ma y b e di�eren t dep ending on the en vironmen t.

Therefore, abundance patterns other than the solar one (e.g. Grev esse & Sauv al 1998 )

ma y arise. F or example, elemen ts primarily pro duced in sup erno v ae t yp e I I explosions

of massiv e stars are supp osed to b e distributed relativ ely early in to the in terstellar

medium due to the fast ev olution of these stars. The ratio of suc h an elemen t with

resp ect to elemen ts whic h are pro duced more slo wly is th us exp ected to v ary with

the age of a system.
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Figure 5.2: Example for colour�magnitude diagrams (CMD) from photometry of � 6 million

stars in the Small Magellanic cloud (from Harris & Zaritsky 2004). The red gian ts (�clump�,

R GB) can b e b etter distinguished at visual and infrared w a v elengths ( V and I ).

F or example, Fig. 5.5 (left) sho ws the S/O ratios with resp ect to o xygen abundance

for v arious Galactic and extragalactic H i i regions. The results are consisten t with

yield ratios whic h are constan t (and solar) with resp ect to c hanging O abundance and

th us also with resp ect to the age of the system. This indicates that the formation

of o xygen and sulfur is connected. In con trast, Fig. 5.5 (righ t) implies that the C/O

ratio v aries with metallicit y whic h is lik ely due to strong mass-loss from high- and

in termediate-mass stars.

The abundances of all (/most) metals increase with the age of a system through

more and more generations of stars whic h eject their n uclear pro cessed material en-

ric hed with metals in to the galaxy . Th us, man y elemen ts are suitable in order to

serv e as a �clo c k� for measuring the age of the system. Ho w ev er, also due to the go o d

observ abilit y of iron (lines), iron is mostly used to parameterise the age of a system

or of parts of that system.
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Figure 5.3: Star formation

rate as a function of time as

deduced from �tting com bi-

nations of CMDs of syn thetic

p opulations for v arious times

and metallicities to the obser-

v ation in Fig. 5.2 (from Harris

& Zaritsky 2004 ). The �gure

sho ws t w o time in terv als for

b etter presen tation. The time

axis runs from small to large

ages of the system where an

age zero corresp onds to stars

curren tly forming.

Figure 5.4: Age�metallicit y

relation as a function of time

as deduced from �tting com bi-

nations of CMDs of syn thetic

p opulations for v arious times

and metallicities to the obser-

v ation in Fig. 5.2 (from Har-

ris & Zaritsky 2004 ). The

deriv ed AMR is sho wn b y

the small p oin ts connected

straigh t lines. Ov erplotted

are observ ational results from

star clusters and other ob-

jects, see Harris & Zarit-

sky (2004 ) for a detailed

discussion.
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Figure 5.5: L eft : S/O ratio vs O/H in Galactic and extragalactic H i i regions (from

P agel 1997 , see P agel 1992 ). R ight : C/O ratio vs O/H in Galactic and extragalactic H i i

regions (from P agel 1997 , see Garnett et al. 1995 ).

Figure 5.6 sho ws suc h a plot of abundances from m ultiple elemen ts (o xygen and

� -elemen ts) with resp ect to the iron abundance whic h is then in terpreted as a kind of

time axis (with mo del �ts, from P agel 1995 ). The results imply that for a y oung sys-

tem or for parts of the system whic h formed early (lo w [F e/H] v alues) the elemen tal

abundance is quite constan t. F rom [F e/H] & � 1 on, the abundances (from observ a-

tions and from the mo dels) relativ e to iron start to decrease � rather factitious in the

�t due to the relativ ely simple mo dels. This b eha viour is explained b y the signi�can t

iron con tribution from SNIa whic h app ear relativ ely late in the history of the system

(at high [F e/H]) due to an dela y b y the ev olution time of their progenitor stars.

In principle, the shap e of the theoretical curv es of [X/F e] vs [F e/H] as in Fig. 5.6

ma y giv e some go o d indications on the star formation history of the system as illus-

trated in Fig. 5.7. Supp ose the star formation happ ened relativ ely fast compared to

the solar neigh b ourho o d (denoted S.N. in the �gure) as it ma y b e the case in the

cen tral bulge of the Milky W a y this means that there is a lot of con tribution of metal

enric hmen t from the massiv e stars b efore the lo w-mass stars ma y inject the quite

strongly iron-enric hed material in SNIa explosions. Therefore, the [F e/O] sta ys high

ev en at high [F e/H]. In con trast, if star formation happ ens on m uc h longer timescales

or if the star formation is concen trated in bursts giving the lo w-mass stars more time

to ev olv e and con tribute to the metal (iron) con ten t, the [X/F e] is decreased earlier.

This ma y apply to the Magellanic Clouds as indicated.

Ho w ev er, the abundances deriv ed from observ ations are usually not precise enough

in order to constrain the SFH. Moreo v er, the shap e of suc h curv es ma y also b e in�u-

enced b y matter ejected from the system in galactic winds or in�o w from outside the

system. F or the Magellanic Clouds, stripping of material through the tidal in teraction

with eac h other and with the Milky W a y ma y lead to suc h e�ects.

5.3.3 Abundance Gradien ts

Equation 5.19 from the Simple mo del predicts another in teresting feature when it is

applied lo cally to v arious divisions of a system/galaxy in to small v olume elemen ts.
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Figure 5.6:

Fits of

elemen t-to-

iron ratios

in the Milky

W a y from

P agel (1995 ).

The ob-

serv ational

p oin ts come

from v arious

sources as

indicated

therein. The

metal-w eak

ob jects (with

small [F e/H]

v alues) are

mostly lo-

cated in

the Galactic

thic k disc.

Figure 5.7: Predicted

[O/F e] vs [F e/H] rela-

tions in di�eren t en viron-

men ts (from P agel 1997 ,

see Matteucci 1991 ). The

horizon tal line stands for

solar [O/F e].
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Figure 5.8: Galactic abundance gradien ts for O, Mg, Si, S, Ca, Ti, Mn, Co, Ni, and F e (from

Cescutti et al. 2007). The lines sho w predictions from their Milky W a y ev olution mo dels

while the p oin ts represen t observ ations compiled from a large n um b er of ob jects from v arious

sources (including Cepheids, OB stars, red gian ts, and op en clusters; see Cescutti et al. 2007

and references therein for further information).

F or higher (lo cal) gas masses g(0) and th us densities one exp ects a higher star for-

mation rate consuming the gas faster (smaller g(t) ) and th us a higher yield of metal

abundances through fusion pro cesses in stars. Therefore, when applied to galaxies,

this means that in the denser parts of a galaxy whic h lie usually closer to the cen ter

the metal abundance should also b e higher resulting in abundanc e gr adients . Suc h a

b eha viour of decreasing metal abundances with increasing distance from the galactic

cen ter is observ ed in man y galaxies � mainly in (the discs) of spiral galaxies as our

o wn Milky W a y .

A nice comparison of galactic ev olution theory with a large n um b er of observ ations

for the Milky W a y w as made b y Cescutti et al. (2007 ) as sho wn in Fig. 5.8. They

deriv e gradien ts of � 0.05 dex/kp c quite consisten tly for all elemen ts (ranges from

4 to 14 kp c considered). Ho w ev er, there is still discussion in the literature on the

strengths of these gradien ts and a p ossible dep endence on the considered sp ecies and

on time.

Theories describing these abundance patterns and the o v erall structure of the

Milky W a y (consisting of a cen tral bulge, a spherical halo, as w ell as of a thin and

a thic k disc) usually ha v e to include sev eral asp ects suc h as in�o w from outside

the Galaxy as w ell as the assimilation of dw arf galaxies b y the Milky W a y in order

to explain the observ ations. Ho w ev er, new mo dels b y Sc hönric h & Binney (2008 )

agree with the observ ations without large con tributions from these e�ects. They sug-

gest instead that radial mixing pla ys an imp ortan t role in galacto c hemical ev olution

through �blurring� (radial migration) and �c h urning� (place c hange without mo ving

to eccen tric orbits).
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6 Observ ational Data

This section giv es an o v erview of the c haracteristics of the targets studied in the

presen t w ork and the parameters of the corresp onding observ ations made in order to

obtain the high-qualit y sp ectra. These form the basis for the detailed quan titativ e

sp ectral analysis (Sect. 7). The second part of the curren t section will summarise the

steps necessary in order to con v ert the ra w data in to a form suitable for analyses (the

so-called data reduction).

6.1 Ov erview of the Sample

Thirt y-eigh t sup ergian ts of sp ectral t yp es B and A (BA sup ergian ts) could b e in v es-

tigated in this analysis. The sample stars w ere mainly selected based on the SMC

star catalogue of Azzopardi & Vigneau (1982 ). The targets w ere selected from those

ob jects whic h w ere assigned sp ectral t yp es of B5 to A5 and a luminosit y class of

I. F urthermore, only stars with apparen t visual magnitudes V brigh ter than 13.0

w ere considered as the planned in v estigations required high-qualit y data whic h again

demand enough �ux from eac h ob ject.

The observ ational data for the quan titativ e analysis are high-resolution sp ectra

from the Fib er-fed Extended Range Optical Sp ectrograph (FER OS, Kaufer 1999 )

with a resolving p o w er of R = �= � � � 48 000 allo wing for precise in v estigations of

sp ectral line pro�les. Moreo v er, the sp ectra co v er a w a v elength range of � 3500�
9200Å whic h mak es it p ossible to study a large n um b er of sp ectral lines of man y

(ionic) sp ecies.

Fifteen targets w ere observ ed in 1999 when FER OS w as attac hed to the 1.52m-

telescop e and 23 in 2006 at the 2.2m-telescop e, b oth in La Silla. The acquisition

of the 1999 data w as planned and carried out b y N. Przybilla. In order to do the

quan titativ e analysis at the in tended accuracy , a signal-to-noise ratio (S/N) of � 100
throughout most of the sp ectral range is necessary and th us exp osure times of & 1 h.

The fain ter targets w ere th us observ ed with longer exp osure times. F or the fain ter

targets observ ed in 2006, this required m ultiple observ ations as eac h observ ation w as

limited b y ESO to � 1 h. Stars observ ed in 1999 could b e handled in one run as the

one hour limit did not apply then and as these stars are generally brigh ter than the

ones observ ed in 2006.

The lo cation of the targets in the plane of the sky within the SMC is illustrated

b y Figs. 6.1 and 6.2. Where a v ailable, star designations as giv en b y Azzopardi &

Vigneau (1982 ) are emplo y ed.

Figure 6.1 nicely sho ws the relativ e p ositions of the targets within the SMC b y

comparing the plotted co ordinates (lo w er part) with a photograph (upp er part) of an

almost iden tical sector in the sky . Three targets (SK194, SK196, and SK202) are to o

far east w ard (left, at higher righ t ascension � ) for the displa y ed range.

Figure 6.2 presen ts al l the targets, and this time in a more space-sa ving manner.

The four ob jects further in the SMC wing are sho wn in an inset in to the plot of the

main SMC region. F rom no w on, Fig. 6.2 will b e the standard frame for plotting the

sample stars with resp ect to their p osition in the sky .
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Figure 6.1: Upp er p anel : Photograph of the Small Magellanic Cloud b y Stéphane Guisard

(as tak en from �h ttp://ap o d.nasa.go v/ap o d/ap071001.h tml�), rotated b y 180

�
. The so-

called SMC wing extends (up) left to w ards the direction of the LMC. The brigh t spherical

ob jects up and righ t are NGC 362 and NGC 104 (= 47 T uc) resp ectiv ely � t w o globular

clusters still lying in our o wn Galaxy in fron t of the SMC. L ower p anel : Lo cation of (most)

stars of our sample according to their J2000 co ordinates. The range w as c hosen so that it

coincides b est with the photograph, ho w ev er, there is a sligh t w arp b et w een the �gures due

to � 6= 0 . F our stars lying further in the SMC wing (larger � ) are missing in this frame.

The cross denotes the cen ter of the SMC as inferred from the Sim bad database at CDS.
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6.1 Ov erview of the Sample

Figure 6.2: Similar to Fig. 6.1, lo w er panel. The co ordinate ranges w ere mo di�ed and

an additional sub-frame sho ws the three sup ergian ts omitted in Fig. 6.1. This will b e the

standard co ordinate frame when further stellar quan tities are plotted with resp ect to the

lo cation of the stars in the SMC.

T able 6.1 summarises basic c haracteristics of the sample stars suc h as sp ectral t yp e

as w ell as observ ed magnitudes and colours. Moreo v er, it giv es a detailed o v erview

of the underlying observ ational material of eac h target suc h as the date of the obser-

v ation, the resp ectiv e exp osure time (Exp. T.), the S/N, and the radial v elo cit y vrad

(see also Sect. 6.2). If more than one observ ation with FER OS w as required in order

to meet the desired S/N (in the 2006 data), m ultiple en tries in the date, exp osure

time, and S/N column are giv en. In this case, the S/N ratio refers to the sp ectrum

of the individual observ ation. A t the end of the data reduction of the single sp ectra

they can b e com bined to one �nal sp ectrum with th us increased S/N.
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T able 6.1: Observ ational summary of the sample stars. Co ordinates are adopted from the Sim bad database at CDS. The

sources for photometry and sp ectral classi�cation are giv en: (1) Massey (2002 ), (2) Ardeb erg & Maurice (1977 ), (3) Arde-

b erg (1980 ), (4) Udalski et al. (1998 ), (5) Lee et al. (2005 ), (6) Azzopardi et al. (1975 ), (7) Azzopardi (1981 ), (8) Sand-

uleak (1968 ), (9) Humphreys (1983 ). Most of the photometry sources emplo y photo electric measuremen ts. Only (1) and (4)

use CCD photometry . Explanation of notes: PI = pressure in v ersion in the �nal mo del (see Sect. 7.1), LBV = star is a kno wn

luminous blue v ariable.

Ob ject � (J2000) � (J2000) Sp.T. V B � V # Date(s) Exp. S/N vrad Phot. Note

(Src.) � � obs. (dd.mm.jjjj) T. (s) km s

� 1

Src.

A V2 00:43:11.6347 -73:23:10.814 B6Iae 11.99 0.04 2 08.09.2006 2350 66 99 (2)

(2) � 0.01 � 0.00 08.09.2006 2350 66

A V20 00:47:29.21 -73:01:37.4 B8Ia 12.12 0.29 2 08.09.2006 2350 63 163 (3)

(7) � 0.01 � 0.01 08.09.2006 2350 48

A V22 00:47:38.75 -73:07:48.4 B2Ia 12.225 -0.015 2 09.09.2006 2550 69 140 (4)

(7) � 0.025 � 0.039 09.09.2006 2550 64

A V56 00:49:51.27 -72:55:45.2 B2Ia 11.15 0.00 1 20.11.1999 3400 105 140 (2)

(2) � 0.01 � 0.00

A V76 00:50:31.5815 -73:28:42.583 A0Ia 11.19 0.10 1 17.11.1999 4000 86 170 (2)

(2) � 0.01 � 0.00

A V98 00:51:24.5977 -72:22:58.592 B9Ia 11.45 0.06 1 09.09.2006 3180 90 163 (2)

(2) � 0.01 � 0.00

A V105 00:51:41.24 -72:28:06.7 A0Iab 12.22 0.04 2 10.09.2006 2650 70 159 (3)

(7) � 0.01 � 0.01 10.09.2006 2650 71

A V110 00:51:51.986 -72:44:13.57 A0Ia 12.08 0.07 3 01.10.2006 2400 60 152 (3)

(7) � 0.01 � 0.01 22.09.2006 2400 52

01.10.2006 2400 60

A V136 00:52:51.2374 -73:06:53.632 A0Ia 10.97 0.13 1 16.11.1999 2800 106 146 (2)

(2) � 0.01 � 0.00

SK56 00:53:04.8879 -72:38:00.150 B8.5Ia 10.87 0.04 1 20.11.1999 2700 86 148 (2)

(2) � 0.01 � 0.01
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T able 6.1: Observ ational summary of the sample stars ( c ontinue d ).

Ob ject � (J2000) � (J2000) Sp.T. V B � V # Date(s) Exp. S/N vrad Phot. Note

(Src.) � � obs. (dd.mm.jjjj) T. (s) km s

� 1

Src.

A V151 00:53:59.38 -72:45:59.5 B5Ia 12.26 -0.02 2 01.10.2006 2650 54 117 (1)

(7) � 0.01 � 0.01 01.10.2006 2650 63

A V152 00:54:03.21 -72:31:44.7 A3Iab 11.86 0.17 2 24.09.2006 2110 92 140 (2) PI

(2) � 0.01 � 0.01 24.09.2006 2110 86

A V200 00:58:07.90 -72:38:30.5 OB 12.17 0.07 2 01.10.2006 2300 47 177 (2)

(8) � 0.01 � 0.01 01.10.2006 2300 51

A V205 00:58:23.26 -72:21:34.9 A2Ia 12.32 0.12 2 02.10.2006 2650 59 169 (1)

(7) � 0.01 � 0.01 02.10.2006 2650 67

A V211 00:58:41.2226 -72:26:15.548 A0Ia 11.52 0.10 1 18.11.1999 5000 99 174 (2)

(2) � 0.01 � 0.00

A V254 01:00:40.756 -71:32:30.28 A3Ia 11.62 0.14 4 10.09.2006 2100 37 174 (2) PI

(2) � 0.01 � 0.00 10.09.2006 2100 75

10.09.2006 2100 77

10.09.2006 2100 88

A V269 01:01:15.65 -72:32:36.9 A1Ia 11.41 0.13 1 19.11.2006 4500 90 153 (2) PI

(2) � 0.01 � 0.00

A V270 01:01:17.0034 -72:17:31.135 A0Ia 11.42 0.03 1 17.11.1999 4800 87 117 (2)

(2) � 0.01 � 0.01

A V273 01:01:27.43 -72:07:06.1 A1Ib 12.16 0.07 2 03.10.2006 2550 71 118 (2)

(7) � 0.01 � 0.01 03.10.2006 2550 87

A V297 01:02:09.80 -72:00:23.3 B7Ia 12.10 -0.03 2 11.09.2006 2550 58 169 (1)

(7) � 0.00 � 0.00 11.09.2006 2550 69

A V298 01:02:12.23 -72:02:51.7 A0Iab 12.47 0.03 4 13.09.2006 3050 41 156 (1)

(7) � 0.01 � 0.01 05.10.2006 3050 49

13.09.2006 3050 30

05.10.2006 3050 51
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T able 6.1: Observ ational summary of the sample stars ( c ontinue d ).

Ob ject � (J2000) � (J2000) Sp.T. V B � V # Date(s) Exp. S/N vrad Phot. Note

(Src.) � � obs. (dd.mm.jjjj) T. (s) km s

� 1

Src.

A V315 01:02:49.6050 -72:10:14.443 B9Ia 10.90 0.06 1 17.11.1999 3000 68 151 (2)

(2) � 0.01 � 0.00

A V338 01:03:43.05 -72:15:29.9 A0Iab 12.54 0.03 2 05.10.2006 3050 49 159 (1)

(2) � 0.00 � 0.00 05.10.2006 3050 48

A V347 01:04:12.2636 -71:52:03.279 A0Ia 12.13 0.00 2 05.10.2006 2500 68 149 (2)

(7) � 0.01 � 0.01 05.10.2006 2500 57

A V362 01:04:49.351 -72:06:21.79 B3Ia 11.36 -0.02 1 20.11.1999 4900 112 198 (2)

(2) � 0.01 � 0.00

A V367 01:04:52.908 -72:08:36.71 B7Ia 11.22 0.07 1 16.11.1999 3800 100 192 (2)

(2) � 0.01 � 0.01

A V382 01:05:27.4813 -72:48:15.007 B8Ia 11.41 0.06 1 18.11.1999 4600 84 156 (2)

(2) � 0.01 � 0.01

A V392 01:05:57.941 -71:19:13.62 A3Ib 12.57 0.03 3 11.09.2006 3050 56 184 (6)

(7) � 0.01 � 0.01 11.09.2006 3050 51

11.09.2006 3050 60

A V399 01:06:08.96 -72:24:08.9 B7Ib 12.33 0.01 2 05.10.2006 2850 55 141 (1)

(7) � 0.01 � 0.01 05.10.2006 2850 52

A V415 01:07:18.2179 -72:28:03.658 B9Iae 10.52 0.10 1 18.11.1999 2000 97 171 (2) LBV

(2) � 0.00 � 0.00 PI

A V442 01:08:56.854 -73:02:34.25 A3Ia 11.35 0.13 1 19.11.1999 4200 77 191 (2) PI

(2) � 0.01 � 0.01

A V443 01:09:03.9511 -72:32:17.649 B3Ia 10.97 -0.06 1 20.11.1999 3200 87 247 (2)

(2) � 0.01 � 0.00
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T able 6.1: Observ ational summary of the sample stars ( c ontinue d ).

Ob ject � (J2000) � (J2000) Sp.T. V B � V # Date(s) Exp. S/N vrad Phot. Note

(Src.) � � obs. (dd.mm.jjjj) T. (s) km s

� 1

Src.

A V463 01:11:43.20 -72:07:27.6 A2Ib 12.10 0.09 4 13.09.2006 2600 38 164 (1)

� 0.00 � 0.00 05.10.2006 2600 56

13.09.2006 2600 25

05.10.2006 2600 47

A V478 01:14:21.6445 -73:12:44.805 A0Ia 11.54 0.10 1 16.11.1999 5000 91 175 (2) PI

(2) � 0.01 � 0.01

A V504 01:21:48.2352 -72:45:59.034 B9Ia 11.91 -0.03 2 09.09.2006 2100 77 145 (2)

(2) � 0.01 � 0.01 09.09.2006 2100 86

SK194 01:45:03.828 -74:31:32.49 B9Ia 11.74 0.02 1 01.09.2006 3195 81 172 (2)

(2) � 0.01 � 0.01

SK196 01:49:12.573 -74:00:37.060 B8Ia 12.04 -0.02 3 12.09.2006 2400 58 178 (2)

(2) � 0.01 � 0.01 11.09.2006 2400 52

12.09.2006 2400 69

SK202 01:53:03 -73:55.5 B5I 12.32 -0.09 5 02.10.2006 2750 56 163 (2)

(9) � 0.01 � 0.01 10.10.2006 2750 45

12.09.2006 2750 55

02.10.2006 2750 60

10.10.2006 2750 39
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Figure 6.3: Example of a ra w

sp ectrum from the FER OS

sp ectrograph as emplo y ed in

this study . The (sligh tly

curv ed) horizon tal di�raction

orders are clearly visible.

Dark er regions within these

orders indicate sp ectral lines.

Brigh t sp ots allo v er the CCD

(mostly) corresp ond to im-

pacts of cosmic ra ys.

6.2 Data Reduction

The stellar sp ectrum directly obtained from the instrumen t, the so-called ra w data,

needs to b e further pro cessed b efore a quan titativ e analysis. The exact steps of

this data r e duction v ary from instrumen t to instrumen t. This section shall giv e an

o v erview of the t ypical steps applied in the reduction of an Ec helle sp ectrum as

pro vided b y the FER OS sp ectrograph.

Classical sp ectrographs separate the w a v elengths in one dimension. Therefore,

the co v ered w a v elength range or the resolution of the sp ectrum are strongly limited

b y the size of the CCD c hip whic h �nally detects the ligh t. Moreo v er, the full area

of the CCD c hip is used rather ine�cien tly . An Ec helle sp ectrograph pro vides an

impro v emen t in these resp ects. Its grating pro duces a highly disp ersed sp ectrum

in high and o v erlapping di�raction orders. Eac h order con tains a small part of the

whole sp ectrum (e.g. some 180 Å at a total co v erage from � 3500 to 9200 Å in the

case of FER OS). The o v erlapping di�raction orders are separated b y an additional

disp ersion elemen t p erp endicular to the distribution of the �rst grating. In this w a y ,

a �t w o-dimensional� sp ectrum is pro duced.

Figure 6.3 sho ws an example of suc h a 2-D FER OS sp ectrum. The brigh t (and

sligh tly curv ed) lines are the v arious di�raction orders placed in this w a y b y the second

disp ersion elemen t. Sev eral dark er sp ots in these orders indicate sp ectral lines. Due

to the construction of the instrumen t the in tensit y v aries b et w een di�eren t orders

and also within one order.

With this quite complex setup, Ec helle sp ectrographs are able to o�er b oth high-

resolution and large w a v elength co v erage while e�cien tly using the CCD area and

th us the limited observ ation time. The high resolution and large w a v elength co v erage

are a prerequisite for comprehensiv e and precise quan titativ e analyses of e.g. c hemical

abundances in stars. Ho w ev er, Ec helle sp ectrographs usually imply a more complex

data reduction than simple longslit sp ectrographs. The individual steps are brie�y

discussed in the follo wing.

� Bias. Con v erting the generated c harges in the CCD to an electronic signal

in tro duces systematic e�ects caused b y the detector electronics. In order to

remo v e this bias signal, a zero-seconds-exp osure is read out from the c hip and

subtracted from the observ ation.

58



6.2 Data Reduction

� Dark curr ent. Thermal excitation creates c harges in the CCD whic h are then

of course not the result of an illumination of star ligh t. This e�ect ma y b e

accoun ted for with images without ligh t exp osure. The dark curren t can also

b e reduced b y co oling the detector whic h is done in the case of FER OS (to

ab out � 110�
C). Moreo v er, in case of relativ ely brigh t targets suc h as the SMC

sup ergian ts of the presen t w ork, the dark curren t is negligible. Therefore, dark

exp osures are not pro duced for FER OS ev ery da y if not explicitly demanded.

Comparing reduced sp ectra with and without dark correction rev ealed indeed no

measurable di�erence for a selection of stars. Th us, dark curren t w as neglected

in the data reduction.

� Flat �eld. Eac h CCD pixel is supp osed to sho w a (sligh tly) di�eren t quan tum

e�ciency and th us a di�eren t sensitivit y . Illuminating the detector with a uni-

form source with a con tin uous sp ectrum (suc h as a halogen lamp) � so-called

�at �eld exp osures � ma y accoun t for that. Moreo v er, �at �eld exp osures can

b e used to determine the lo cation of the v arious di�raction orders on the CCD

and to correct for the Blaze function � an in tensit y distribution caused b y the

sp ectrograph. Flat �eld exp osures can b e made b y illuminating the dome or

with an in ternal lamp pro ducing a con tin uous sp ectral energy distribution. Flat

�elds emplo y ed in this w ork all come from an in ternal lamp.

� Or der dete ction and extr action. So-called guess �les whic h are indicating the

lo cation of the 39 di�raction orders on the CCD c hip are pro vided for FER OS b y

ESO. The �ux within these de�ned ranges is then summed up p erp endicular to

the direction of an order and con v erted to a one-dimensional sp ectrum. During

this pro cess, it is p ossible to correct for cosmics, brigh t sp ots (v ery few pixels

wide) on the image due to the impact of cosmic ra ys. Moreo v er, the pixels

b et w een the orders can b e used to subtract bac kground con tributions.

� W avelength c alibr ation. The ra w observ ation pro vides only information o v er

the in tensit y with resp ect to pixel p osition. In order to assign the w a v elength

information to the p osition on the CCD, a sp ectrum of a sp ecial lamp with

w ell-de�ned sp ectral lines is used (in case of FER OS lamps with Th, Ar, and

Ne).

� Mer ging. The 39 one-dimensional parts of the sp ectrum (from the 39 di�rac-

tion orders) are com bined to one single sp ectrum co v ering the whole w a v elength

range. Most orders partly o v erlap, only at longer w a v elengths there are w a v e-

length ranges not co v ered at � 8530 and at � 8860 Å .

� Normalisation. Comparing absolute �uxes is di�cult for Ec helle sp ectrographs

due to loss of in tensit y at the slit (where ligh t en ters a sp ectrograph) and its

rather complex setup. Th us, only the relativ e �uxes shall b e of in terest in the

presen t w ork and the observ ed sp ectral con tin uum (the sp ectral ranges without

absorption lines) is also normalised to one. This w as done b y man ually �tting

lo w-order p olynomials (step b y step) to ranges of ab out 150 Å in the reduced

(as describ ed so far) and merged sp ectrum.
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Figure 6.4: Examples for reduced (including normalisation) sp ectra for stars with di�eren t

sp ectral t yp es. No v ariations with the luminosit y class are plotted as most stars are of the

same luminosit y class Ia or Iab. V ertical lines along the b ottom mark sp ectral lines visible

(dep ending on the sp ectral t yp e). Short lines denote Ti i i lines. One can nicely see ho w

h ydrogen and most metal lines are getting w eak er to w ards higher temp eratures or earlier

sp ectral t yp es while the strength of the helium line(s) increases. The sp ectra are v ertically

shifted b y 0.5 relativ e to eac h other.

� A ver aging. In case m ultiple sp ectra w ere obtained from the same ob ject an

a v eraging to one sp ectrum w as p erformed. The individual (normalised) sp ectra

w ere w eigh ted with their squared S/N implying a higher con tribution of the

�b etter� sp ectrum. This step leads to a higher S/N of the com bined sp ectrum.

The S/N w as calculated as the 1 � scatter of the normalised observ ed con tin uum

around the mean v alue (=1) in a w a v elength range dev oid of sp ectral lines,

t ypically � 4725� 4730Å .

� R adial velo city c orr e ction. The observ ed sp ectrum is generally shifted in w a v e-

length due to the radial v elo cit y of the star (Doppler e�ect). A cross correlation

of the observ ation with a syn thetic sp ectrum calculated at rest w a v elengths is

used to correct for this. The Balmer lines of h ydrogen in the BA sup ergian ts

of this w ork should b e a v oided for this comparison as they are v ery lik ely in�u-

enced b y the stellar wind, pro ducing asymmetric line pro�les unreliable for this

purp ose.

The data reduction w as p erformed with the FER OS en vironmen t within the MI-

D AS pac k age. This pip eline is pro vided b y ESO and allo ws almost automatic cos-

mics correction, subtraction of bias curren t, �at�elding, w a v elength calibration with
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barycen tric correction and merging of the Ec helle orders. After that, the sp ectra w ere

man ually normalised, a v eraged, and corrected for the radial v elo cit y . In addition, the

�nal observ ed sp ectrum could b e a v eraged o v er three w a v elength p oin ts as the reso-

lution of the CCD detector w as b etter than the sp ectral resolution pro vided b y the

disp ersiv e elemen ts. This impro v es the S/N further.

Examples for the th us obtained observ ed sp ectra are sho wn in Fig. 6.4. Sev eral

sp ectra of SMC BA sup ergian ts are plotted for stars with v arious sp ectral t yp es.
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Basic atmospheric parameters suc h as e�ectiv e temp erature Te� , surface gra vit y logg,

microturbulen t v elo cit y � , helium abundance n(He) ( = NHe=(NH + NHe) ) as w ell as

pro jected rotational v elo cit y v sini , macroturbulen t v elo cit y � , and stellar abundances

are deriv ed b y comparing observ ed and syn thetic sp ectra. This section in tro duces the

metho d for calculating the syn thetic sp ectra (the basic assumptions are discussed in

Sect 4) as w ell as the sp ectral analysis strategy with whic h parameters are deriv ed

from observ ed sp ectra.

7.1 Mo del A tmospheres and Syn thetic Sp ectra Using a Hybrid non-L TE

Approac h

As explained at the end of Sect. 4.3, deviations from the L TE approac h ha v e to b e

accoun ted for in order to reduce systematic errors. Ho w ev er, the temp erature-pressure

strati�cation is often only little a�ected b y deviations from L TE. This allo ws to use a

so-called h ybrid non-L TE approac h, as illustrated in detail b y Przybilla et al. (2006 ).

In this approac h, it is assumed that the atmospheric structure is w ell describ ed in

L TE and only the line formation as w ell as the radiativ e transfer need sp ecial non-

L TE treatmen t. This has b een sho wn to b e a go o d appro ximation for BA sup ergian ts

and k eeps the computational e�ort at a mo dest lev el.

Figure 7.1 pro vides an o v erview (of the non-L TE part) of the pro cedure to compute

a syn thetic sp ectrum. The �rst step in this approac h is to calculate the atmospheric

structure, a so-called mo del atmosphere, in L TE. This is done with the A TLAS9

routine dev elop ed b y Kurucz (1993 ), in the v ersion of M. Lemk e as obtained from the

CCP7 library (h ttp://ccp7.dur.ac.uk/). F urther mo di�cations (Przybilla et al. 2001b )

allo w ed to o v ercome mo del con v ergence problems close to the Eddington limit, whic h

turns out to b e crucial in the case of the sup ergian ts.

The A TLAS9 input consists of the atmospheric parameters e�ectiv e temp erature

Te� , surface gra vit y logg, microturbulen t v elo cit y � , helium abundance n(He), and the

o v erall metallicit y [M=H ]. Moreo v er, A TLAS9 needs so-called opacit y distribution

functions (ODF s). ODF s include tabulated opacities. They are an e�cien t metho d

in order to accoun t for the line-blanketing in a stellar atmosphere: the restriction of

the photon �ux due to absorption lines leads to a steep er temp erature gradien t with

bac kw arming and surface co oling. F urthermore, the strong absorption of photons

in the UV range due to strong sp ectral lines leads to a re-distribution of photons

to w ards higher w a v elengths a�ecting the o v erall sp ectral energy distribution. The

ODF s emplo y ed in this w ork b y Kurucz (1992 ) w ere calculated and tabulated for

v arious metallicities and microturbulences. Higher metallicities imply an enhanced

con tribution of the n umerous metal lines to the opacit y . Higher microturbulence also

strengthens the line blank eting e�ect b ecause the sp ectral features b ecome stronger.

Of course, the ODF should b e consisten t with the �nal abundances and microturbu-

lences deriv ed for the stellar atmosphere.

The L TE mo del atmosphere computed with A TLAS9 pro vides then the distri-

butions of e.g. temp erature and pressure with depth. In order to k eep the h ybrid

non-L TE approac h justi�ed, the mo del atmosphere m ust b e calculated do wn to depth
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Figure 7.1: Illustration of the non-L TE calculations with DET AIL and SURF A CE.

p oin ts deep enough so that the radiation �eld is w ell describ ed in L TE. Here, the

mo del atmospheres extend to a v alue of � ROSS (Rosseland optical depth) of � 180,

whic h is su�cien t.

Another crucial input for the non-L TE calculations are v arious sets of atomic data.

This includes information on excitation energies and statistical w eigh ts for all relev an t

ionisation stages as w ell as oscillator strengths and cross sections for ionisation and

excitation b y photons and collisions. Although v ast amoun ts of atomic data are

required for the non-L TE mo delling, one migh t exp ect that all necessary information

is a v ailable b ecause atomic ph ysics is a mature �eld of researc h and w ell understo o d.

Ho w ev er, this is not the case and more di�culties arise as the atomic data m ust b e

tested b y comparison with observ ations and transformed in to so-called mo del atoms

whic h can b e read b y the co des. Constructing suc h a mo del atom � ev en for a small

n um b er of ionisation stages and for a limited parameter range � can easily require

the w ork of a whole Ph.D. thesis. F ortunately , suc h w ell tested mo del atoms are
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T able 7.1: Non-L TE mo del atoms.

Ion Source

H Przybilla & Butler (2004 )

He i Przybilla (2005 )

C i/i i Przybilla et al. (2001b ), Niev a & Przybilla (2006 , 2008 )

N i/i i Przybilla & Butler (2001 )

O i/i i Przybilla et al. (2000 ) com bined with Bec k er &

Butler (1988 ), the latter with up dated atomic data

Mg i/i i Przybilla et al. (2001a )

S i i/i i i V ranc k en et al. (1996 ), with up dated atomic data

Ti i i Bec k er (1998 )

F e i i Bec k er (1998 )

a v ailable for this w ork (see T able 7.1). Of course, the information on ionisation

states and transitions implemen ted in these mo del atoms de�nes the lines whic h can

b e in v estigated from the theoretical p oin t of view.

Mo del atmosphere and mo del atoms are then the input for computing the non-L TE

o ccupation n um b ers of the v arious atomic lev els. This is done b y sim ultaneously solv-

ing the equations for statistical equilibrium and radiativ e transfer (Eqs. 4.13 and 4.24)

as depicted in the cen tral b o x of Fig. 7.1. The equation of statistical equilibrium m ust

b e solv ed for the o ccupation n um b ers ni . Ho w ev er, the co e�cien ts Rij dep end on

the radiativ e pro cesses in the stellar atmosphere and th us on the sp eci�c in tensit y

I � . This in turn is obtained from the radiativ e transfer equation with co e�cien ts � �

and � � whic h describ e the absorption and emission c haracteristics of the atmospheric

material. These are again a function of the o ccupation n um b ers pro viding only a

formal solution in the �rst place.

The problem needs to b e solv ed with sev eral iterations. The program used in this

w ork, DET AIL (Giddings 1981 ; Butler & Giddings 1985 ; recen tly up dated b y K. But-

ler), mak es use of an ac c eler ate d/appr oximate lamb da iter ations (ALI) approac h in

order to solv e the statistical equilibrium and the radiativ e transfer. F or that, the

in tensit y I �� results from the source function S�� through the lamb da op er ator :

I �� = � �� [S�� ] (7.1)

where � indicates the direction of radiation and � the frequency . The problem

with the classical lam b da iteration is the slo w con v ergence of the calculations. The

idea b ehind the ac c eler ate d lam b da iterations is then to split the lam b da op erator as

I n = � � Sn + (� � � � )Sn� 1 = � � Sn + � I n� 1
(7.2)

where n indicates the n -th iteration step and � �
is the appr oximate lam b da op-

erator (indices for direction and frequency w ere omitted). This w a y , the in tensit y

is expressed in terms of the source function Sn
(whic h needs to b e determined) and

the kno wn � I n
from the previous iteration. Con v ergency is then ob viously ac hiev ed

when Sn = Sn� 1
. Go o d c hoices for � �

are diagonal forms decoupling the depth de-
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p endence or tridiagonal from taking in to accoun t only nearest neigh b our in teractions.

See Rybic ki & Hummer (1991 ) for details.

In addition to mo del atmospheres and mo del atoms, DET AIL also needs elemen-

tal abundances, microturbulences, and ODF s as input. The reason for this is that

DET AIL o ccupation n um b ers are usually calculated for eac h atomic sp ecies sepa-

rately in order to sp eed up the computations. This is a reasonable assumption as

coupling b et w een lines of di�eren t atomic sp ecies is v ery small in the stars in v esti-

gated. Nev ertheless, the e�ect of the omitted sp ecies on the opacit y and th us on

the source function needs to b e accoun ted for whic h is done b y emplo ying the same

pre-tabulated ODF s as used in the L TE A TLAS9 calculations.

Hydrogen and helium are � b y far � the most abundan t elemen ts in the atmo-

spheres of the stars in this w ork and, therefore, need to b e alw a ys accoun ted for as

bac kground opacit y in parallel with the particular elemen t under in v estigation.

Finally , the o ccupation n um b ers computed with DET AIL are the basis for the

last step, the line formation calculations with SURF A CE (Giddings 1981 ; Butler &

Giddings 1985 ; recen tly up dated b y K. Butler). SURF A CE uses a m uc h more so-

phisticated line formation (i.e. broadening) treatmen t as implemen ted in DET AIL.

SURF A CE also requires microturbulence, abundances, the mo del atmosphere, as w ell

as v arious atomic quan tities as input parameters describing mec hanisms of line broad-

ening.

After taking in to accoun t the e�ects of radial v elo cit y , pro jected rotational v elo c-

it y , and macroturbulence (Sect. 4.7) the syn thetic sp ectra ma y b e directly compared

to the observ ation. Note that the sp ectrograph causes an additional broadening of the

observ ed lines whic h is accoun ted for as instrumental pr o�le . It leads to an additional

Gaussian broadening con tribution with width

� (� ) = � � �
1

2
p

ln 2
(7.3)

where � � is the resolution of the sp ectrograph. With

v =
� (� )

�
� c (7.4)

the instrumen tal pro�le can b e describ ed in v elo cit y space via the Doppler form ula.

In the case of FER OS, a v alue of 3.75 km s

� 1
is obtained.

First of all, Fig. 7.2 summarises the basic idea for deriving stellar parameters.

Syn thetic sp ectra are calculated for an adopted set of parameters and compared to

the observ ation. In order to impro v e the agreemen t b et w een theory and observ ations,

the parameters are altered un til satisfying agreemen t is established. This can happ en

either b y (automatically) �tting a lot of syn thetic sp ectra to the observ ation searc hing

for the b est � 2
or b y calculating a few sp ectra based on educated guesses on ho w a

syn thetic sp ectrum will react to parameter v ariations. Both approac hes based on t w o

sets of h ybrid non-L TE mo dels w ere used in this w ork to some exten t.

An extensiv e grid of syn thetic sp ectra (as describ ed in Kudritzki et al. 2008 )

co v ering e�ectiv e temp eratures from 8300 to 15 000 K and surface gra vities from 0.75

to 2.70 dex ga v e a go o d starting p oin t for the parameter determination. Although the
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Figure 7.2: A basic sc heme for quan titativ e sp ectral analyses. The cen tral p oin t is the

comparison of the observ ations with syn thetic sp ectra calculated based on sev eral assump-

tions for a sp eci�c set of parameters. The mo del parameters are altered un til a satisfying

agreemen t is ac hiev ed.

grid w as also calculated for SMC metallicit y , it is limited to a �xed helium n um b er

fraction (0.09 at SMC metallicit y) and �xed microturbulence (dep ending on Te� and

logg, mostly 8 km s

� 1
for the presen t sample).

Changing the helium abundance has similar e�ects on the mo dels as c hanging the

surface gra vit y through its impact on the mean molecular w eigh t (Kudritzki 1973 ).

Similarly , the microturbulence a�ects the absorption of radiation in the stellar plasma

and is th us also in�uencing the line strengths. F ortunately , the high qualit y of the

observ ational material in this study allo w ed to determine these parameters indep en-

den tly . In order to reduce systematic errors in the presen t analysis, it w as therefore

decided to p erform sev eral more iteration steps using new mo dels sp eci�cally adjusted

for eac h star, th us �xing all parameters consisten tly . This represen ts the second �set�

of syn thetic sp ectra.

Sup ergian t mo del atmospheres co oler than Te� � 8300K ma y b e sub ject to pres-

sure in v ersion and th us densit y in v ersion dep ending mostly on the mo del surface

gra vit y . In v ersion is a problem for the parameter determination as it leads e.g. to

a h uge sensitivit y of the Balmer lines whic h is mostly an artefact of the mo dels.

Moreo v er, the in v ersion happ ens usually at � ROSS � 1 in the mo dels whic h means

that the formation of man y lines will b e systematically a�ected. Stars sub ject to

pressure in v ersion (indicated in T able 6.1) are therefore omitted from the further

analysis. F or a detailed discussion on this matter, see Przybilla et al. (2006 ). As a

guide, the A TLAS9 atmospheres did not sho w pressure in v ersion at Te� = 8300 K,
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logg = 1:00 dex or at Te� = 8000 K, logg = 1:40 dex (calculated for 1/5 solar metal-

licit y , n(He)=0.09, � = 4 km s

� 1
). A t lo w er temp eratures or lo w er surface gra vities,

pressure in v ersion is then lik ely to o ccur.

7.2 Sp ectroscopic Indicators for V arious A tmospheric P arameters

Sev eral sp ectroscopic features used to constrain the atmospheric parameters are dis-

cussed in the follo wing. Note that although the quan tities and their related indicators

are discussed separately all quan tities w ere deriv ed in an iterativ e pro cess forcing si-

m ultaneous agreemen t b et w een theory and observ ation for all indicators at the end.

All deriv ed parameters are summarised in T able 8.1.

7.2.1 E�ectiv e T emp erature and Surface Gra vit y

These most imp ortan t atmospheric parameters w ere deriv ed b y �tting the Balmer

line series as w ell as v arious ionisation e quilibria . Based on the a v ailable mo del

atoms, ionisation equilibria for Mg i/i i , N i/i i , O i/i i , and S i i/i i i are examined.

Figure 7.3 sho ws the basic strategy for determining Te� and logg. A t �xed � , n(He),

and [M=H ], one searc hes at v arious temp erature v alues for the logg v alue with the

b est agreemen t to observ ation. Generally , ionisation equilibria are extremely sensitiv e

to temp erature c hanges whereas the Balmer lines are mainly sensitiv e to c hanges in

logg. Due to these di�eren t sensitivities, it is p ossible to �nd a unique b est solution

in the in tersection of the t w o trends.

If p ossible, ionisation equilibria from m ultiple elemen ts w ere used. Ho w ev er, due

to the generally lo w metallicit y in the SMC and th us w eak metal lines, only one

ionisation equilibrium could b e in v estigated in most cases. F or the sample SMC

sup ergian ts Mg i/i i w orks in a temp erature range from � 8000 to 10 000K, N i/i i

from � 10 000to 14 000K, O i/i i ab o v e � 14 000K and S i i/i i i at ab o v e � 16 000K

in general. A t Te� & 10,000 K, Mg i b ecomes to o w eak due to ionisation. Similarly ,

N i is to o strongly ionised at Te� & 14,000 K while N i i lines need at least � 10 000K

for the resp ectiv e lev els to b e excited. Similar argumen ts apply for O i/i i and S i i/i i i

at higher temp eratures.

T able 8.1 giv es all deriv ed atmospheric parameters as w ell as abundance infor-

mation concerning the elemen t(s) of the ionisation equilibria examined. Figure 7.4

sho ws example �ts of Balmer lines and an ionisation equilibrium for a hot (A V443

at Te� = 16 250 K) and a co ol (A V273 at Te� = 8200K ) ob ject. Both ob jects sho w

emission con tributions ev en in the higher Balmer lines. The �gure also includes mo del

sp ectra for parameters mo di�ed according to the uncertain ties. These w ere alw a ys

adopted based on the strength, qualit y , and n um b er of suitable lines in a sp ectrum

and the in tensit y of their resp onses to parameter v ariations. Generally , the co ol ob-

jects ha v e smaller uncertain ties b ecause the Mg i/i i equilibrium is extremely sensitiv e

to temp erature c hanges and also quite sensitiv e to c hanges in logg.

Man y ob jects sho w emission in the Balmer lines due to a stellar wind making it

necessary to concen trate on the higher Balmer lines whic h are less a�ected as w ell as

to fo cus on the blue wings in case ev en the higher Balmer lines sho w wind-a�ected

pro�les.
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Figure 7.3: Example for the determination of logg and Te� emplo ying Balmer lines of h y-

drogen and an ionisation equilibrium (i.e. lines of m ultiple ionisation stages of one elemen t

�tting sim ultaneously at the same abundance) while k eeping the microturbulence, metal-

licit y , and helium abundance �xed. Eac h indicator alone cannot indep enden tly determine

logg and Te� . The degeneracy can only b e solv ed b y considering t w o indep enden t indica-

tors whic h are sensitiv e to c hanges in logg and Te� b y di�eren t degrees. In general, the

ionisation equilibria are more sensitiv e to temp erature c hanges than the Balmer lines. F or

Mg i/i i , raising the temp erature and th us the ionisation of Mg i mak es the Mg i lines to o

w eak with resp ect to the Mg i i lines. This is accoun ted for b y a higher surface gra vit y

implying a higher densit y in the stellar atmosphere comp ensating the ionising e�ects of the

high temp erature. This can b e understo o d as an in terpla y of excitation and ionisation (see

Sect. 4.2).

A t parameter ranges where the Mg i lines are w eak ( W� . 30 mÅ), one faces

some di�culties with them. A ccording to sev eral analyses (N. Przybilla and M.

Firnstein, priv. comm.), the ionisation of Mg as implemen ted in the emplo y ed mo del

atom is v ery lik ely to o large, pro ducing to o w eak Mg i lines. Determining e�ectiv e

temp eratures from establishing the Mg i/i i equilibrium w ould th us underestimate

Te� . This discrepancy is a problem at e�ectiv e temp eratures around 9500 K and is

getting larger with lo w er gra vities (where the Mg i lines are getting w eak er). The

solution of N. Przybilla and M. Firnstein in a study of galactic sup ergian ts w as to

use the � presumably more reliable � N i/i i equilibrium instead. Ho w ev er, this is not

an option in the metal-p o or en vironmen t of the SMC as the N i i lines are not strong

enough to b e in v estigated at these relativ ely lo w temp eratures.
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Figure 7.4: Examples for sp ectral line �ts. T op ro w (left to righ t): H8, Mg i , and Mg i i

for A V273 at Te� = 8200K ; Bottom ro w (left to righ t): H8, O i , and O i i for A V443 at

Te� = 16 250 K. Besides the mo dels for the �nal parameters ( c entr al r e d line) mo del sp ectra

for parameter c hanges of the order of the adopted uncertain ties are also plotted. The upp er

sp ectra in eac h frame are shifted b y +0 :5 for the Balmer lines or +0 :2 for the metal lines.

In order to a v oid systematic errors on the basic atmospheric parameters whic h

w ould also lead to signi�can t errors in the deriv ed abundances it w as decided to

p erform �ts of the o v erall sp e ctr al ener gy distribution (SED) in addition to the Balmer

lines to �x Te� and logg. Fitting SEDs can not pro vide as accurate parameters as

ionisation equilibria and requires an assumption on the extinction whic h is rather

di�cult to constrain. Ho w ev er, this w as accepted for the relev an t ob jects in order

to a v oid the m uc h larger errors whic h could b e made b y relying on the Mg i lines.

Ob jects for whic h the SED w as used instead of the Mg i/i i equilibrium are mark ed

in T able 8.1 with �y� in the SED column.

T o reliably constrain the basic atmospheric parameters Te� and logg this w a y , a

go o d co v erage of the �ux distribution from the ultra violet to the infrared is needed.

The Ec helle sp ectra from the FER OS sp ectrograph � the main data for the quan ti-

tativ e sp ectral analysis � are not suitable for examining the SED. Although Ec helle

sp ectrographs o�er b oth excellen t resolution and w a v elength co v erage making them

p o w erful instrumen ts to study the r elative �ux in a stellar sp ectrum their complex

setup including m ultiple di�raction elemen ts mak es it practically imp ossible to re-

construct an y absolute �ux information. Another reason for this in the case of FER OS

is the usage of �b er optics and a circular en try for the ligh t (instead of a slit). Due to

atmospheric di�raction, di�eren t colours ma y then b e partly shifted out w ard of this

en try .

UV information for sev eral of the relev an t targets can b e obtained from the

database of UV sp ectra tak en b y the IUE satellite (as extracted from the INES arc hiv e

at h ttp://sdc.lae�.in ta.es/cgi-ines/IUEdbsMY). Flux-calibrated, lo w-disp ersion sp ec-

tra with large ap erture from 1150 to 1980 Å and from 1850 to 3290 Å are used. In
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T able 7.2: Underlying data for �ts of the sp ectral energy distribution. UV sp ectra are

from the IUE satellite (h ttp://sdc.lae�.in ta.es/cgi-ines/IUEdbsMY); IR photometry for the

JHK bands comes from the online catalogue of the 2MASS pro ject (Cutri et al. 2003 ); R

photometry w as also obtained from this catalogue.

Ob ject UV sp ectra from IUE R J H K

far UV near UV mag mag mag mag

A V98 SWP44955LL L WP23322LL 11.38 11.272 11.241 11.228

A V110 ... L WP21936LL 12.19 11.754 11.710 11.716

A V315 SWP18054LL L WR14206LL 10.82 10.665 10.592 10.555

A V338 SWP46131LL L WP24262LL 12.50 12.474 12.459 12.432

A V382 SWP44930LL L WP23307LL 11.19 11.235 11.181 11.183

addition, magnitudes in the infrared (J, H, K) could b e obtained from the T w o Micron

All Sky Surv ey surv ey (2MASS, Cutri et al. 2003 ). T able 7.2 summarises information

(in addition to the UBV magnitudes from the sources in T able 6.1) of targets for

whic h SED �ts w ere p erformed.

Figure 7.5 sho ws an example for a �t of suc h a SED and the resp onses to tem-

p erature c hanges. The syn thetic �uxes are obtained from A TLAS9. The v arious

magnitudes are transformed in to �uxes b y adopting zero p oin ts according to Heb er

et al. (2002 , their T able 3). The observ ed �uxes w ere dereddened (corrected for ex-

tinction) using a reddening la w as describ ed b y Cardelli et al. (1989 ), assuming a ratio

of extinction to colour excess AV =E(B � V) = 3 :1. In general, this ratio dep ends

on the comp osition of the in terstellar medium. F or the SMC, sligh tly lo w er v alues

do wn to 2.7 are prop osed. F or the analysis, 3.1 is adopted whic h is also justi�ed since

the main con tribution to extinction comes from the Milky W a y foreground for most

ob jects.

Fiv e ob jects with p ossibly unreliable Mg i lines in theory (A V98, A V110, A V315,

A V338, and A V382) could b e in v estigated with SED �ts based on the a v ailable UV

and IR data and are found to ha v e signi�can tly higher temp eratures indicated b y

the SEDs than b y the Mg ionisation equilibrium. In the � rather extreme � cases of

A V98 or A V315 whic h ha v e b oth a v ery lo w surface gra vit y the discrepancy is of the

order of 800K. F or the other ob jects at higher surface gra vities it is only few h undred

K. Uncertain ties in Te� are adopted based on the sensitivit y of the syn thetic �ux to

temp erature c hanges as w ell as the qualit y of the observ ational material.

Another ob ject (A V270) could not b e examined with resp ect to their SEDs b ecause

the UV �ux is lik ely con taminated with the �ux from a hot companion not visible in

the examined FER OS sp ectrum. A companion based on the radial v elo cit y v ariation

w as �rst prop osed b y Thac k era y (1978 ). Based on the exp erience from the SED

�ts an empirical temp erature correction with resp ect to the results of the Mg i/i i

ionisation equilibrium w as applied in this case.
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Figure 7.5: Fit of the sp ectral energy distribution (SED) of A V315 com bining the photo-

metric information as listed in T able 6.1 as w ell as UV �ux from the IUE satellite ( solid

black curv es) and infrared photometry from the 2MASS pro ject (see T able 7.2). The SED is

primarily sensitiv e to the e�ectiv e temp erature and, to a m uc h lesser exten t, to the surface

gra vit y . In addition to the b est �t ( dotte d, r e d curv e), additional syn thetic ( dashe d, black

curv es) �uxes with Te� c hanged b y the amoun t of the adopted uncertain ties are o v erplotted

(extinction is left constan t). The syn thetic �uxes are obtained from the A TLAS9 routine

and normalised to the V magnitude. In the UV, more w eigh t is giv en to the far UV part,

as the optical UV part lies close to the Balmer jump (near the U magnitude) whic h is hard

to repro duce with A TLAS9 (N. Przybilla, priv. comm.). Moreo v er, there are also problems

as the extinction in this range do es not correlate w ell with the t ypical reddening la w.

7.2.2 Helium Abundance

Usually , one starts from the a helium abundance of 0.09 whic h is ab out the solar

v alue since the generally lo w er initial helium abundance of the SMC stars is exp ected

to b e already increased due to rotationally induced mixing. It w as often necessary to

c hange the helium abundance in order to bring Balmer lines, ionisation equilibrium,

and helium lines in to agreemen t with theory sim ultaneously . This is not only a

matter of just matc hing the helium lines since the helium abundance also a�ects

the ionisation equilibria and the Balmer line widths. T o giv e a rough idea ab out

the e�ects, c hanging the helium abundance from 0.09 to 0.13 (at Te� = 12 000 K

and logg = 1:70) has the same e�ect as raising logg b y � 0.05 dex when �tting the
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Figure 7.6: Example for a he-

lium line �t for A V297. Be-

sides the mo dels for the �-

nal parameters ( c entr al r e d

line, see T able 8.1) v ariations

in helium abundance ( � 0.03)

and in Te� ( � 400 K) are also

plotted. The upp er set of

sp ectra is shifted b y + 0.2.

Balmer lines. Fig. 7.6 sho ws a �t of a helium line for A V297 as w ell as its resp onse

to parameter c hanges. Note that while the temp erature c hanges corresp ond to the

adopted uncertain ties, the c hanges indicated for the helium abundance do not. The

pro�les for the v arious helium abundances are just mean t to illustrate the resp onse of

the mo del sp ectrum to abundance c hanges. Uncertain ties in n(He) are alw a ys deriv ed

from the scatter of line-to-line abundances giv en b y m ultiple helium lines.

7.2.3 Metallicit y and Microturbulence

Both metallicit y and microturbulence a�ect the line strengths and consequen tly the

magnitude of the line-blank eting. Th us, they should b e treated as free parameters

making further iterations necessary . A detailed discussion on this sub ject is giv en in

Przybilla et al. (2006 ).

Based on the sp eci�c abundances obtained from �tting ionisation equilibria as

w ell as from the subsequen t abundance analysis one can obtain a go o d estimate

of the o v erall metallicit y of a sup ergian t. As a result, the mo dels for eac h star

w ere calculated for one �fth (or � 0.7 dex) solar metallicit y in the resp ectiv e opacit y

distribution functions (ODF s).

The microturbulence leads to a non-linear b eha viour of the Doppler widths as

a function of the thermal v elo cit y , (see Eqn. 4.33). It has a larger e�ect for lines

whic h are formed in regions with lo w er temp erature. Stronger sp ectral lines are due

a larger opacit y at the corresp onding colour whic h implies that these photons escap e

from the star in regions lying more out w ard. More out w ard usually also means co oler

and th us a reduced photon �ux (Stefan-Boltzmann la w). All in all, it follo ws that

strong lines � whic h originate from co oler regions � are more a�ected b y e�ects of the

microturbulence. The microturbulence is therefore determined on the condition that

there is no dep endence of the abundance on the equiv alen t width for a particular

ionic sp ecies. A ccording to the e�ectiv e temp erature in the atmosphere, di�eren t

elemen tal sp ecies can/ha v e to b e used. In case of the metal-p o or sup ergian ts in this

w ork Ti i i is suitable for this task for Te� . 9000K and F e i i for Te� . 12 000K
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b ecause these elemen ts pro vide a su�cien t n um b er of lines of v arious strengths. A t

higher temp eratures a newly constructed mo del atom (N. Przybilla, priv. comm.)

for Si i i/i i i w as used.

7.2.4 Pro jected Rotational V elo cit y and Macroturbulence

Finally , comparisons b et w een observ ed and theoretical line pro�les allo w ed to deriv e

the pro jected rotational v elo cit y v sini and the (radial-tangen tial) macroturbulen t

v elo cit y � . T w o approac hes w ere com bined for this task.

Firstly , automatic � 2
�ts of con v olv ed syn thetic pro�les to metal lines (mostly

F e i i and Ti i i ) carefully selected in terms of strength and symmetry (to exclude

line blends) w ere p erformed. Only ob viously un blended lines with equiv alen t widths

b et w een � 20 � 130mÅ w ere considered. Besides a �xed Gaussian instrumen tal

pro�le the syn thetic pro�les w ere con v olv ed with m ultiple v alues for v sin i and �
from b et w een 0 to � 50 km s

� 1
in steps of 1 km s

� 1
for b oth parameters.

Secondly , syn thetic and observ ed line pro�les w ere also compared b y ey e. This

is alw a ys a go o d idea in order to mak e sure that an automatic pro cedure is not

mislead b y tin y blends, artifacts, and other sp ectral features not accoun ted for in an

automatic �t. Moreo v er, when it comes to the hotter stars in the presen t sample

( Te� & 13 000K), the n um b er of suitable lines for the describ ed automatic pro cedure

is swiftly decreasing making it necessary to also consider the pr op er p arts of blended

or sligh tly disturb ed lines.

Uncertain ties in v sini and � are estimated based on sev eral p oin ts. One ma jor

asp ect is the standard deviation of the distribution from the automatic b est �ts to a

selection of lines. Ho w ev er, this requires a certain n um b er of lines to b e signi�can t

whic h is esp ecially an issue in the hotter stars of the sample. Therefore, it w as

also accoun ted for the line strength in the sp ectrum, its S/N ratio, as w ell as the

sensitivit y of the lines to c hanges in v sini and � . F or example, if either rotation or

macroturbulence is dominating, the other one will usually ha v e a larger uncertain t y

since the dominan t one has a greater impact on the line pro�le. This is illustrated

b y Fig. 7.7.
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Figure 7.7: Upp er p anels : Comparison of the observ ation ( black line ) with theoretical sp ectra

con v olv ed with v arious v alues for the pro jected rotational v elo cit y v sin i and the macrotur-

bulence ( r e d lines ). Sho wn are �ts of the F e i i line at 4173.45 Å for A V110 ( left ) and A V392

( right ). The cen tral red lines sho w the theoretical pro�les con v olv ed with v alues of v sin i
and � corresp onding to the b est �ts to this line as indicated. The other red lines sho w the

resp onses of the syn thetic pro�les to v ariations of 10 km s

� 1
in b oth parameters. The high

v alue of v sin i for A V392 (righ t frame) of 43 km s

� 1
implies that the line pro�le is dominated

b y v sin i and the line is less sensitiv e to v ariations in � for A V392 than for A V110 in the

left frame. This means the uncertain ties of the comp onen t whic h is not dominating are in

general relativ ely larger.

L ower p anels : Con tour plots of

p
� 2

v alues for com binations of v sin i and � for the lines

and stars ab o v e. L eft : A V110, right : A V392. The go o dness of the agreemen t b et w een the

observ ation and a theoretical sp ectrum con v olv ed with the resp ectiv e v alues (in steps of

1 km s

� 1
) is presen ted via the colour as indicated b y the legend ab o v e eac h plot. The white

dot marks the b est �tting parameters (as denoted also in the upp er panels). The slop e of

the lines of constan t � 2
is a measure of the relativ e sensitivit y of a line to v ariations of v sin i

and � . Nearly horizon tal slop es mean that the line pro�le is not v ery sensitiv e to c hanges in

v sin i whereas nearly v ertical slop es mean that the pro�le is rather insensitiv e to c hanges in

� . This is the case in the righ t hand frame describing the line pro�le for A V392. The b est

�t for this iron line is at v sin i = 43 and � = 19 km s

� 1
. Around that p oin t at high v sin i ,

the steep slop e indicates that � has a m uc h smaller e�ect on the line pro�le leading to larger

uncertain ties � as discussed for the upp er panels.
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8 Basic A tmospheric P arameters

8.1 Results for the Sample Stars

Basic atmospheric parameters suc h as Te� , logg, n(He), � , v sini , and � could b e reli-

ably determined for 31 of the 38 SMC sup ergian ts as sho wn in T able 8.1. Six ob jects

(A V269, A V415, A V442, A V478, A V152, and A V254) sho w pressure in v ersion in their

mo del atmospheres for the �nal parameters (see. Sect. 7.1) rendering these parame-

ters unreliable. Moreo v er no ionisation equilibrium w as a v ailable for A V2. Although

the parameters could in principle b e estimate d b y assuming a helium abundance or

b y �tting the sp ectral energy distribution (SED), there are no lines suitable for a

determination of the microturbulence and man y lines, including all a v ailable Balmer

lines, helium lines and ev en metal lines are noticeably a�ected b y emission in the

stellar wind. In order to a v oid the corresp onding large (systematic) uncertain ties it

w as decided to neglect this problematic ob ject to guaran tee a consisten t analysis for

all stars of the sample.

Therefore, the men tioned ob jects w ere omitted in the further analysis and are not

listed in the table. T able 8.1 also presen ts the abundances of those c hemical elemen ts

for whic h ionisation equilibria could b e used and indicates whether a �t of the SED

w as fa v oured o v er the Mg i/i i equilibrium (see Sect. 7.2). F or A V270, this w as not

p ossible due to the UV �ux con tribution from a companion star. Instead of �tting the

SED, an empirical temp erature correction with resp ect to the temp erature indicated

b y the Mg i/i i equilibrium w as applied leading to an in ten tional discrepancy . If the

Mg i abundance is �agged b y a colon in T able 8.1, it is regarded as uncertain.
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T able 8.1: Ov erview of basic atmospheric parameters and ionisation equilibria. Uncertain ties of the quan tities are giv en in

ev ery second line (see Sect. 7.2 for a discussion).

Ob ject Te� logg n(He) � v sin i � V E (B � (X ) = log( x=H) + 12 SED

K dex km s

� 1 � V ) Mg i Mg i i N i N i i O i O i i S i i S i i i (y)

A V20 8700 1.10 0.13 6 29 20 12.12 0.25 6.83 6.83 ... ... ... ... ... ...

� 50 0.05 0.01 1 2 3 0.01 0.01 0.01 0.00 ... ... ... ... ... ...

A V22 14 600 1.90 0.13 5 32 23 12.225 0.10 ... ... ... ... 7.92 7.94 ... ...

� 500 0.10 0.01 2 5 8 0.025 0.04 ... ... ... ... 0.01 0.01 ... ...

A V56 16 150 2.00 0.11 7 42 19 11.15 0.13 ... ... ... ... 8.04 8.04 6.34 6.31

� 250 0.10 0.02 1 5 8 0.01 0.01 ... ... ... ... 0.01 0.04

A V76 10 250 1.30 0.12 6 39 25 11.19 0.10 ... ... 8.20 8.18 ... ... ... ...

� 500 0.10 0.01 2 5 8 0.01 0.02 ... ... 0.04 ... ... ... ...

A V98 9650 1.35 0.13 6 27 20 11.45 0.06 ... ... ... ... ... ... ... ... y

� 300 0.05 0.01 1 2 3 0.01 0.01 ... ... ... ... ... ... ... ...

A V105 9350 1.60 0.10 5 27 20 12.22 0.06 6.92 6.82 ... ... ... ... ... ...

� 75 0.05 0.02 1 2 3 0.01 0.01 0.05 0.01 ... ... ... ... ... ...

A V110 9500 1.40 0.17 5 23 21 12.08 0.08 ... ... ... ... ... ... ... ... y

� 400 0.05 0.01 1 3 2 0.01 0.01 ... ... ... ... ... ... ... ...

A V136 8250 0.95 0.13 6 28 21 10.97 0.07 6.89 6.92 ... ... ... ... ... ...

� 50 0.05 0.01 1 2 4 0.01 0.01 0.03 0.05 ... ... ... ... ... ...

SK56 12 500 1.70 0.11 6 41 21 10.87 0.11 ... ... 8.11 8.09 ... ... ... ...

� 500 0.10 0.01 1 4 10 0.01 0.02 ... ... 0.05 ... ... ... ...

A V151 16 750 2.25 0.13 8 48 24 12.26 0.14 ... ... ... ... 8.23 8.22 6.46 6.47

� 250 0.10 0.01 2 5 10 0.01 0.01 ... ... ... ... 0.04 0.03

A V200 12 000 1.70 0.12 6 33 23 12.17 0.14 ... ... 8.07 8.08 ... ... ... ...

� 500 0.10 0.01 1 6 10 0.01 0.02 ... ... ... ... ... ...

A V205 8850 1.35 0.09 4 18 10 12.32 0.11 6.90 6.90 ... ... ... ... ... ...

� 75 0.05 0.01 1 2 6 0.01 0.01 0.04 0.01 ... ... ... ... ... ...
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T able 8.1: Ov erview of basic atmospheric parameters and ionisation equilibria ( c ontinue d ).

Ob ject Te� logg n(He) � v sin i � V E (B � (X ) = log( x=H) + 12 SED

K dex km s

� 1 � V ) Mg i Mg i i N i N i i O i O i i S i i S i i i (y)

A V211 10 250 1.45 0.09 7 30 17 11.52 0.11 ... ... 7.92 7.94 ... ... ... ...

� 400 0.10 0.01 1 4 5 0.01 0.02 ... ... 0.07 ... ... ... ...

A V270 9500 1.40 0.09 6 32 21 11.42 0.03 7.03: 6.79 ... ... ... ... ... ...

� 500 0.05 0.01 1 3 5 0.01 0.02 0.04 ... ... ... ... ... ...

A V273 8200 1.35 0.09 4 25 17 12.16 0.06 6.79 6.78 ... ... ... ... ... ...

� 50 0.05 0.00 1 3 7 0.01 0.01 0.04 0.03 ... ... ... ... ... ...

A V297 11 750 1.80 0.10 5 20 19 12.10 0.04 ... ... 7.98 7.98 ... ... ... ...

� 400 0.10 0.01 2 4 6 0.00 0.01 ... ... ... ... ... ...

A V298 8850 1.50 0.09 3 4 7 12.47 0.03 6.63 6.62 ... ... ... ... ... ...

� 50 0.05 0.01 1 3 3 0.01 0.01 0.02 0.09 ... ... ... ... ... ...

A V315 9700 1.35 0.11 6 29 17 10.90 0.06 ... ... ... ... ... ... ... ... y

� 300 0.05 0.02 1 3 4 0.01 0.01 ... ... ... ... ... ... ... ...

A V338 9750 1.80 0.08 4 40 21 12.54 0.07 ... ... ... ... ... ... ... ... y

� 300 0.05 0.02 1 4 7 0.01 0.01 ... ... ... ... ... ... ... ...

A V347 10 500 1.60 0.09 7 24 22 12.13 0.03 ... ... 8.11 8.15 ... ... ... ...

� 400 0.10 0.01 1 3 3 0.00 0.01 ... ... 0.04 ... ... ... ...

A V362 14 000 1.95 0.15 8 40 24 11.36 0.09 ... ... 8.12 8.12 7.92 7.92 ... ...

� 125 0.10 0.01 2 4 7 0.01 0.01 ... ... 0.06 0.02 0.03 ... ...

A V367 10 500 1.30 0.09 7 33 26 11.22 0.07 ... ... 7.95 7.97 ... ... ... ...

� 400 0.10 0.01 2 3 6 0.01 0.02 ... ... 0.02 ... ... ... ...

A V382 9900 1.45 0.10 5 27 23 11.41 0.07 ... ... ... ... ... ... ... ... y

� 300 0.05 0.02 1 2 3 0.01 0.01 ... ... ... ... ... ... ... ...

A V392 8550 1.70 0.09 3 41 21 12.57 0.04 6.93 6.93 ... ... ... ... ... ...

� 75 0.05 0.01 1 3 5 0.01 0.01 0.04 0.01 ... ... ... ... ... ...
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T able 8.1: Ov erview of basic atmospheric parameters and ionisation equilibria ( c ontinue d ).

Ob ject Te� logg n(He) � v sin i � V E (B � (X ) = log( x=H) + 12 SED

K dex km s

� 1 � V ) Mg i Mg i i N i N i i O i O i i S i i S i i i (y)

A V399 9650 1.75 0.09 2 5 7 12.33 0.04 6.80 6.71 ... ... ... ... ... ...

� 150 0.05 0.01 1 3 4 0.01 0.01 0.02 0.02 ... ... ... ... ... ...

A V443 16 250 1.95 0.12 8 47 23 10.97 0.06 ... ... ... ... 8.19 8.19 ... ...

� 400 0.10 0.01 2 5 10 0.01 0.01 ... ... ... ... 0.04 0.03 ... ...

A V463 8000 1.40 0.09 4 26 14 12.10 0.07 6.75 6.76 ... ... ... ... ... ...

� 50 0.05 0.00 1 2 3 0.01 0.01 0.04 0.06 ... ... ... ... ... ...

A V504 11 000 1.80 0.10 6 19 20 11.91 0.03 ... ... 7.93 7.91 ... ... ... ...

� 500 0.10 0.01 1 4 6 0.01 0.02 ... ... 0.05 ... ... ... ...

SK194 11 500 1.65 0.10 6 42 25 11.74 0.07 ... ... 8.09 8.09 ... ... ... ...

� 500 0.10 0.01 1 6 10 0.01 0.02 ... ... ... ... ... ...

SK196 12 600 1.75 0.10 7 28 28 12.04 0.06 ... ... 8.01 7.99 ... ... ... ...

� 400 0.10 0.01 2 5 7 0.01 0.02 ... ... 0.08 ... ... ... ...

SK202 15 400 2.25 0.09 6 28 19 12.32 0.05 ... ... ... ... 8.00 8.01 ... ...

� 400 0.10 0.01 2 4 8 0.01 0.01 ... ... ... ... 0.04 0.04 ... ...
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Figure 8.1: Ov erview of pro jected rotational v elo cities for the sample stars co ded via the

sym b ol size as indicated in the legend. Stellar ev olution trac ks at SMC metallicit y from

Maeder & Meynet (2001 ) for 9 to 25 M � (ZAMS mass) and Meynet & Maeder (2005 ) for

30 and 40 M � are o v erplotted as denoted. Note the tin y p oin ts at Te� � 3:95 and logg � 1:6
marking the exceptional stars A V298 and A V399.

8.2 Pro jected Rotational V elo cit y and Macroturbulence

Figures 8.1 and 8.2 summarise the results for the pro jected rotational v elo cit y v sin i
and the macroturbulence � resp ectiv ely . No trends for � with Te� or logg can b e

recognised. Throughout the parameter range of the sample macroturbulen t v elo cities

close to � 20 km s

� 1
are found.

Exceptions w orth men tioning are A V298 and A V399. These ob jects do not only

sho w v ery small v alues in � but also for � as w ell as for v sini .

Fig. 8.1 indicates a trend in rotational v elo cities with resp ect to the atmospheric

parameters. F or smaller logg the mean v sini is smaller b y trend and there are no

relativ ely large ( v sini & 40 km s

� 1
) rotational v elo cities for logg . 1:5 dex. This is in

agreemen t with the idea of angular momen tum conserv ation when a star is expanding

while ev olving to w ards the red (sup er)gian t phase.

8.3 Comparison with Previous Analyses

The atmospheric parameters deriv ed here are compared with sev eral ob jects from

other w orks in T able 8.2. V enn (1999 ) pro vided an in v estigation in L TE with addi-

tional non-L TE corrections while Lee et al. (2005 ) p erformed a study using mo del

atmospheres in full non-L TE. Moreo v er, T rundle et al. (2004 ) as w ell as T rundle &

Lennon (2005 ) emplo y full non-L TE (h ydro dynamic) mo del atmospheres.

W e ha v e eigh t stars in common with the study of V enn (1999 ). W e omitted

three (A V254, A V442, and A V478) of them b ecause of the pressure in v ersion problem
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Figure 8.2: Same as Fig. 8.1 but for macroturbulen t v elo cities co ded via the sym b ol size.

Similar to the v sin i plot in Fig. 8.1, A V298 and A V399 at Te� � 3:95 and logg � 1:6 sho w

remark ably small v alues for �

(see Sect. 7.2.1). F or the remaining �v e stars, e�ectiv e temp eratures and surface

gra vities are w ell within the giv en uncertain ties for most stars the only exception

b eing A V298 whic h is remark able with resp ect to v ery lo w v alues for � , v sin i , and � .

v sini is di�cult to compare as V enn (1999 ) did not in v estigate the macroturbulence.

Ho w ev er, v sini v alues seem generally in go o d agreemen t except for A V392 with a

higher v elo cit y deriv ed in the presen t analysis. Excellen t agreemen t is ac hiev ed in

terms of the microturbulence.

The study of Lee et al. (2005 ) has three stars in common with the presen t sample

with Te� and logg agreeing (fairly) w ell for all of them. A comparison for the micro-

turbulence is not p ossible as they only presen t their results for t w o assume d v alues

of � .

A V20 and A V362 ha v e also b een analysed b y T rundle et al. (2004 ). Te� is in excel-

len t agreemen t for b oth stars while logg di�ers for A V362. This star sho ws (strong)

emission con tributions in all Balmer lines in the sp ectrum ev en in the cores and the

red wings of the highest Balmer within the sp ectral range of FER OS. This migh t lead

to an underestimation of logg. The microturbulence for A V22 is signi�can tly smaller

in the presen t analysis. F or A V362 T rundle et al. (2004 ) w ere not able to deriv e the

microturbulen t v elo cit y but simply adopted � = 10 km s

� 1
. Macroturbulence w as not

deriv ed indep enden tly but is a con tribution to their v sini 's whic h w ould w ell com bine

the broadening a�ects of our t w o con tributions from v sini and � .

In a similar study , T rundle & Lennon (2005 ) ha v e examined three stars from the

presen t sample. Again, there is go o d agreemen t in Te� for all stars. V ery go o d agree-

men t is also found in logg for t w o stars (A V56 and A V443) while mo dest agreemen t

is found for A V151 with the v alues still lying within the com bined uncertain ties. The
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8.3 Comparison with Previous Analyses

T able 8.2: Comparison of atmospheric parameters for literature sources � ordered b y source

and gro wing righ t ascension. Sources: t.w. (this w ork), (1) V enn (1999 ), (2) Lee et al. (2005 ),

(3) T rundle et al. (2004 ), (4) T rundle & Lennon (2005 ).

Ob ject Te� logg � v sin i � Src.

K dex km s

� 1

A V110 9500 � 300 1.40 � 0.05 5 � 1 23 � 3 21 � 2 t.w.

9500 � 200 1.4 � 0.1 4 � 1 25 � 5 (1)

A V136 8250 � 50 0.95 � 0.05 6 � 1 28 � 2 21 � 4 t.w.

8200 � 100 1.0 � 0.1 6 � 1 20 � 5 (1)

A V298 8850 � 50 1.50 � 0.05 3 � 1 4 � 3 7 � 3 t.w.

9400 � 200 1.7 � 0.1 3 � 1 15 � 5 (1)

A V392 8550 � 50 1.70 � 0.05 3 � 1 41 � 3 21 � 5 t.w.

8500 � 200 1.7 � 0.1 3 � 1 25 � 5 (1)

A V463 8000 � 50 1.40 � 0.05 4 � 1 26 � 2 14 � 3 t.w.

8000 � 100 1.3 � 0.1 4 � 1 25 � 5 (1)

SK194 11 500 � 500 1.65 � 0.10 6 � 1 42 � 6 25 � 10 t.w.

11 700/ 1.7 10/

(2)

11 500 20

SK202 15 400 � 400 2.25 � 0.10 6 � 2 28 � 4 19 � 8 t.w.

14 750 2.2 10/20 (2)

A V22 14 600 � 500 1.90 � 0.10 5 � 2 32 � 5 23 � 8 t.w.

14 500 � 1500 1.90 � 0.15 10 46 (3)

A V362 14 000 � 125 1.95 � 0.10 8 � 2 40 � 4 24 � 7 t.w.

14 000 � 1500 1.70 � 0.15 10 51 (3)

A V56 16 150 � 250 2.00 � 0.10 7 � 1 42 � 5 19 � 8 t.w.

16 500 � 2000 2.05 � 0.20 10 80 (4)

A V151 16 750 � 250 2.25 � 0.10 8 � 2 48 � 5 24 � 10 t.w.

16 000 � 1500 2.10 � 0.15 15 62 (4)

A V443 16 250 � 400 1.95 � 0.10 8 � 2 47 � 4 23 � 7 t.w.

16 500 � 2000 1.95 � 0.20 11 73 (4)

pro jected rotational v elo cities are signi�can tly higher in their study for most cases

ev en if the v alues of the presen t w ork for v sini and � are com bined. As in T rundle

et al. (2004 ), the microturbulence is systematically lo w er in the curren t analysis.

Although some of these studies use co des accoun ting for ful l non-L TE or ev en h y-

dro dynamic e�ects, the presen t h ydrostatic, h ybrid non-L TE approac h is m uc h more

sophisticated with resp ect to the implemen ted atomic data and the treatmen t of ion-

isation via photons or collisions. This p oin t is crucial and generally more imp ortan t

as sho wn e.g. b y Przybilla et al. (2006 ) or b y Niev a (2007 ) for OB stars. Another

impro v emen t in the presen t w ork is the individual treatmen t of rotation and macro-
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turbulence. The results clearly indicate that con tributions from macroturbulence are

required in order to repro duce the line pro�les satisfactorily . T ogether with the high

qualit y of the observ ational material, these are the reasons for the small uncertain ties

of the deriv ed parameters.
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9 Chemical Abundance Analysis

9.1 Results for the Sample Stars

Elemen tal abundances for v arious elemen ts and ionic sp ecies w ere deriv ed through

�ts of syn thetic line pro�les to the observ ation. The results from the analysis of the

31 sup ergian ts in the sample are summarised in T able 9.1 com bining all ionic sp ecies

for an elemen t. Abundances lab eled with a colon in the table should b e treated with

caution as there ma y b e some problems in the resp ectiv e mo del atoms (C i i at high

temp eratures, see Sect. 9.2.1 for a discussion). Suc h abundances are omitted when

examining e.g. N/C ratios or abundance gradien ts in the next sections. F or A V270,

the Mg i abundance is not reliable (see Sect. 7.2.1 and Sect. 8.1) and th us ignored in

the follo wing. Ho w ev er, the Mg i i abundance can b e regarded reliable.

Go o d consistency could b e ac hiev ed throughout the sample. The line-to-line scat-

ter for He, C, N, O, as w ell as Mg is v ery small ( � 0:05 dex) in almost all ob jects. The

scatter for S, Ti, F e is sligh tly larger adding up to t ypically . 0:10 dex with almost

all uncertain ties b eing less than < 0:15 dex.

F or the further discussion of c hemical mixing in massiv e stars (see Sect. 9.4, N/C

...), T able 9.1 also includes the com bined abundances of C, N, and O (denoted as

� CNO, where the abundances are added on the linear scale) as w ell as N/C and N/O

ratios if resp ectiv e lines could b e examined in a star. The latter t w o are giv en as mass

ratios. Corresp onding uncertain ties are deriv ed from the line-to-line scatter for eac h

elemen t with Gaussian error propagation. Th us, they are only giv en if more than one

line could b e in v estigated for either elemen t.

Figure 9.1: Examples for abundances (relativ e to the solar comp osition of Grev esse &

Sauv al 1998 ) determined from a co ol ( left ) and a hot ( right ) ob ject. The sym b ol size indi-

cates the n um b er of sp ectral lines analysed � small: 1 to 5, medium: 6 to 10, large: more

than 10. Bo xes: neutral, circles: single-ionised, diamonds: double-ionised sp ecies. The error

bars represen t 1 � -uncertain ties from the line-to-line scatter. The grey shaded area marks

the metallicit y of the ob jects with 1 � -errors (see text) as deduced from the a v erage of O,

Mg, S, Ti, and F e abundances if a v ailable. Abundance patterns for the rest of the sample

can b e found in Fig. 9.2.
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T able 9.1: Ov erview of basic atmospheric parameters and elemen tal abundances. 1 � -uncertain ties from the line-to-line scatter

are giv en in ev ery second line. Note that the N/C and N/O ratios are giv en as mass fractions.

Ob ject Te� logg � n � (X ) = log( x=H) + 12 m(X )=m(Y)

K dex km s

� 1

He C N O Mg S Ti F e � CNO N/O N/C [M=H ]

A V20 8700 1.10 6 0.13 ... 7.87 8.11 6.83 6.62 4.36 6.75 ... 0.50 ... � 0.68

� 0.01 ... 0.03 0.01 0.01 0.12 0.12 0.04 ... 0.09

A V22 14 600 1.90 5 0.13 6.85: 7.93 7.93 6.97 6.39 ... ... ... 0.87 ... � 0.77

� 0.01 0.02: 0.04 0.02 0.03 ... ... 0.09 ... 0.15

A V56 16 150 2.00 7 0.11 7.32: 7.92 8.04 6.84 6.32 ... ... ... 0.66 ... � 0.80

� 0.02 0.03: 0.03 0.04 0.02 ... ... 0.07 ... 0.07

A V76 10 250 1.30 6 0.12 7.62 8.19 8.23 6.92 6.52 ... 6.83 8.57 0.80 4.36 � 0.65

� 0.01 0.03 0.03 ... 0.09 0.04

A V98 9650 1.35 6 0.13 7.19 8.17 8.13 6.77 6.55 4.61 6.88 8.47 0.97 11.14 � 0.62

� 0.01 0.05 0.02 0.01 0.07 0.10 0.14 0.11 0.18

A V105 9350 1.60 5 0.10 ... 7.80 8.18 6.87 ... 4.38 6.74 ... 0.36 ... � 0.67

� 0.02 ... 0.03 0.02 0.06 ... 0.10 0.12 0.03 ... 0.09

A V110 9500 1.40 5 0.17 7.82 7.97 8.16 6.76 6.63 4.45 6.79 8.48 0.55 1.64 � 0.65

� 0.01 0.06 0.02 0.09 0.15 0.08 0.13

A V136 8250 0.95 6 0.13 7.60 7.96 8.21 6.89 ... 4.36 6.81 8.47 0.49 2.68 � 0.64

� 0.01 0.04 0.08 0.04 ... 0.06 0.05 0.10 0.05

SK56 12 500 1.70 6 0.11 7.29 8.09 ... ... 6.37 ... 6.96 ... ... 7.48 � 0.68

� 0.01 0.05 0.04 ... ... 0.04 ... ... 1.11 0.20

A V151 16 750 2.25 8 0.13 7.02: 7.83 8.22 6.96 6.47 ... ... ... 0.35 ... � 0.66

� 0.01 0.04: 0.03 0.03 0.01 ... ... 0.04 ... 0.07

A V200 12 000 1.70 6 0.12 7.41 8.07 8.17 6.79 6.41 ... 7.10 8.47 0.70 5.46 � 0.66

� 0.01 0.05 0.01 0.07 ... 0.05 0.63 0.18
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T able 9.1: Ov erview of basic atmospheric parameters and elemen tal abundances ( c ontinue d ).

Ob ject Te� logg � n � (X ) = log( x=H) + 12 m(X )=m(Y)

K dex km s

� 1

He C N O Mg S Ti F e � CNO N/O N/C [M=H ]

A V205 8850 1.35 4 0.09 7.78 7.77 8.27 6.90 6.66 4.42 6.88 8.49 0.27 1.13 � 0.58

� 0.01 0.06 0.03 0.03 0.01 0.11 0.09 0.04 0.07

A V211 10 250 1.45 7 0.09 7.57 7.92 8.24 6.78 6.37 ... 6.85 8.46 0.42 2.64 � 0.72

� 0.01 0.02 0.06 0.02 0.04 ... 0.07 0.07 0.41 0.11

A V270 9500 1.40 6 0.09 ... 8.00 8.14 6.79 6.57 4.68 6.76 ... 0.64 ... � 0.62

� 0.01 ... 0.03 0.06 0.04 0.05 0.15 0.10 ... 0.21

A V273 8200 1.35 4 0.09 7.41 7.76 8.15 6.79 ... 4.11 6.81 8.35 0.36 2.63 � 0.75

� 0.00 0.01 0.03 0.01 0.04 ... 0.13 0.11 0.03 0.21 0.07

A V297 11 750 1.80 5 0.10 7.52 7.98 8.19 6.63 6.47 ... 6.93 8.45 0.54 3.40 � 0.72

� 0.01 0.04 0.00 0.03 0.09 ... 0.11 0.04 0.28 0.17

A V298 8850 1.50 3 0.09 7.20 7.72 8.11 6.63 6.49 4.09 6.64 8.30 0.35 3.86 � 0.82

� 0.01 0.05 0.02 0.06 0.13 0.14 0.05 0.10

A V315 9700 1.35 6 0.11 ... 8.09 8.31 6.83 6.45 4.70 6.89 ... 0.53 ... � 0.57

� 0.02 ... 0.03 0.08 0.16 0.14 ... 0.21

A V338 9750 1.80 4 0.08 ... 7.90 8.16 6.93 ... 4.55 6.91 ... 0.48 ... � 0.57

� 0.02 ... 0.04 0.03 ... 0.06 0.18 ... 0.13

A V347 10 500 1.60 7 0.09 ... 8.11 8.21 6.89 6.54 ... 6.92 ... 0.71 ... � 0.64

� 0.01 ... 0.04 0.08 0.06 0.05 ... 0.11 0.14 ... 0.05

A V362 14 000 1.95 8 0.15 7.21 8.12 7.92 6.64 6.14 ... ... 8.36 1.37 9.40 � 0.97

� 0.01 0.06 0.03 0.02 0.02 ... ... 0.11 1.37 0.08

A V367 10 500 1.30 7 0.09 7.44 7.95 8.25 ... 6.56 ... 6.83 8.47 0.45 3.85 � 0.63

� 0.01 0.06 0.02 0.02 ... 0.09 ... 0.14 0.03 0.59 0.04

A V382 9900 1.45 5 0.10 7.44 7.89 8.31 6.89 6.44 4.70 6.97 8.49 0.34 3.31 � 0.55

� 0.02 0.03 0.05 0.04 0.14 0.12 0.05 0.20
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T able 9.1: Ov erview of basic atmospheric parameters and elemen tal abundances ( c ontinue d ).

Ob ject Te� logg � n � (X ) = log( x=H) + 12 m(X )=m(Y)

K dex km s

� 1

He C N O Mg S Ti F e � CNO N/O N/C [M=H ]

A V392 8550 1.70 3 0.09 7.57 7.35 8.16 6.93 ... 4.57 6.92 8.31 0.14 0.71 � 0.57

� 0.01 0.04 0.01 0.03 ... 0.14 0.14 0.01 0.14

A V399 9650 1.75 2 0.09 7.76 7.83 8.13 6.75 6.49 4.27 6.86 8.41 0.43 1.37 � 0.71

� 0.01 0.01 0.01 0.02 0.05 0.03 0.16 0.09 0.02 0.04 0.07

A V443 16 250 1.95 8 0.12 6.94: 7.94 8.19 6.89 6.46 ... ... ... 0.49 ... � 0.69

� 0.01 0.04: 0.05 0.03 ... ... 0.06 ... 0.05

A V463 8000 1.40 4 0.09 7.53 7.26 8.18 6.75 ... 4.35 6.78 8.31 0.11 0.63 � 0.70

� 0.00 0.03 0.05 0.04 ... 0.13 0.13 0.01 0.10

A V504 11 000 1.80 6 0.10 7.41 7.92 8.20 6.86 6.53 ... 6.96 8.42 0.47 3.80 � 0.64

� 0.01 0.04 0.02 0.13 ... 0.11 0.05 0.08

SK194 11 500 1.65 6 0.10 7.63 8.09 8.19 6.88 6.47 ... 7.23 8.51 0.70 3.36 � 0.59

� 0.01 0.00 0.05 ... 0.07 0.21

SK196 12 600 1.75 7 0.10 7.12 8.00 8.15 ... 6.32 ... 7.20 8.40 0.62 8.80 � 0.62

� 0.01 0.04 0.06 ... 0.14 ... 0.12 1.53 0.29

SK202 15 400 2.25 6 0.09 6.78: 7.57 8.01 6.78 6.30 ... ... ... 0.32 ... � 0.84

� 0.01 0.07: 0.04 0.04 0.01 0.08 ... ... 0.04 ... 0.05
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9.1 Results for the Sample Stars

An o v erview of all accessible elemen tal abundances for an example of a hot and

a co ol ob ject are sho wn in Fig. 9.1 with resp ect to the solar v alues of Grev esse &

Sauv al (1998 ). Similar plots for the other ob jects of the sample are summarised

in Fig. 9.2. Signi�can t nitrogen enric hmen t and carb on depletion w as found for all

our ob jects giv en that nitrogen or carb on lines could b e analysed in the resp ectiv e

sp ectrum. Strong v ariations in the C and N abundance are found from star to star,

ho w ev er, the sum of C, N, and O abundances ( � CNO in T able 9.1) are v ery similar

for all ob jects. These abundance patterns are signs of con v ersions b et w een C, N, and

O within the CNO cycle and of pronounced mixing of the atmosphere with pro cessed

matter from the stellar core. See Sect. 9.4 for a more extensiv e discussion of this

sub ject.

Figure 9.1 also indicates the metallicit y of an ob ject with the grey-shaded area

(see also T able 9.1). Mean and scatter of the metallicit y are alw a ys based on the

abundances for O, Mg, S, Ti, and F e if a v ailable with all elemen ts w eigh ted equally .

Abundance patterns are in v ery go o d agreemen t with the solar pattern for the v ast

ma jorit y of the ob jects with the 1 � -scatter of the metallicit y b eing . 0.1 dex. Larger

scatter can (almost) alw a ys b e seen as the result of either F e or Ti abundances b eing

o� the o v erall metallicit y indicated b y O, Mg, and S. This migh t indicate problems in

the resp ectiv e mo del atoms. This issue is far b ey ond the scop e of the presen t pro ject

but should b e k ept on the agenda for further impro v emen ts.
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Figure 9.2: Similar to the plots of Fig. 9.1. The abundance patterns for all other stars (if

applicable) are sho wn. P ossibly unreliable abundances (indicated with a colon in T able 9.1)

are sho wn as op en sym b ols.
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9.1 Results for the Sample Stars

Figure 9.2: c ontinue d
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Figure 9.2: c ontinue d

92



9.1 Results for the Sample Stars

Figure 9.2: c ontinue d
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9.2 Systematics in Abundances

9.2.1 T rends with the T emp erature

As a consistency c hec k, it is reasonable to lo ok for an y systematic trend of the deriv ed

abundances with resp ect to the atmospheric parameters of the resp ectiv e star. The

most imp ortan t atmospheric parameter in�uencing the strength of a metal line �

apart from the abundance itself � is the e�ectiv e temp erature. Therefore, Fig. 9.3 is

presen ting the deriv ed abundances as a function of the e�ectiv e temp erature of the

resp ectiv e star.

In general, the go o d news is that the ionisation equilibria N, O, Mg, and S sho w

no (signi�can t) trends with the e�ectiv e temp erature � an argumen t for the reliabilit y

of the deriv ed atmospheric parameters. Only the O and S abundances at high tem-

p eratures seem systematically lo w er. Ho w ev er, the p oin t in the O and the S plot at

14 000 K � corresp onding to A V362 � is supp orted b y two ionisation equilibria (N i/i i

and O i/i i ). This mak es the temp erature and abundances for this ob ject quite secure

so that the lo w abundances for this star are v ery lik ely real. Moreo v er, it strengthens

the trust in temp eratures (and th us abundances) deriv ed with the O i/i i equilibrium

for ob jects at Te� & 14 000 K. Ho w ev er, it should b e noted that O i/i i strongly relies

for O i on the lines at 7770 Å whic h are usually di�cult to mo del as they are quite

sensitiv e to c hanges in the microturbulence and b ecause of their � in general � large

equiv alen t width (in the lo w-metallicit y en vironmen t of SMC, this problem is less

imp ortan t).

The temp erature basis in the case of Ti is to o small for an y signi�can t trend to

b e found. F or F e, ho w ev er, there seems to b e a rather clear e�ect where quite large

abundance are found for Te� � 11 000 K. In com bination with the rather large 1 �
scatters found for the iron abundances in most stars (see T able 9.1) or the deviation

of the F e abundance from the �usual� pattern in some ob jects (Fig. 9.2), this migh t

indicate some inconsistencies in the underlying atomic data as implemen ted in the

used mo del atom. A detailed in v estigation of the mo del atom is far b ey ond the

scop e of the presen t w ork but should b e p erformed in the future. Of course, the

high F e abundances in the stars could also b e real. Despite this apparen t systematic

trend, whic h is rather small compared to uncertain ties giv en b y some other studies

on sup ergian ts, these abundances are still suitable for further discussions (e.g. on

galactic gradien ts) within some restrictions.

A sp ecial note is also indicated for carb on. Almost all abundances are deriv ed

from C i i while C i could only b e studied for the co olest stars around 8000 K. These

C i i lines are mostly the lines at 4267Å as w ell as around 6580Å. These lines can

b e quite a c hallenge to mo del (in non-L TE) whic h is describ ed in detail b y Niev a

& Przybilla (2006 , 2008 ). They constructed a new mo del atom based on up-to-date

atomic data and careful in v estigation of observ ed stellar sp ectra and w ere th us able to

solv e this problem. The mo del atoms w as calibrated with early-t yp e main-sequence

star in the Milky W a y . The lo w metallicit y and lo w densit y of the (atmospheres

of ) SMC sup ergian ts migh t enhance the problem in this resp ect as w e �nd the C

abundances to b e lo w er at high temp eratures.

In principle, one could also think of a selection e�ect to explain these lo w abun-
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Figure 9.3: Deriv ed abundances (with 1 �
scatter) as a function of the e�ectiv e tem-

p erature. No signi�can t trend is presen t for

Mg whereas Ti sho ws a few high abundance

v alues around 9500 K. Linear trends are also

absen t for O and N although the O abun-

dance is somewhat lo w around 15 000 K.

Ho w ev er, the statistics at these temp eratures is not go o d enough to suggest a systematic

e�ect. There ma y b e a sligh t trend for S indicating smaller abundances at higher tem-

p eratures. Rather clear systematic e�ects are found for C and F e meaning systematically

smaller/larger abundances at 15 000 K or 12 000 K resp ectiv ely . The corresp onding carb on

abundances for C at stars with high e�ectiv e temp eratures (A V22, A V151, A V443, SK196,

and SK202, indicated b y grey circles) ma y b e the result of problems in the mo del atom

(see discussion in the text). They are th us probably not reliable and will b e omitted in the

further discussion of e.g. N/C ratios.

dances. A t high temp eratures, the sample consists only of rather massiv e stars (see

e.g. Fig. 8.1) whic h are supp osed to exp erience stronger enric hmen t of the atmosphere

with n uclear pro cessed matter from the core. The lo w C abundance w ould then b e

created b y e�ects of the CNO cycle. Ho w ev er, this w ould imply a sim ultaneous pro-

nounced enhancemen t of the nitrogen abundance. As this can not b e seen, the lo w C
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abundances (from the singly ionised stage) for higher temp eratures are more lik ely a

problem of the mo delling. Therefore, these abundances (mark ed with grey sym b ols

in Fig. 9.3 and with a colon in T able 9.1) are excluded in the follo wing when carb on

abundances are compared (e.g. also in the discussion of the N/C ratios in Sect. 9.4).

9.2.2 Systematic Uncertain ties from P arameter V ariations

In order to b etter estimate the systematic uncertain ties of the deriv ed atmospheric

abundances, the c hange in these abundances when mo difying the basic atmospheric

parameters is examined. T able 9.2 compares the �nal abundances with ones corre-

sp onding to parameter c hanges for a �co ol� (A V136), a �w arm� (A V297), and a �hot�

(SK202) ob ject. These c hanges are not the parameter uncertain ties as adopted for

those ob jects, but shall represen t uncertain ties (a bit higher than) t ypically found

in the resp ectiv e parameter ranges. E.g., the Mg i/i i equilibrium sho ws smaller un-

certain ties than the 200 K di�erence in v estigated for A V136 as it shall also giv e an

idea for ob jects with parameter determinations based on SEDs (with uncertain ties of

ab out 300 K).

Examining T able 9.2, one �nds that the e�ectiv e temp erature uncertain ties ha v e

the largest impact on the determined abundances. This is esp ecially the case for the

ionisation equilibria (Mg i/i i , N i/i i , and O i/i i ) whose abundances react � except

for Mg � in opp osite w a ys allo wing small error bars for Te� to b e adopted. Note that

although Mg i and Mg i i lines react in the same w a ys to parameter c hanges, this is

more than comp ensated b y the extreme sensitivit y of the Mg i lines.

The c hanges of the ionic abundances when mo difying the stellar parameters as

indicated amoun t to t ypically � 0.1 dex. Exceptions are only the reactions of F e i i and

Ti i i lines to temp erature v ariations and some ions emplo y ed for ionisation equilibria.

Ho w ev er, in the latter case, the elemental abundances a v eraged o v er the ionisation

states will b e less a�ected and th us more stable.

Th us, the systematic uncertain ties of the elemen tal abundances due to uncertain-

ties in the atmospheric parameters are comparable to the statistical uncertain ties

inferred from the line-to-line scatter (see e.g. T able 9.1).

9.3 Comparison with Abundance Results for the Sample Stars in the

Literature

The stars of our sample whic h ha v e b een analysed in previous studies (see also

Sect. 8.3) can also b e compared to the results of the presen t w ork with resp ect to the

deriv ed abundances. An o v erview of mean abundances and uncertain ties is giv en in

T able 9.3 for v arious literature sources: t.w. (this w ork), (1) V enn (1999 ), (2) Lee et

al. (2005 ), (3) T rundle et al. (2004 ), (4) T rundle & Lennon (2005 ). Only elemen ts

treated in the presen t study are listed. Note that the uncertain ties from (3) and (4)

are not deriv ed from the line-to-line scatter as done in this w ork but include their

pronounced systematic uncertain ties (e.g. from simply adopting a microturbulence

in 3). In particular, these t w o studies could only in v estigate one Mg i i line (at 4481Å

the same as in this w ork) at the high temp eratures.
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9.3 Comparison with Abundance Results for the Sample Stars in the Literature

T able 9.2: Estimate of systematic abundance uncertain ties from abundances based on mo d-

i�ed atmospheric parameters for three selected ob jects. The abundances presen ted in the

�rst line for eac h star are the ones deriv ed for the �nal atmospheric parameters as indicated

next to the designation of eac h star. The follo wing lines giv e the abundances whic h ma y b e

deriv ed when one atmospheric parameter is mo di�ed as indicated.

� (X ) = log( x=H ) + 12
C i C i i N i N i i O i O i i Mg i Mg i i S i i Ti i i F e i i

A V136: Te� = 8250 K, logg = 0.95 dex, � = 6 km s

� 1

7.60 ... 7.93 ... 8.25 ... 6.89 6.92 ... 4.36 6.82

Te� +200 K: 7.83 ... 8.03 ... 8.32 ... 7.26 6.95 ... 4.73 6.97

logg +0.05: 7.54 ... 7.93 ... 8.24 ... 6.79 6.91 ... 4.31 6.81

� +1 : 7.58 ... 7.91 ... 8.25 ... 6.85 6.90 ... 4.30 6.78

A V297: Te� = 11750 K, logg = 1.80 dex, � = 5 km s

� 1

... 7.52 7.98 7.98 8.19 ... ... 6.63 6.47 ... 6.93

Te� +350 K: ... 7.38 8.04 7.88 8.26 ... ... 6.71 6.39 ... 7.10

logg +0.10: ... 7.54 7.95 8.05 8.18 ... ... 6.55 6.50 ... 6.88

� +2 : ... 7.45 7.89 7.91 8.19 ... ... 6.57 6.41 ... 6.91

SK202: Te� = 15400 K, logg = 2.25 dex, � = 6 km s

� 1

... 6.78 ... 7.57 8.00 8.01 ... 6.78 6.30 ... ...

Te� +500 K: ... 6.71 ... 7.41 8.08 7.86 ... 6.89 6.38 ... ...

logg +0.10: ... 6.80 ... 7.62 7.99 8.10 ... 6.74 6.30 ... ...

� +2 : ... 6.71 ... 7.48 7.99 7.96 ... 6.74 6.27 ... ...

W e ha v e deriv ed abundances for �v e ob jects from V enn (1999 ) who determined the

abundances based on L TE (A TLAS9) calculations with additional non-L TE correc-

tions. The presen t study deals with the more sophisticated approac h of full non-L TE

p opulation n um b er computations. Go o d to excellen t agreemen t is obtained for F e

and Ti abundance for all stars (except Ti for A V110). Go o d agreemen t is found for

Mg for three stars (A V110, A V136, and A V392) while there are signi�can t di�erences

for A V298 and A V463. F or A V298, this is � among other reasons � a consequence

of the di�eren t atmospheric parameters (mainly Te� ). V ery go o d agreemen t is found

for all o xygen abundances and for the upp er limits of her carb on abundances with

resp ect to the carb on abundances deriv ed in the presen t w ork. The nitrogen abun-

dances (except for A V392) w ere tak en from an up date in V enn & Przybilla (2003 ).

The up dated v alues are higher than the original ones from V enn (1999 ) b y t ypically

0.2 � 0.3 dex and lie th us m uc h closer to the results of the presen t w ork. Nev ertheless,

their up dated N abundances still lie ab out 0.1 � 0.2 dex lo w er in most cases.

Go o d agreemen t with the three ob jects in common with the non-L TE study of

Lee et al. (2005 ) is found for almost all elemen ts (C, N, O, and Mg) where abun-

dances are giv en for t w o assumptions (10 and 20 km s

� 1
, left and righ t abundance
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v alues resp ectiv ely) on the microturbulence. The lo w er microturbulence generally

means higher abundances whic h �t b etter to the abundances deriv ed in the presen t

w ork. The only exception are their nitrogen abundances whic h are larger for larger

microturbulence. A v ery large discrepancy of the order of 1 dex is found for iron. Due

to the similarit y of the basic atmospheric parameters, this m ust b e an issue of the

underlying mo delling co des and/or mo del atoms.

The study of T rundle et al. (2004 ) rev eals for the t w o stars A V22 and A V362

fair (within � 0.2 dex) agreemen t in magnesium and in carb on � including the un-

certain ties whic h are quite large for carb on � and v ery go o d agreemen t for nitrogen

( � 0.1 dex). The similar analysis of T rundle & Lennon (2005 ) also sho ws fair agree-

men t in carb on for A V56 and A V443 while the carb on abundance for A V151 in the

presen t study seem signi�can tly higher. The nitrogen abundance for A V443 is w ell

consisten t with the presen t v alue while signi�can tly higher or lo w er nitrogen abun-

dances are found for A V151 and A V56 resp ectiv ely . Although b oth studies accoun t

for non-L TE e�ects and ev en emplo y h ydro dynamic mo del co des (F ASTWIND, Puls

et al. 2005 ), these co des rely on mo del atoms whic h are less sophisticated than the

ones used here whic h migh t explain some di�erences.

None of the quan titativ e analyses whic h ha v e ob jects in common with the presen t

sample deriv e the helium abundance indep enden tly but assume the standard solar

helium abundance of 0.09. Moreo v er, Lee et al. (2005 ) as w ell as T rundle et al. (2004 )

do not deriv e the microturbulence but only giv e abundances for assumptions on it.

Ho w ev er, these parameters ma y ha v e signi�can t in�uence on the atmospheric param-

eters and also directly on the other stellar abundances (see Sect. 7.2). The presen t

study accoun ts for non-standard helium abundance and microturbulence and can th us

pro vide a consisten t picture.

T aking these e�ects in to accoun t leads � in com bination with the excellen t atomic

data implemen ted in the co des and mo del atoms � to a high degree of consistency .

This is re�ected � among other things � in the small statistical uncertain ties of de-

riv ed abundances where m ultiple lines indicate v ery similar v alues. This is a ma jor

impro v emen t with resp ect to earlier studies. Prominen t examples are the uncertain-

ties in C and N of T rundle et al. (2004 ) and T rundle & Lennon (2005 ) compared to

those from the presen t w ork. Suc h large uncertain ties mak e it hard to discuss stellar

ev olution in terms of ev olution of the N/C ratio as in Sect. 9.4.
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T able 9.3: Comparisons with abundances from previous analyses (see Sect. 8.3 for sources).

Ob ject Te� logg n(He) � (X ) = log( x=H ) + 12

K dex C N O Mg S Ti F e Src.

A V110 9500 1.40 0.17 � 0.01 7.82 7.97 � 0.06 8.16 � 0.02 6.76 6.63 4.45 � 0.09 6.79 � 0.15 t.w.

9500 1.40 ... < 8.7 7.84 � 0.06 8.1 6.82 � 0.04 ... 4.04 � 0.04 6.68 � 0.21 (1)

A V136 8250 0.95 0.13 � 0.01 7.60 7.96 � 0.04 8.21 � 0.08 6.89 � 0.04 ... 4.36 � 0.06 6.81 � 0.05 t.w.

8200 1.0 ... < 8.2 7.73 � 0.05 8.1 6.79 � 0.13 ... 4.26 � 0.12 6.82 � 0.21 (1)

A V298 8850 1.50 0.09 � 0.01 7.20 7.72 � 0.05 8.11 � 0.02 6.63 � 0.06 6.49 4.09 � 0.13 6.64 � 0.14 t.w.

9400 1.7 ... < 8.4 7.72 � 0.07 8.1 7.01 � 0.08 ... 4.12 � 0.10 6.70 � 0.15 (1)

A V392 8550 1.70 0.09 � 0.01 7.57 7.35 � 0.04 8.16 � 0.01 6.93 � 0.03 ... 4.57 � 0.14 6.92 � 0.14 t.w.

8500 1.7 ... < 8.1 < 7:2 8.2 6.83 � 0.08 ... 4.48 � 0.16 6.76 � 0.17 (1)

A V463 8000 1.40 0.09 � 0.00 7.53 7.26 � 0.03 8.18 � 0.05 6.75 � 0.04 ... 4.35 � 0.13 6.78 � 0.13 t.w.

8000 1.3 ... < 7.8 7.07 8.2 7.01 � 0.06 ... 4.48 � 0.17 6.82 � 0.21 (1)

SK194 11 500 1.65 0.10 � 0.01 7.63 8.09 � 0.00 8.19 6.88 6.47 � 0.05 ... 7.23 � 0.07 t.w.

� 11 700 1.7 ... ... 7.9/8.0 ... 6.8/6.6 ... ... 6.2/6.1 (2)

SK202 15 400 2.25 0.09 � 0.01 6.78 � 0.07 7.57 � 0.04 8.01 � 0.04 6.78 � 0.01 6.30 � 0.08 ... ... t.w.

14 750 2.1 ... 6.8/6.8 7.6/7.4 6.7/6.6 ... ... ... (2)

A V22 14 600 1.90 0.13 � 0.01 6.85 � 0.02 7.93 � 0.04 7.93 � 0.02 6.97 6.39 � 0.03 ... ... t.w.

14 500 1.90 ... 7.07 � 0.27 7.92 � 0.16 ... 6.83 � 0.09 ... ... ... (3)

A V362 14 000 1.95 0.15 � 0.01 7.21 � 0.06 8.12 � 0.03 7.92 � 0.02 6.64 6.14 � 0.02 ... ... t.w.

14 000 1.70 ... 7.12 � 0.48 8.22 � 0.25 ... 6.72 � 0.06 ... ... ... (3)

A V56 16 150 2.00 0.11 � 0.02 7.32 � 0.03 7.92 � 0.03 8.04 � 0.04 6.84 6.32 � 0.02 ... ... t.w.

16 500 2.05 ... 7.19 � 0.53 8.27 � 0.32 ... 6.68 � 0.09 ... ... ... (4)

A V151 16 750 2.25 0.13 � 0.01 7.02 � 0.04 7.83 � 0.03 8.22 � 0.03 6.96 6.47 � 0.01 ... ... t.w.

16 000 2.10 ... 6.85 � 0.12 7.55 � 0.19 ... 6.70 � 0.08 ... ... ... (4)

A V443 16 250 1.95 0.12 � 0.01 6.94 � 0.04 7.94 � 0.05 8.19 � 0.03 6.89 6.46 ... ... t.w.

16 500 1.95 ... 6.99 � 0.36 7.96 � 0.22 ... 6.72 � 0.08 ... ... ... (4)
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9.4 Constrain ts on Chemical Mixing in Massiv e Stars

As illustrated in Sect. 3.4, it should b e p ossible to detect the pro ducts of CN-pro cessed

matter in the atmosphere of a massiv e star through mixing of the atmosphere with

matter from the stellar core. The degree of the nitrogen enric hmen t and carb on

depletion dep ends on the e�ciency of the mixing pro cess. It w as already men tioned

in this section (see e.g. Figs. 9.1 and 9.2) that � if corresp onding lines could b e

analysed � there are clear signs of pronounced N enric hmen t and C depletion (with

resp ect to the deduced metallicit y) for all of the sample stars. This is accompanied

b y sligh t helium enric hmen t. T ypically , the N enric hmen t and C depletion (compared

to [M=H ]) are of the order of 0.6 and 0.4 dex resp ectiv ely .

F or a more detailed discussion of this matter and a comparison to the predictions

of stellar ev olution theory , Fig. 9.4 presen ts the N/C mass ratios for all ob jects with

resp ect to their N/O mass ratio. F or explicit n um b ers, see T able 9.1. Of course,

only ob jects where abundances of all three elemen ts could b e deriv ed based on the

a v ailable sp ectral lines are included. Moreo v er, t ypical error bars for a few ob jects

based on the line-to-line scatter from lines of eac h elemen tal sp ecies are pro vided.

F or the rest of the ob jects, the error bars are omitted for clarit y and since in some

cases only one line could b e in v estigated for C, N, or O.

There is a rather tigh t trend b et w een the N/C and N/O ratios when considering

the statistical uncertain ties from the line-to-line scatters. If one accoun ts in addition

for p ossible systematic e�ects, the relation b ecomes ev en more con vincing.

The theoretical predictions in Fig. 9.4 indicates that the shap e and slop e of the

N/C vs. N/O curv es is almost constan t with resp ect to mass (and dep ends more on

the ph ysics of the mo dels). Ho w ev er, higher masses imply higher v alues of N/C and

N/O at whic h the lines end indicating more e�cien t mixing for higher masses in the

ev olution phases co v ered (un til the end of cen tral helium burning).

The di�eren t signi�can tly di�eren t slop es in Fig. 9.4 of the t w o mo dels � �classical�

star and W olf-Ra y et star mo dels � is mainly caused b y the adopted initial c hemical

comp osition of stars in the SMC. The W olf-Ra y et mo dels are calculated with a scaled

solar mixture of CNO elemen ts whereas an � -enhanced comp osition w as adopted for

the classical mo dels. The latter implies also higher O abundances, and th us smaller

N/O ratios and a steep er slop e. These di�eren t initial c hemical patterns in the mo dels

also explain wh y the mo dels do not start at the same p oin t in the lo w er left corner.

The comparison of the observ ational trend with the predictions for the ev olution of

the N/C vs. N/O ratio in stars at SMC metallicit y in Fig. 9.4 rev eals t w o fundamen tal

discrepancies.

� The �classical� mo dels seem to t ypically o v erestimate the N/C ratios for giv en

N/O ratios while the W olf-Ra y et star mo dels underestimate the deduced rela-

tion. It is of ma jor imp ortance to note that this statemen t is only v alid when

theoretical abundances predicted for the major p art of a stellar life up to the

end of cen tral helium burning in the red sup ergian t regime are considered.

� If only the abundance ev olutions predicted for a stellar ev olution from the main

sequence to a lo w er temp erature around 10 000 K (thic k part of the lines in Fig.
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Figure 9.4: Mass fraction of N/C v ersus N/O for ob jects with determined abundances. The

sym b ol size co des the ZAMS mass as inferred from the ev olutionary trac ks in Fig. 9.5. The-

oretical predictions for the ev olution of these rations in 15, 20, 25, and 40 M � stars from

Maeder & Meynet (2001 ) and for 30 and 40 M � W olf-Ra y et stars from Meynet & Maeder

(2005 , �30/40 WR�) as indicated. The thic k part of eac h curv e corresp onds to the ev olu-

tionary phase from the main sequence to w ards the red sup ergian t stage un til Te� = 10 000 K

is reac hed (see e.g. Fig. 9.5). Represen tativ e uncertain ties for a few ob jects are indicated.

9.4) are considered, one faces the sev ere problem that the theoretical N/C and

N/O ratios do not gro w high enough in time to matc h the observ ed ones.

The conclusion from the �rst discrepancy for the stellar ev olution is th us that

ph ysics and parameters corresp onding to the �golden mean� w ould b est �t the mea-

sured trend. This w ould demand tailored calculations for the sp ecial SMC abundance

pattern of CNO elemen ts (see also Sect. 9.6).

The second discrepancy is somewhat more complicated. One explanation could b e

that the v ast ma jorit y of the ob jects m ust ha v e already undergone the �rst dredge-

up in the red sup ergian t stage where pronounced mixing tak es places. Most of the

sample stars w ould ha v e to b e on the w a y bac k to the blue or b e caugh t in a blue lo op

ev en at these high masses. This is hard to explain with the curren t stellar ev olution

mo dels.

Another p ossibilit y to explain the second discrepancy is that mixing in massiv e
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Figure 9.5: Lo cation of our sample stars in the Te� - logg-plane. Only stars where nitro-

gen and carb on abundances could b e deriv ed are sho wn with the sym b ol size co ding the

N/C mass fraction. Ev olutionary trac ks from Maeder & Meynet (2001 ) for 9 to 25 M �

(ZAMS mass) and Meynet & Maeder (2005 ) for 30 and 40 M � (W olf-Ra y et star mo dels)

are o v erplotted as denoted. The b eginnings of the trac k in the lo w er left part of the �gure

corresp onds to the main sequence in a HRD.

stars prior to the red sup ergian t stage is m uc h more e�cien t than assumed up to

no w. (This w ould happ en mainly on the main sequence due to the relativ ely fast

ev olution to w ards the red after lea ving the main sequence.) The mo dels at SMC

metallicit y already accoun t for rotationally induced mixing of the atmosphere with

pro cessed matter from the stellar core � an imp ortan t step to adequately describ e

a star. Still, this seems to b e not enough considering the results of the presen t

w ork. Rotation is either more e�cien t than implemen ted in the mo dels so far or

an additional mec hanism enhances the mixing. One p ossibilit y in this resp ect is the

in terpla y of rotation with magnetic �elds (Maeder & Meynet 2005 ) whic h w as sho wn

to strongly enhance the mixing e�ciency .

Another in teresting p oin t whic h ma y b e inferred from Fig 9.4 (and Fig. 9.5) is the

dep endency of the ratio on the (initial) mass of a star. Although the largest masses

(sym b ol size in Fig 9.4, lo cation in Fig. 9.5) are not found at the highest N/C or N/O

ratios, stars with high N/C or high N/O ratio sho w b y trend a relativ ely high mass.

This supp orts the established idea of more pronounced mixing at higher masses (see

also Sect. 3.4).
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Figure 9.6: Similar to Fig. 9.4, but for the mass fraction of helium v ersus the N/O mass

fraction for ob jects with determined abundances. The sym b ol size co des the ZAMS mass

as inferred from the ev olutionary trac ks in Fig. 9.5.

Helium abundances o�er a further opp ortunit y to compare results from the presen t

w ork with predictions from stellar ev olution theory as done in Fig. 9.6. Similar to

Fig 9.4, only a few represen tativ e error bars are implemen ted for reasons of clearness

and as some uncertain ties for N/O mass ratios are not deriv ed b ecause of a limited

n um b er of sp ectral lines.

V ery similar notes and conclusions as made in v estigating the N/C vs. N/O plot

can b e giv en here. There is a clear and rather tigh t (including statistical uncertain ties

and p ossible systematic ones) trend indicating higher helium abundance with higher

N/O ratio. It means that helium � the net result of h ydrogen burning � is mixed

in to the atmosphere as w ell as the other signatures of h ydrogen burning in the CNO

cycle (N up, C do wn). Th us, it is not surprising that this in agreemen t with stellar

ev olution theory � although the observ ed slop e seems a bit shallo w er.

Ho w ev er, there are still some issues for debates left. The p oin ts are the same as

in the discussion of N/C vs. N/O. Again, it seems that the �golden mean� b et w een

classical and W olf-Ra y et star mo dels w ould b est describ e the �ndings. And again,

the mixing of the material within the time it tak es the star to lea v e the main sequence

and co ol do wn to � 10 000 K (corresp onding to the thic k part of the curv es in Fig 9.4)
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seems to b e to o ine�cien t. And �nally , stars with high N/O and esp ecially high He

abundance also p ossess v ery lik ely a high mass implying stronger mixing for more

massiv e stars. The discussion is th us fully analogue to the one b efore.

9.5 Chemical Homogeneit y of the Small Magellanic Cloud

The c hemical elemen ts not a�ected b y the fusion and mixing pro cesses whic h ha v e

tak en place so far in a star allo w a discussion of the distribution of elemen ts in the

SMC. Here, the individual ob jects serv e as prob es of the metal con ten t of the SMC at

v arious p oin ts. The relativ e y oung ages of the sample stars ensure that this con ten t

is practically the same as that of the surrounding medium. Moreo v er, the targets in

this w ork co v er w ell the SMC as visible in the �eld-of-view (see Figs. 6.1 and 6.2)

th us allo wing to searc h for abundance patterns throughout this galaxy .

The distribution of the stellar atmospheric abundances (except C and N whic h are

a�ected b y n uclear pro cesses in the sample stars) is sho wn in Figs. 9.7 and 9.8 with a

t w o-dimensional presen tation o v er the �eld-of-view of the SMC and as a function of

the t w o-dimensional distance of the ob jects (righ t frames). Linear regression v alues

inferred from the latter are also listed in T able 9.4 together with mean abundances

and 1 � scatter deriv ed from the v arious v alues of individual stars.

These linear regressions (�tted with all stars w eigh ted equally) rev eal no signi�can t

abundance gradien t based on the t w o-dimensional p osition of the targets in the SMC.

Regarding the relativ ely small abundance ranges as w ell as the statistical (line-to-line

scatter) and p ossible systematic (e.g. e�ects of atmospheric parameters, Sect. 9.2)

uncertain ties, the deriv ed abundances indicate a quite homogeneous (presen t-da y)

comp osition of the SMC. This can also b e seen with the 1 � scatters of the abundances

over al l stars (T able 9.4) whic h ma y b e explained with the (statistical and systematic)

uncertain ties in a single star . Only for the small uncertain ties found for O, and Mg

(and S to some exten t), one c ould think of a small real v ariation of the abundance.

In Sect. 10.5, this discussion is con tin ued in three dimensions.

A t this p oin t, ev en with the high accuracy and consistency ac hiev ed in the presen t

w ork pinning do wn atmospheric abundances to 10 � 20 %, no clear c hemical inhomo-

T able 9.4: P ossible gradien ts and a v erage abundances in the SMC. Giv en are the gradien ts

as deriv ed from distribution of stars in the t w o-dimensional �eld of view, see also Figs. 9.7

and 9.8. A dditionally , the simple a v erage of abundances from all stars (ignoring their lo ca-

tion) as w ell as the 1 � scatter are presen ted.

Elemen t linear trend a v erage abundances/dex ? relativ e

cen tral/dex slop e/dex/kp c ? 1 � scatter to solar/dex

O 8:16 � 0:04 0:010 � 0:029 8.16 0.09 � 0:67
Mg 6:84 � 0:04 � 0:018 � 0:031 6.83 0.09 � 0:75
S 6:47 � 0:05 0:001 � 0:043 6.46 0.12 � 0:74
Ti 4:44 � 0:11 0:005 � 0:093 4.44 0.20 � 0:50
F e 6:84 � 0:04 0:021 � 0:033 6.89 0.14 � 0:61

Ov erall SMC metallicit y: � 0:65
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Figure 9.7: Mean abundances of the sample stars and their resp ectiv e p osition in the SMC.

L eft p anels : stellar abundances for o xygen and iron in the SMC �eld of view. Star designa-

tions w ere omitted for reasons of clarit y . F ast iden ti�cations are nev ertheless p ossible using

Fig. 6.2 whic h sho ws the same �eld of view. Abundances are indicated via the sym b ol size.

The cross denotes again the cen ter of the SMC. R ight p anels : Stellar abundances for o xygen

and iron as a function of the (t w o-dimensional) distance of a star from the SMC cen ter.

The error bars indicate t ypical uncertain ties from the line-to-line scatter of the emplo y ed

sp ectral lines. The distance in kp c w as calculated based on the co ordinates and an adopted

distance mo dulus of 19.0 mag. Ov erplotted for eac h elemen t is a simple regression line �tted

to the data p oin ts with eac h star w eigh ted equally and an error bar represen ting the a v erage

abundance uncertain t y for a single ob ject. Only stars within the main frames of the left

frames are considered here, the stars of the inset (further a w a y in the wing) are ignored in

this case.

geneit y or pattern (in t w o dimensions) among the y oung sup ergian ts � and th us in

the presen t-da y comp osition � of the SMC can b e found. Nev ertheless, the presen t

results w ell constrain the presen t-da y c hemical comp osition of the SMC to � 0:65 dex

or one �fth with resp ect to the solar v alues of Grev esse & Sauv al (1998 ).
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Figure 9.8: Similar to Fig. 9.7, but for Mg, S, and Ti.
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9.6 Previous Abundance Studies in the SMC

The abundance �ndings for the BA sup ergian ts deriv ed in this w ork are compared to

the results of a large n um b er of studies treating v arious kinds of ob jects. A summary

is giv en b y T able 9.5.

9.6.1 Y oung Stellar P opulations

Y oung stellar p opulations suc h as OB stars or sup ergian ts are though t to w ell rep-

resen t the presen t-da y c hemical comp osition of their surrounding except for n uclear

pro cessed material mixed in to their atmospheres (suc h as CN-cycled matter) through

mixing during and b efore the dredge-ups in the red sup ergian t regime. Results from

other analyses should therefore b e directly comparable to the �ndings in this w ork

within these restrictions.

Cepheids as pulsating stars of sev eral solar masses and ages of � 100 Myr should

also re�ect the (almost) presen t-da y comp osition of the medium they w ere b orn in.

Ho w ev er, abundance studies of Cepheids mainly rely on the estimation of o v erall

blank eting e�ects from photometry in tro ducing large uncertain ties e.g. through ex-

tinction. Only mean metallicities suc h as [F e/H] are determined in most cases. Nu-

merous early studies with v ery similar results exist. The w orks of Harris (1983 ) from

a study of 45 Cepheids and of Luc k & Lam b ert (1992 ) of sev en Cepheids/sup ergian ts

are men tioned here exemplarily . Go o d agreemen t is found with the o v erall metallicit y

of Harris (1983 ). The Mg, S, Ti, and F e v alues are higher in Luc k & Lam b ert (1992 )

than in the presen t w ork while go o d agreemen t is found for O. The � elemen ts of

the Cepheids are found to b e o v erabundan t with resp ect to sup ergian ts. Carb on and

nitrogen sho w a large scatter due to di�eren t mixing with CN-pro cessed matter (as

in the presen t w ork). The lo w er C and higher N abundance of the presen t w ork ma y

indicate more e�cien t mixing than w as presen t in the � not as massiv e � Cepheids

on the mean. A later study of Luc k et al. (1998 ) �nds similar results as Luc k &

Lam b ert (1992 ).

More recen t studies suc h as of Keller & W o o d (2006 ) or Mottini et al. (2006 )

indicate o v erall metallicities in go o d agreemen t with the �t ypical� SMC metallicit y

whic h w as also con�rmed in the presen t study .

F sup ergian ts Abundances of other sup ergian ts of v arious sp ectral t yp es can b e

compared with the presen t w ork. First, a comparison is made with sup ergian ts of

sp ectral t yp e F whic h lie closer to the red sup ergian t region and the dredge-up(s)

o ccurring there. An in v estigation of sev eral elemen ts for three sup ergian ts w as con-

ducted b y Spite et al. (1989a ), (1989b ), and Spite & Spite (1990 ). There is quite

go o d agreemen t b et w een these studies and the presen t w ork for O and Mg. F or

the hea vier elemen ts suc h as S, Ti, and F e they tend to systematically o v erestimate

the abundances. A similar study for eigh t F sup ergian ts based on photometry and

sp ectroscop y w as presen ted b y Russell & Bessell (1989 ) and indicated sligh tly higher

abundances for Mg with resp ect to the curren t w ork. The iron abundance �ts re-

mark ably w ell.
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A and B sup ergian ts The w ork of V enn (1999 ) w as already men tioned b efore as

abundances for �v e of her stars w ere also determined in this w ork. V ery go o d agree-

men t w as found except for N and C for a few stars. V ery go o d to excellen t agreemen t

is also found for the elemen ts whic h are una�ected b y CN-pro cessed material up to

no w: O, Mg, S, Ti, as w ell as F e. Lik e in the presen t w ork, a relativ e abundance pat-

tern v ery similar to the solar one (Grev esse & Sauv al 1998 ) is found b y V enn (1999 )

for these elemen ts.

The studies of T rundle et al. (2004 ), Dufton et al. (2005 ), T rundle & Lennon (2005 )

as w ell as of Lee et al. (2005 ) rev eal comparable abundances to the presen t w ork

for O and Mg whereas F e is m uc h less abundan t according to Lee et al. (2005 ).

Moreo v er, they also sho w a considerable scatter in the C and N abundances whic h is

an indication for v ariously e�cien t mixing with CN-pro cessed matter from the stellar

core (the carb on abundance is systematically and signi�can tly smaller).

B stars Recen t w ork on large samples of B stars (sup ergian ts and less luminous

stars) is pro vided b y Hun ter et al. (2007 , 2009 ) and T rundle et al. (2007 ). F air

agreemen t with resp ect to the presen t w ork is found for the hea vier metals O, Mg,

and F e as w ell as for C. In fact, their C abundance is ev en lo w er than found for

the more ev olv ed sup ergian ts of the presen t w ork, whic h are supp osed to sho w the

stronger depletion due to more e�ectiv e mixing. This w ould b e v ery surprising but

migh t come from the estimate d c orr e ctions they applied to their C abundances.

9.6.2 Old Stellar P opulations (Red Gian ts)

When comparing the abundance pattern of old stars to ours, one has to k eep in

mind that it pro vides information on the metal enric hmen t history during the time

b et w een the formation of those ob jects and of the y oung sup ergian ts. Nev ertheless,

they can also b e used to discuss the c hemical homogeneit y of the SMC. Some recen t

in v estigations of larger samples are presen ted for this purp ose in the follo wing.

Carrera et al. (2008 ) deriv e metallicities [M/H] from Ca i i triplet sp ectroscop y in

red gian t branc h stars emplo ying a � rather simple � form ula relating the metallicit y

to the sum of the three equiv alen t widths and the magnitude of the star. Abundances

of the 350 stars of v arious ages (up to � 10 Gyr) indicate for the �rst � and only �

time a metallicit y gradien t. The a v erage metallicit y w as � � 1 in the cen tral region

decreasing to ab out � 1.6 to w ards the outer regions (more than 4

�
a w a y from the

cen ter). Ho w ev er, Carrera et al. (2008 ) conclude that this gradien t can b e explained

as an age gradien t.

A similar analysis of the Ca i i triplet from red gian t branc h stars b y P arisi et

al. (2010 ), ho w ev er, �nds no gradien t at all but consisten tly [F e/H] � � 1. There is

only an indication for the �eld stars to b e sligh tly more metal-p o or than the cluster

stars. Similar results are found b y Cioni (2009 ) from an analysis of the ratio of A GB

star t yp es.

Although these results are not directly comparable to the y oung ob jects (and are

sub ject to substan tial systematic uncertain ties), they pro vide at least the indication

that the SMC has a homogeneous comp osition at p opulations of v arious ages.
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9.6 Previous Abundance Studies in the SMC

T able 9.5: Ov erview of mean abundances from other studies treating v arious kinds of ob jects.

Direct comparisons are made for elemen ts whic h are also in v estigated in the presen t study .

Abundances are giv en in the usual logarithmic notation logx=H + 12 (except for helium),

negativ e v alues indicate di�erences to the solar comp osition (Grev esse & Sauv al 1998 ).

Source Metho d El.(s) mean v alue 1 � -scatter remarks

This work

BA

sup ergian ts,

sp ectroscop y ,

non-L TE

He 0.11 0.02

C 7.47/ � 1.05 0.20

N 7.90/ � 0.02 0.21

O 8.16/ � 0.67 0.09

Mg 6.83/ � 0.75 0.09

S 6.46/ � 0.74 0.12

Ti 4.44/ � 0.50 0.20

F e 6.89/ � 0.61 0.14

Harris (1983 ) Cepheids,

photometry

[M/H] � 0.65 ( � 0.3)

Keller &

W o o d (2006 )

Cepheids,

ligh t curv es

[M/H] � 0.64 0.04

Mottini et

al. (2006 )

Cepheids,

sp ectral anal-

ysis

[M/H] � 0.75 0.08

Luc k & Lam-

b ert (1992 )

Cepheids/

Sup ergian ts,

sp ectral

analysis

C 7.65 0.32

� elemen ts in

Cepheids

o v erabundan t

with resp ect to

sup ergian ts

N 7.71 0.35

O 8.26 0.20

Mg � 0.45 0.12

S � 0.41 0.15

Ti � 0:55 0.17

F e � 0:53 0.12

Spite et

al. (1989a ,

1989b ), Spite

&

Spite (1990 )

F sup ergian ts,

sp ectral

analysis, L TE

C 7.77 0.08

O 8.1 0.08

Mg 6.89 0.05

S 6.70 0.12

Ti 4.39 0.26

F e 7.02 0.10

Russell &

Bessell (1989 )

F sup ergian ts,

photometry/

sp ectroscop y ,

L TE

C 7.56 0.06

Mg 7.00 0.12

Ti 4.51 0.11

F e 6.78 0.18

V enn (1999 ),

N up dates b y

V enn &

Przy-

billa (2003 )

A sup ergian ts,

sp ectral

analysis,

non-L TE

N 7.52 0.38

O 8.14 0.10

Mg 6.83 0.11

Ti 4.29 0.15

F e 6.71 0.14
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9 CHEMICAL ABUND ANCE ANAL YSIS

T able 9.5: Ov erview of mean abundances from other studies ( c ontinue d ).

Source Metho d El.(s) mean v alue 1 � -scatter remarks

T rundle et

al. (2004 ),

T rundle et

al. (2005 )

B sup ergian ts,

sp ectroscop y ,

non-L TE

C 6.93 0.15

N 7.72 0.33

O 8.13 0.14

Mg 6.83 0.11

Lee et

al. (2005 )

B sup ergian ts,

sp ectroscop y ,

non-L TE

C 6.9 0.3

targets in SMC

wing

N 7.7/7.6 0.2/0.3

O 8.3/8.0

Mg 6.7/6.6 0.1/0.1

F e 6.2

Dufton et

al. (2005 )

B sup ergian ts,

sp ectroscop y ,

non-L TE

C 7.06 0.12

N 7.42 0.15

O 8.09 0.12

Mg 6.70 0.10

Hun ter et

al. (2007 ,

2009),

T rundle et

al. (2007 )

B stars,

FLAMES

surv ey ,

sp ectroscop y ,

non-L TE

C 7.30 0.28 F e in L TE,

estimated

corrections for C,

sup ergian ts

excluded for N

N 7.28 0.31

O 7.99 0.21

Mg 6.72 0.18

F e 6.92 0.15

Carrera et

al. (2008 )

red gian ts,

Ca i i triplet

[M/H] � 1 to � 1.6 �rst detection

of gradien t,

due to age

P arisi et

al. (2010 )

red gian ts,

Ca i i triplet

[M/H] � � 1 � 0.2 no gradien t

ev en for

di�eren t ages

Cioni (2009 )

A GB stars,

ratio of C and

M t yp es

[M/H] � � 1.25 � 0.3

no gradien t

Dufour (1984 )

H i i regions,

sp ectroscop y

He 0.08 0.003

relativ ely strong

depletion of C

and N

C 7.16 0.04

N 6.46 0.12

O 8.02 0.08

S 6.49 0.14

Garnett (1999 )

H i i regions,

sp ectroscop y

C 7.4 relativ ely strong

depletion of C

and N, new HST

observ ations

N 6.5

O 8.0

S 6.3

V ermeij &

v an der

Hulst (2002 )

H i i regions,

sp ectroscop y

He 0.085 0.004

N 6.45 0.09

O 7.96 0.06

S 6.18 0.12
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9.6 Previous Abundance Studies in the SMC

9.6.3 In terstellar Medium: H i i Regions

Abundances from the in terstellar medium are mainly based on emission-line sp ec-

troscop y of H i i regions. Early studies of the 1970s and 1980s (Aller et al. 1974 ,

Dufour 1975 , Lequeux et al. 1979 , Dufour & Harlo w 1977 , P agel et al. 1978 , Aller

et al. 1975 , and Dufour et al. 1982 ) are summarised b y Dufour (1984 ). No trend of

abundances with resp ect to p osition is detected and all studies indicate quite con-

sisten t abundances. Therefore, only the review abundances are listed in T able 9.5.

A more recen t review is giv en b y Garnett (1999 ) including also studies of Dennefeld

& Stasi«sk a (1983 ), Heydari-Mala y eri et al. (1988 ), and Russell & Dopita (1990 ).

Abundances based on up dated atomic data are prop osed b y Kurt & Dufour (1998 )

implying sligh t c hanges of . 0.1 dex. Little has c hanged since then. Another study

w orth men tioning here comes from V ermeij & v an der Hulst (2002 ) who in v estigated

sev eral elemen ts in three SMC H i i regions. Their mean and 1 � -scatter of these three

ob jects is also giv en in T able 9.5.

Generally , abundances for O, Ne, S, Ar, Si, Cl, and Ar consisten tly sho w lo w er

abundances b y � 0.7 � 0.8 dex with resp ect to the standard solar abundances of Grev esse

& Sauv al (1998 ). Ho w ev er, carb on and esp ecially nitrogen indicate still m uc h lo w er

relativ e abundances of the order of � 1:1 to � 1:5. (The underabundance with resp ect

to v alues deriv ed for the lo cal in terstellar medium is sligh tly smaller.)

It should b e noted that studies of the emission lines of H i i regions are still sub ject

to considerable systematic uncertain ties. Sev eral calibrations relating measured �uxes

to abundances are in use and yield v alues di�ering b y up to an order of magnitude. A

crucial p oin t is also the determination of the temp erature of the electron gas. A nice

discussion and an example on ho w di�eren t calibrations lead to di�eren t abundances

is giv en b y Kudritzki (2010 ).

Nev ertheless, go o d agreemen t in general is found b et w een the abundances from

H i i regions (T able 9.5) and the mean abundances from the presen t study (T able 9.4).

Oxygen abundances �t v ery w ell while sulfur abundances still agree w ell with b etter

agreemen t for earlier abundances. Abundances for carb on and nitrogen are hard to

compare due to the CN-pro cessed matter in the stellar atmosphere of massiv e stars

but seem extraordinarily small in the H i i regions. The helium abundances of the

H i i regions are a go o d lo w er limit for the ones found in the presen t w ork. The C

abundances deriv ed from H i i regions are ev en lo w er than in most studies of Cepheids,

sup ergian ts, or B stars where the C abundance is exp ected to b e already smaller than

in their surroundings due to n uclear pro cesses. This can b e explained b y the e�cien t

depletion of C from the gas phase in to a condensed dust phase, whic h is a kno wn

phenomenon in the in terstellar medium. The N abundance in the H i i regions sho ws

the greatest discrepancies b et w een stars and gas (b y ab out 1.5 orders of magnitude).

In con trast to C, N is not readily b ound in to dust grains. The lo w N abundance in

H i i regions th us seems to b e real implying a lo w pristine abundance. As most of the

N is lik ely pro duced in A GB stars via neutron capture of C cores, the lo w abundance

of this seed core w ould result in a smaller N abundance. In the sup ergian ts, N can

then b e strongly enric hed b y the CNO pro cess and mixing.
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9 CHEMICAL ABUND ANCE ANAL YSIS

9.6.4 Summary and Connection to the Presen t Sup ergian t Sample

In summary , it can b e noted that there is fair agreemen t b et w een the abundances

deriv ed from the B and A sup ergian ts in the presen t w ork and other studies from the

literature dealing with ob jects of similarly y oung age.

Ov erall metallicities from Cepheids �t w ell to the ones from the presen t w ork.

Ho w ev er, in this w ork, it w as p ossible to giv e m uc h more detailed abundance infor-

mation comprising sev eral elemen tal sp ecies.

Studies ab out F sup ergian ts in non-L TE pro vide rather go o d agreemen t for most

elemen ts but also sho w systematical o�sets e.g. for S or Mg � p ossibly due to a

mo delling only in L TE whic h ma y b e violated to some degree in the lo w-densit y

atmospheres of these stars. Go o d to excellen t agreemen t with the non-L TE study

of A sup ergian ts b y V enn (1999 ) (with up dates for N b y V enn & Przybilla 2003 ) is

found. Moreo v er, the spread in abundances from star to star is comparably lo w.

Abundances from B sup ergian ts and B stars in the literature are generally in

fair agreemen t with the presen t w ork for O, Mg, and partly F e. F or the B stars,

the FLAMES surv eys �nd lo w er abundances for O and Mg. C and N abundances

are systematically lo w er than in the presen t w ork. These systematics ma y b e due

to less sophisticated atomic data, to neglecting non-L TE e�ects (e.g. for F e), and

to estimated abundance corrections (e.g. for C). F or the elemen ts whic h are still

una�ected b y stellar ev olution (O, Mg, and F e) and whic h w ere also studied in the

presen t w ork, smaller 1 � -scatters of the abundances from star to star are found here.

It w as already noted that C and N abundances in H i i regions are v ery small

compared to the sup ergian ts (depletion in to dust for C). Remark ably , the metals

una�ected b y CN-pro cessed material, O and S, are in fair agreemen t with the presen t

results if all uncertain ties (relativ ely large systematics for H i i regions) are tak en

in to accoun t. In terestingly , the earlier the abundances w ere deriv ed, the b etter the

agreemen t with the the BA sup ergian ts of this w ork.

All in all, the presen t study �nds relativ ely go o d agreemen t for most elemen ts

(excluding C and N) with previous abundance studies, ho w ev er at signi�can tly re-

duced statistical and systematic uncertain ties. The thorough determination of stellar

parameters and the use of up-to-date atomic data for non-L TE mo delling are k ey in-

gredien ts for the accuracy and reliabilit y ac hiev ed. The presen t w ork ma y b e regarded

as the most consisten t ev aluation of c hemical abundances in the SMC so far and the

most comprehensiv e in terms of the sup ergian t p opulation of the SMC. With that,

the highest degree of c hemical homogeneit y in the SMC up to no w w as determined.

112



10 Distance and Depth Extension of the SMC � the Flux-

w eigh ted Gra vit y�Luminosit y Relationship (F GLR)

Deriving distances is one of the k ey problems in astronom y . In principle, distances

can b e inferred from

f � = F�
R2

d2
(10.1)

or

m � M = � 2:5 log
�

l
L

�
= 5 � logd � 5 + AV : (10.2)

with f � and F� b eing the �ux densities at the stellar surface (radius R ) and for

an observ er at distance d, L and l the corresp onding luminosities, AV the in terstellar

extinction, and m / M the apparen t/absolute magnitude. Ho w ev er, neither F nor

absolute magnitudes ( M ) can usually b e deriv ed directly .

The only direct distance estimate is based on the p ar al lax , a sligh tly di�eren t

p osition of an ob ject in the sky due to the mo v emen t of the earth around the Sun.

The angular di�erence � (measured at time in terv als of six mon ths) is related to the

distance d via the simple relation

d =
1
�

(10.3)

where � is giv en in mas (milli arc seconds) and d in kp c (kilo parsec). This

simplicit y is due to the de�nition of a parsec as the distance from whic h the diameter

of earth's orbit around the Sun is seen under an angle of 1 arc second. The limiting

factor for this kind of distance estimate is the accuracy with whic h parallaxes can b e

measured, whic h is & 1 mas at b est for brigh t targets. Reliable distance estimates

based on the curren t tec hnical equipmen t (suc h as the Hipparcos satellite) are th us

con�ned to ob jects w ell within distances of 1 kp c. F uture missions suc h as the GAIA

satellite are exp ected to signi�can tly reduce the uncertain ties but will still b e limited

to distances around 100kp c.

The second p ossibilit y for distance estimates relies on variable stars suc h as

Cepheids (named after � Cephei). Cepheids are pulsating stars whic h p erio dically

c hange their luminosit y in parallel to their radius and their atmospheric mean den-

sit y . It w as �rst found b y Lea vitt in 1912 from Cepheids in the Small Magellanic

Cloud that these v ariables ob ey a p erio d � luminosit y relationship of the form

M � � 2:88 logP � 1:24: (10.4)

The constan t o�set w as not y et kno wn to Lea vitt. It has to b e determined inde-

p enden tly � ideally from parallaxes of Cepheids. This could b e ac hiev ed only for a few

Milky W a y ob jects (com bined with ligh t ec ho es), so that one also relies e.g. on main-

sequence �tting of CMDs of clusters. E�ects whic h ma y in�uence this relationship

are dimming b y in terstellar matter or metallicit y dep endence. Ho w ev er, in v estiga-

tions to constrain these e�ects usually are or m ust b e omitted, in tro ducing signi�can t

113
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GRA VITY�LUMINOSITY RELA TIONSHIP (F GLR)

uncertain ties to distances deriv ed this w a y . Despite the men tioned problems v ariable

stars suc h as Cepheids are the standard ob jects for deriving extragalactic distances.

Sev eral other w a ys to estimate distance suc h as RR Lyrae stars or red clump stars

are in use but are sub ject to similar uncertain ties.

F or m uc h larger distances one relies on sup erno v ae of t yp e Ia whic h are though t

of as standard candles. Ho w ev er, this is still a matter of debate and requires a careful

calibration e.g. with the help of Cepheids.

Therefore, another p ossibilit y to deriv e distances is w ell appreciated. Suc h a p ossi-

bilit y is giv en b y the �ux-weighte d gr avity � luminosity r elationship ( F GLR , Kudritzki

et al. 2003 ) for blue sup ergian ts ev olving to w ards the red sup ergian t stage.

10.1 Theoretical and Observ ational Motiv ation

The F GLR relies on t w o basic assumptions. First, massiv e stars from � 12 M � to

� 40 M � ev olv e through the BA-t yp e sup ergian t stage at almost constan t luminosit y L
(see Fig. 3.7). F urthermore, the ev olution through that regime happ ens on relativ ely

short timescales (of the order of 20 000 y ears for a 20 M � star) implying that mass-

loss ma y w ell b e neglected and th us that the mass is constan t. This has in teresting

consequences for the relationship of gra vit y and e�ectiv e temp erature:

M / gR2 / L �
g

T4
e�

= LgF = const: (10.5)

indicating a constan t �ux-w eigh ted gra vit y

gF =
g

T4
e�

(10.6)

for the ev olution at constan t luminosit y through the BA-t yp e sup ergian t domain.

This means also that during this whole ev olutionary phase, the luminosit y of a star

is fully determined b y its e�ectiv e temp erature and the surface gra vit y � t w o basic

parameters of stellar atmospheres whic h can b e determined through sp ectral analyses.

It is only in the last decade(s) that quan titativ e analyses ha v e b ecome reliable and

accurate enough to allo w for a trust w orth y calibration and application of the F GLR.

Emplo ying the mass � luminosit y relation (Eqn. 3.2) one �nds

L1� � /
�

g
T4

e�

� �

: (10.7)

Expressed in absolute b olometric magnitudes Mbol / � 2:5 logL , the �ux-weighte d

gr avity�luminosity r elationship for blue sup ergian ts adopts the follo wing form

� Mbol = aFGLR (loggF � 1:5) + bFGLR (FGLR) (10.8)

where the constan ts dep end on the exp onen t of the mass � luminosit y relation, i.e.

aFGLR = 2:5 �
�

1 � �
: (10.9)
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Figure 10.1: Flux-w eigh ted gra vities (the temp erature T;4 is giv en in units of 10 000 K) and

absolute b olometric magnitudes from Kudritzki et al. (2008 ) for their sample of stars in

v arious galaxies. A linear �t ( solid line ) rev eals a slop e of the F GLR of � 3:41. The stellar

ev olution F GLRs (Meynet & Maeder 2005, Maeder & Meynet 2001 ) for mo dels with rotation

are sup erimp osed ( dashe d : Milky W a y metallicit y , long-dashe d : SMC metallicit y).

Once the slop e a and the o�set b are calibrated with observ ations, it is th us p ossible

to deriv e distances to individual stars as w ell as galaxies (from a sample of sup er-

gian ts). Of course, b efore applying the F GLR as distance indicator, an observ ational

calibration is mandatory .

The state-of-the-art calibration for the F GLR w as pro vided b y Kudritzki et al.

(2008 , in the follo wing abbreviated as Kud08) in a study of 24 sup ergian ts of sp ec-

tral t yp e B and A from NGC 300 together with other sup ergian ts from sev en other

galaxies. The com bined results are sho wn if Fig. 10.1 and indicate

aFGLR ;Kud08 = � 3:41� 0:16
bFGLR ;Kud08 = 8:02� 0:04: (10.10)

Note that in the �gure as w ell as from no w on, loggF is not simply the logarithm

of gF but de�ned as
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loggF = log g=T4
;4 = log g � 4 � log

�
Te�

10 000 K

�
(10.11)

Go o d agreemen t b et w een the observ ations and theory (dashed lines in the �gure)

w as found. Signi�can t deviations o ccurred only at the lo w est gF v alues or the highest

luminosities or absolute b olometric magnitudes where the theoretical F GLRs tend to

b end up w ard.

A ccording to the discussion in Maeder (2009 ), their Sect. 24.3, 25.2 and Fig. 25.6,

the exp onen t of the mass � luminosit y relation � v aries with the mass of a star and

its ev olutionary phase. This is due to c hanges in n uclear reaction rates, radiation

pressure, and opacities. � is maximal on the main sequence of solar metallicit y

around solar-mass stars ( � � 4:5) and slo wly decreasing to w ards higher masses ( � 2
at 100 M � ). Although these v alues are deriv ed for main sequence stars, the principles

b ehind them ma y also b e applied to more ev olv ed stars. With that, higher masses

imply smaller � and with Eqn. 10.9 also higher absolute v alues of aFGLR (as long

as � > 1, whic h is the case for reasonable assumptions on the stellar parameters).

Higher masses in turn can b e exp ected at higher luminosities and th us lo w er loggF

v alues. As a result, the slop e of the theoretical F GLR relations is steep er meaning

higher absolute v alues of aFGLR at lo w loggF as it is the case in Fig. 10.1.

Mass-loss during the stellar life is less pronounced at lo w er metallicit y in a stellar

atmosphere (e.g. Kudritzki & Puls 2000). Th us, sup ergian ts in the SMC will ha v e

lost less mass during their previous ev olution compared to stars at � solar metallicit y .

Lo oking at t w o stars � one metal-p o or and one metal-ric h � of the same e�ectiv e

temp erature and luminosit y , the metal-p o or one will still p ossess more of its original

mass and th us a higher logg. As mass-loss rates are generally higher at higher

masses, this will ha v e a larger e�ect in ranges with high luminosities. This is a

second con tribution to the b end in the theoretical F GLR at high luminosities and

causes the deviation b et w een the theoretical curv es in Fig. 10.1 at SMC and solar

metallicit y .

10.2 An A ttempt to Calibrate the F GLR in the lo w-Metallicit y En viron-

men t of the SMC

The co e�cien ts a and b of the F GLR dep end on the exact form of the mass�luminosit y

relation and ma y th us v ary in di�eren t en vironmen ts suc h as the lo w-metallicit y

en vironmen t of the SMC compared to the Milky W a y or other galaxies. The �rst

approac h w as therefore to c alibr ate the F GLR b y deriving the c onstants a and b. This

can b e done when distances and th us absolute b olometric magnitudes are kno wn for

eac h ob ject.

The distance of eac h ob ject w as adopted to b e equal to the mean distance of

the SMC whic h is a go o d solution in c ase the depth extension in the line of sigh t is

small compared to the distance of ab out 60 kp c. The distance of the SMC has b een a

matter of debate through man y decades no w (see Sect. 10.4). It w as decided to w ork

with the canonical distance mo dulus of 19.0 (corresp onds to � 63 kp c) as distances

for the SMC and all of the targets.
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F or a calibration of the F GLR, the �ux-w eigh ted gra vit y gF and the absolute

b olometric magnitude Mbol then had to b e determined for eac h ob ject. gF is di-

rectly deriv ed from the atmospheric parameters Te� and logg deriv ed in Sect. 8 via

Eqn. 10.11.

T o determine the absolute b olometric magnitude, sev eral con tributions m ust b e

tak en in to accoun t. Com bining Eqs. 2.12 and 2.14 one �nds

Mbol = mV � (mV � MV )0 + B:C: � AV (10.12)

The apparen t visual magnitudes ha v e b een measured in photometric observ ations

(photo electric measuremen ts for most stars and CCD photometry for a few ob jects).

V alues from m ultiple sources w ere emplo y ed (see T able 6.1). (mV � MV )0 is the

distance mo dulus for eac h ob ject and w as set to 19.0 as describ ed ab o v e. The b olo-

metric correction can b e inferred either from an analysis of the energy distribution of

the mo del atmosphere or from an analytical �t form ula (as discussed in Kud08, their

form ula 6):

B:C:(Te� ; logg;[Z ]) = f max

�
1 � aexp

�
�

loggF � xmin

h

��

� 4:3 log
Te�

10 000K
�
�

1 + log
Te�

10 000K

�

+ 0:09[Z ] � (1 + 0:26[Z ]) (10.13)

with a = 1 � f min =fmax , f min = � 0:39, f max = � 0:265, xmin = 1:075, and h = 0:17.

This form ula w as emplo y ed for all b olometric corrections.

Finally , the extinction AV can b e deriv ed with Eqn. 2.13. Extinction to w ards

the SMC is dominated b y the Milky W a y foreground for most ob jects (based on the

equiv alen t widths of the SMC and MW comp onen ts of the in terstellar Na D lines).

Th us, w orking with a t ypical RV of 3.1 for the Milky as w ell as with a Galactic

reddening la w is justi�ed.

The colour excess E(B � V) (Eqn. 2.11) in turn is determined from a comparison

of observ ed � (B � V) � and syn thetic � (B � V)0 � colours based on the mo del

atmosphere for the �nal parameters of eac h ob ject.

The resulting �ux-w eigh ted gra vities and b olometric magnitudes are plotted in

Fig. 10.2 as �lled sym b ols for a reduced sample. This excludes targets for whic h

atmospheric parameters could not b e reliably determined. A simple linear regression

to the SMC BA-t yp e sup ergian ts w ould rev eal the follo wing calibration:

aFGLR ;SMC = � 3:37� 0:35
bFGLR ;SMC = 7:86� 0:07: (10.14)

Comparing these results with the calibration from Kud08 rev eals excellen t agree-

men t in terms of the slop e of the F GLR in the SMC and in the a v erage o v er eigh t

galaxies and mo dest agreemen t in terms of the v ertical o�set. Note that the un-

certain t y in b is not the scatter of deviations from the linear regression but the
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Figure 10.2: Flux-w eigh ted gra vities gF and absolute b olometric magnitudes M bol for the

BA sup ergian t sample of this w ork (31 stars with reliable atmospheric parameters) as �lled

squares. The solid line is the simple linear regression �tted to these targets with eac h ob ject

w eigh ted equally . See text for a discussion of the error bars. Op en squares denote the targets

from the state-of-the-art calibration of the F GLR from Kud08 from the a v erage o v er eigh t

galaxies. The dotted line marks the linear regression to their ob jects. There is excellen t

agreemen t in terms of the slop e of the t w o relations. The dashed curv e is the theoretical

F GLR as inferred from stellar ev olution mo dels for 12, 15, 20, and 25 M � from Maeder &

Meynet (2001 ) and for 30 and 40 M � from Meynet & Maeder (2005 ). Their mo dels are

calculated for an initial rotational v elo cit y of 300km s

� 1
and for SMC metallicit y (one �fth

solar).

uncertain t y in the o�set parameter of the �tted line (with loggF = 1.5 as the zero

p oin t).

It is no w appropriate to discuss the individual uncertain ties of gF and Mbol of

the program stars and the o v erall scatter around the F GLR �t. A t �rst, the scatter

of the BA-t yp e sup ergian ts of the presen t study in Fig. 10.2 around the linear �t

w ould seem reasonable as it is of a similar order of magnitude as the scatter of the

Kud08 ob jects. However , the scatter of the SMC sample treated in the presen t w ork

is exp ected to b e signi�can tly smaller than the Kud08 sample for t w o basic reasons.

� Firstly , stellar parameters in the presen t w ork could b e determined more accu-

rately and consisten tly . Although b oth analyses made use of the same mo del

co des, there are some di�erences in the analysis strategy and the qualit y of
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T able 10.1: Flux-w eigh ted gra vities loggF from the parameter determination and absolute

b olometric magnitudes M bol inferred under the assumption of the same distance mo dulus

of 19.0 for the program stars in Fig. 10.2. These v alues w ere deriv ed to c alibr ate the F GLR

for the SMC. The last column con tains the theoretical distance mo duli ( tDM ) whic h can b e

deriv ed when adopting the (�xed) F GLR calibration from Kud08 (see b elo w for a discussion

of the uncertain ties). The ob jects are ordered b y gro wing righ t ascension (as in T able 6.1).

Ob ject loggF M bol tDM
dex mag mag

A V20 1.34 � 0.05 � 7.74 � 0.05 19.82 � 0.18

A V22 1.24 � 0.12 � 8.26 � 0.20 19.64 � 0.45

A V56 1.17 � 0.10 � 9.71 � 0.13 18.44 � 0.38

A V76 1.26 � 0.13 � 8.53 � 0.19 19.32 � 0.48

A V98 1.41 � 0.07 � 8.00 � 0.08 19.32 � 0.26

A V105 1.72 � 0.05 � 7.15 � 0.04 19.13 � 0.18

A V110 1.49 � 0.09 � 7.39 � 0.10 19.66 � 0.32

A V136 1.28 � 0.05 � 8.26 � 0.04 19.49 � 0.18

SK56 1.31 � 0.12 � 9.28 � 0.15 18.38 � 0.44

A V151 1.35 � 0.10 � 8.68 � 0.08 18.84 � 0.36

A V200 1.38 � 0.12 � 7.96 � 0.14 19.46 � 0.44

A V205 1.56 � 0.05 � 7.12 � 0.04 19.69 � 0.18

A V211 1.41 � 0.12 � 8.21 � 0.12 19.13 � 0.43

A V270 1.49 � 0.10 � 7.90 � 0.12 19.16 � 0.37

A V273 1.69 � 0.05 � 6.99 � 0.04 19.36 � 0.18

A V297 1.52 � 0.12 � 7.67 � 0.10 19.29 � 0.41

A V298 1.71 � 0.05 � 6.73 � 0.04 19.56 � 0.18

A V315 1.40 � 0.07 � 8.56 � 0.08 18.80 � 0.26

A V338 1.84 � 0.07 � 6.94 � 0.07 18.91 � 0.26

A V347 1.52 � 0.12 � 7.39 � 0.10 19.58 � 0.42

A V362 1.37 � 0.10 � 8.98 � 0.05 18.49 � 0.35

A V367 1.22 � 0.12 � 8.46 � 0.18 19.54 � 0.45

A V382 1.47 � 0.07 � 8.12 � 0.08 19.01 � 0.26

A V392 1.97 � 0.05 � 6.60 � 0.04 18.81 � 0.18

A V399 1.81 � 0.06 � 7.05 � 0.05 18.91 � 0.20

A V443 1.11 � 0.11 � 9.74 � 0.21 18.62 � 0.42

A V463 1.79 � 0.05 � 7.06 � 0.04 18.98 � 0.18

A V504 1.63 � 0.13 � 7.68 � 0.11 18.88 � 0.45

SK194 1.41 � 0.13 � 8.09 � 0.14 19.24 � 0.45

SK196 1.35 � 0.11 � 7.95 � 0.12 19.59 � 0.41

SK202 1.50 � 0.11 � 8.12 � 0.09 18.90 � 0.38

the observ ational material. The presen t w ork w as based on line pro�le �ts to

v arious Balmer lines and (m ultiple) ionisation equilibria b eing more sensitiv e

to temp erature c hanges than the size of the Balmer jump emplo y ed in Kud08

(together with Balmer lines). This w as p ossible b ecause of a higher qualit y of

the observ ational material. The presen t w ork could in v estigate high-resolution
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( R = 48 000), high S/N sp ectra ( � 100) whereas the ma jorit y of targets in

Kud08 w as observ ed at medium resolution ( R = 1 000) and lo w er S/N ( � 40).

The lo w er qualit y of the data (the ob jects are m uc h fain ter and th us harder to

observ e) made it necessary to use less sensitiv e sp ectral features and leads to

larger uncertain ties for eac h ob ject.

Another imp ortan t p oin t with resp ect to the atmospheric parameters is the

consistency of an analysis in terms of an indep enden t determination of other

atmospheric parameters. T o b e precise, the mo del grids emplo y ed b y Kud08

did accoun t for v arious e�ectiv e temp eratures, surface gra vities, and metallic-

ities, ho w ev er, assume d �xed v alues for the helium abundance and the micro-

turbulence. These mo del grids w ere also the starting p oin t for the parameter

determination of this w ork, ho w ev er, additional re�nemen ts due to individually

adapted helium abundances and microturbulences with additional calculations

w ere p ossible b ecause of the high qualit y of the observ ational material. A he-

lium abundance and microturbulence di�eren t than the exp ected v alue w ould

also demand a mo di�cation on the other parameters Te� and logg. If this is the

case, ignoring these e�ects will lead to additional systematic errors.

� Secondly , b esides the issue of parameter accuracies, one can also exp ect the

inhomogeneit y of the Kud08 sample to enlarge the scatter around the F GLR

linear �t. As can b e seen e.g. in the theoretical curv es of Fig. 10.1, di�er-

en t en vironmen ts suc h as di�eren t metallicities may imply (sligh tly) di�eren t

calibrations. As the calibration emplo y ed from Kud08 includes stars from eigh t

galaxies comprising en vironmen ts of v arious metallicities (mostly ob jects around

1/2 solar metallicit y), an e�ect on the scatter around the linear �t cannot b e

fully ignored. In the presen t study , all targets are lo cated in the same en vi-

ronmen t, w ere observ ed with the same instrumen t, and analysed with the same

metho ds.

Therefore, one w ould exp ect a signi�can tly smaller scatter for the presen t SMC

study than for the Kud08 analysis. Ho w ev er, the 1� -scatter of deviations from the

linear �t in the presen t study (0.40 mag) is ev en larger than in Kud08 (0.32 mag).

Th us, there could b e an e�ect unaccoun ted for so far.

Before a deep er discussion on this matter, let us �rst discuss the order of magni-

tude of the uncertain ties in Mbol in the presen t study . Uncertain ties ma y originate

from sev eral sources (see the individual terms in Eqn. 10.12):

� Photometry . Uncertain ties from photometric observ ations ma y represen t a non-

negligible con tribution. Observ ed magnitudes suc h as mV and (B � V) neces-

sary for deriving Mbol often had to b e tak en from rather early studies in the

1970's and 1980's (see T able 6.1 for an o v erview on photometry sources). Later

studies often excluded the v ery ob jects analysed in this w ork due to a p ossible

saturation of these brigh t targets in the observ ation. This is one of the rare

o ccasions where the high luminosit y of BA sup ergian ts � a ma jor adv an tage

making extragalactic stellar sp ectroscop y p ossible � is actually a disadv an tage.

All photometric in v estigations for the program stars assume uncertain ties in
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the apparen t magnitudes of few h undredths of magnitudes (T able 6.1). A more

conserv ativ e estimate based on the scatter of magnitude v alues for the same

stars from di�eren t studies w ould b e . 0:1 mag. In this regard, it should also

b e noted that sup ergian ts ma y b e sub ject to in trinsic v ariabilit y (pulsations).

Bresolin et al. (2004 ) found them to b e of the order of 0.1 mag and to ha v e no

signi�can t e�ect on the calibration of the F GLR.

� Extinction . The extinction AV dep ends on observ ed photometry as w ell as on

sp ectroscopically deriv ed atmospheric parameters (through a c hange of syn thetic

colours from the mo del atmosphere). The uncertain t y con tribution from the

deriv ed atmospheric parameters are c hosen based on the reaction of the (B � V )0

colour when c hanging Te� and logg according to their uncertain ties so that the

e�ects add up. This is a conserv ativ e estimate and leads to uncertain ties in

AV (com bined with the observ ational uncertain ties) of the order of . 0:05 to

. 0:1 mag for the co ol and hot ob jects of the curren t sample resp ectiv ely . Co oler

ob jects ha v e smaller uncertain ties due to the high precision for Te� deriv ed from

the extremely sensitiv e Mg i/i i ionisation equilibrium (if applicable).

� Bolometric c orr e ction . Similar to the extinction, the uncertain t y in the b olo-

metric correction is also a function of the uncertain ties in the atmospheric pa-

rameters. Again, the uncertain t y in B:C: w as � conserv ativ ely � deriv ed from

the c hange according to Eqn. 10.13 when Te� and logg are altered according to

their uncertain ties so that the e�ects add up. . 0:05 to . 0:15 mag for the co ol

and hot ob jects of the sample are the result.

Com bining these e�ects b y simple Gaussian error propagation leads to quite con-

serv ativ e uncertain ties for Mbol of t ypically � 0:05� 0:15 (see T able 10.1).

When discussing the (v ertical) distances of the stars in Fig. 10.2, one m ust also

accoun t for another uncertain t y con tribution:

� Stel lar p ar ameters . The stellar parameters ma y also directly in�uence the dis-

tance of a star from the linear F GLR �t through a horizon tal shift. Uncertain ties

in loggF of � 0.05 to < 0.10 dex for co ol and hotter ob jects resp ectiv ely translate

to uncertain ties in Mbol of � 0.1 to 0.2 mag. Note that the com bined uncertain t y

of Te� and logg to loggF is actually smaller than the individual ones due to

a higher sensitivit y of the sp ectral indicators to c hanges in loggF (see Kud08,

their Sect. 6.1 for a detailed discussion). Here, a v ery c onservative estimate

based on Gaussian error propagation of Te� and logg to loggF is adopted.

In order to estimate the o v erall uncertain t y of the distance (in mag) of an ob ject to

the deriv ed F GLR line (whic h ma y b e written as Mbol � Mbol;F GLR (loggF) ), one m ust

tak e in to accoun t that the uncertain t y con tributions are c orr elate d . F or example,

if the e�ectiv e temp erature w as underestimated, the ob ject w ould mo v e to higher

temp eratures and th us to lo w er loggF v alues. In a plot suc h as in Figs. 10.1 or 10.2

the star w ould mo v e to the righ t. Ho w ev er, raising the e�ectiv e temp erature also

a�ects the theoretical colours as the �ux in the blue band will gro w faster than in the

visual band. Th us, the B magnitude will de cr e ase faster than V implying a smaller
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colour (B � V)0 . With Eqn. 2.11, this means that the colour excess will increase

and that one m ust correct for a larger extinction AV . Finally , one arriv es at smaller

Mbol 's (see Eqn. 10.12) or (in trinsically) brigh ter targets. The star mo v es up w ard in

Figs. 10.1 or 10.2.

T o summarise this consideration, c hanging the atmospheric parameters Te� and

logg cannot directly (i.e. horizon tally in the F GLR plots) bring the star closer to

the linear �t of the F GLR, there will alw a ys b e a motion more parallel to the linear

regression � in other w ords a kind of ev asion mano euvre. Ev asions also happ en as

reactions to logg c hanges, although with reduced resp onses. Therefore, uncertain ties

in Mbol � Mbol;F GLR (loggF) are ev en smaller than for Mbol alone.

Th us, the uncertain t y estimates made for the sample stars are conserv ativ e in

t w o resp ects. First, concerning the estimate of the uncertain t y in loggF from simple

error propagation and second, in terms of the con tributions to the uncertain t y in the

theoretical distance mo duli b y ignoring correlation e�ects. This pro vides additional

securit y meaning that conclusions based on these uncertain ties can b e exp ected to b e

quite signi�can t.

With these uncertain ties in mind, one comes to the conclusion that the scatter

of the distance of the program stars to the linear F GLR (Fig. 10.2) is to o large to

b e explained solely b y the uncertain ties discussed. Most stars do not lie within the

(conserv ativ e) error bars on the linear �t in con trast to Fig. 10.1. Therefore, the

assumption of equal distances for all ob jects cannot b e fully sustained. The SMC is

lik ely to ha v e a signi�can t extension in the line of sigh t.

In that case, the SMC w ould not b e suitable to calibrate the F GLR as di�eren t

individual distance mo duli w ould ha v e to b e applied in order to obtain a prop er

estimate of bFGLR . Nev ertheless, the slop e of the relation should b e hardly a�ected

if the n um b er of ob jects is large enough. With that, one could at least sa y , that no

signi�can t deviation (at the accuracy whic h can b e ac hiev ed at presen t) of the slop e

is found b et w een ab out solar and one �fth solar metallicit y .

10.3 Probing the Depth Extension of the Small Magellanic Cloud

In order to further discuss suc h an extension in the line of sigh t, Fig. 10.3 sho ws a

histogram of distance mo duli for the program stars in Fig. 10.2. The distance mo duli

are no w derive d based on the F GLR as alr e ady c alibr ate d b y Kud08 form the a v erage

o v er eigh t galaxies. (Although they ma y b e systematic e�ects for the F GLR due to the

di�eren t en vironmen t in the SMC, the relativ e distances should b e hardly a�ected.)

F or that, the app ar ent b olometric magnitude mbol is �rst determined similarly as

Mbol in Eqn. 10.12 but without the distance mo dulus (mV � MV )0 . The theoretical

distance mo duli are than deriv ed as

tDM = mbol � Mbol;FGLR (loggF) (10.15)

where Mbol;FGLR (loggF) is the absolute b olometric magnitude indicated b y the

giv en F GLR due to the v alue of loggF from the atmospheric parameters.

As men tioned b efore, ev en when accoun ting for the uncertain ties as discussed in

the last section, the spread among the sample is to o large to b e compatible with one
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Figure 10.3: Histogram of distance mo duli (binned to 0.1 mag) for single stars deriv ed from

the di�erence of the apparen t b olometric magnitude and the absolute b olometric magni-

tude indicated b y a giv en F GLR as calibrated b y Kud08: Eqn. 10.10 or the dotte d line in

Fig. 10.2). Stars lo cated ab o v e this dotted F GLR th us pro duce a distance mo dulus smaller

than the 19.0 adopted for plotting Fig. 10.2 and w ould lie closer to us. Stars b elo w this

F GLR pro duce a distance mo dulus larger than 19.0 and w ould b e further a w a y .

Figure 10.4: Same as Fig. 10.3 but with additional early B sup ergian ts in the SMC from

studies of T rundle et al. (2004 ) and T rundle & Lennon (2005 ) as re-in v estigated b y M.

Urbaneja (priv. comm.).
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T able 10.2: P arameters of the early B sup ergian ts from M. Urbaneja (priv. comm.). Theo-

retical distance mo duli ( tDM ) are deriv ed in the same w a y as for the BA sup ergian ts with

the F GLR of Kud08.

Ob ject Te� logg mV (B � V) E(B � V ) B:C: tDM RA DE

K dex mag (J2000) (J2000)

A V10 17000 2.20 12.58 � 0.02 0.12 � 1.56 19.43 00:45:46.97 � 73:39:54.7

A V18 19000 2.30 12.46 0.03 0.18 � 1.81 19.19 00:47:12.21 � 73:06:33.1

A V78 21500 2.40 11.05 � 0.03 0.13 � 2.17 17.96 00:50:38.39 � 73:28:18.2

A V96 22000 2.55 12.59 � 0.10 0.08 � 2.17 19.28 00:51:23.13 � 72:07:20.6

A V104 27500 3.10 13.17 � 0.16 0.06 � 2.71 18.83 00:51:38.49 � 72:48:05.7

A V210 20500 2.40 12.60 � 0.02 0.14 � 2.00 19.37 00:58:35.79 � 72:16:25.0

A V215 27000 2.90 12.69 � 0.09 0.12 � 2.67 18.78 00:58:55.64 � 72:32:08.0

A V264 22500 2.55 12.36 � 0.15 0.03 � 2.22 19.29 01:01:07.76 � 71:59:58.8

SK191 22500 2.55 11.86 � 0.04 0.13 � 2.33 18.37 01:01:57.22 � 72:12:42.3

A V303 22500 2.75 12.78 � 0.13 0.06 � 2.23 18.92 01:02:21.45 � 72:00:17.6

A V373 19000 2.30 12.17 � 0.09 0.06 � 1.81 19.27 01:04:58.06 � 72:39:59.5

A V374 20000 2.65 13.04 � 0.13 0.04 � 1.93 19.19 01:05:01.75 � 72:26:53.6

A V420 27000 3.05 13.09 � 0.17 0.05 � 2.66 18.89 01:07:32.52 � 72:17:38.7

A V462 21000 2.50 12.54 � 0.13 0.04 � 2.05 19.37 01:11:25.92 � 72:31:20.9

A V472 20000 2.50 12.62 � 0.11 0.06 � 1.93 19.23 01:13:01.91 � 72:45:48.6

A V487 26000 2.80 12.58 � 0.15 0.05 � 2.55 19.12 01:15:53.36 � 73:19:08.5

distance mo dulus or a negligible extension in the line of sigh t. In order to further

impro v e the statistics of the distribution of distance mo duli, Fig. 10.4 includes early

B sup ergian ts from studies of T rundle et al. (2004 ) and T rundle & Lennon (2005 ) as

re-in v estigated b y M. Urbaneja (priv. comm., parameters are giv en in T able 10.2).

Note that these ob jects w ere observ ed with di�eren t instrumen ts and analysed with

di�eren t co des and tec hniques than emplo y ed in the presen t study . This migh t lead

to systematical e�ects b et w een the t w o samples. Moreo v er, the hotter and brigh ter

early B sup ergian ts p opulate a region where theory predicts a signi�can t curv ature

of the F GLR and a deviation from a linear relation (see e.g. the dashed curv es in

Fig. 10.1).

Nev ertheless, there are no ob vious signs for clear systematical e�ects b et w een the

BA-t yp e sup ergian t sample in Fig. 10.3 and the com bination of the t w o samples in

Fig. 10.4. Only the few ob jects in the early B sup ergian t sample pro ducing v ery

small distance mo duli (suc h as A V78) probably do so b ecause their large brigh tness

could mak e it necessary to accoun t for a curv ed F GLR (in this luminosit y regime)

as predicted b y theory . Nev ertheless, it w as decided to concen trate on the empirical

linear calibration b y Kud08.

Ev en when this is tak en in to accoun t, Fig. 10.3 and esp ecially Fig. 10.4 clearly

indicate a signi�can t extension of the SMC in the line of sigh t. A conserv ativ e es-

timate � based on the t w o maxima around 18.9 and 19.3 � is a t ypical width of

the distribution and a depth extension of 0.4 mag whic h translates to an extension

of 100:4=5 = 20% with resp ect to the distance of the SMC. A dopting a distance of
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Figure 10.5: The distance mo duli deriv ed with the Kud08 F GLR for our BA sup ergian ts

sample as blac k circles. The size of the circles denotes the deriv ed distance as indicated b y

the legend. Small sym b ols indicate large distances and large sym b ol stars whic h lie closer to

us. Star designations w ere omitted for clarit y , ho w ev er, quic k iden ti�cation for the ob jects

of the presen t w ork is p ossible with Fig. 6.2. The sup ergian ts from the early B ob jects from

M. Urbaneja are o v erplotted as red circles.

� 63 kp c (distance mo dulus of 19.0) this implies an extension of enormous � 13 kp c.

This means that the SMC extends b ey ond its tidal radius of � 4 kp c and is in the

pro cess of irrev ersible disin tegration due to gra vitational forces of the near-b y LMC

and the Milky W a y .

As a comparison, the width of the SMC from the distribution of stars in the

plane of the sky is only � 4000 p c. The SMC w ould th us b e 4 times as long as it is
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apparen tly wide and resem ble a cigar view ed from the fron t or the end. Moreo v er,

the �gures ma y indicate a bimo dal depth distribution of stars in the SMC. Fig. 10.5

sho ws the sample of the BA sup ergian ts together with the early B sup ergian ts on

the plane of the sky with the sym b ol size co ding the corresp onden t distance mo duli.

No signi�can t correlation of small or large distances with the p osition (or the radial

v elo cit y) can b e found.

10.4 Distance and Depth Extension of the Small Magellanic Cloud in the

Literature

After sev eral decades of in tense discussion on the matter of the prop er distance to

b oth Clouds and of a p ossible signi�can t extension in the line of sigh t of the SMC, one

m ust still admit that these issues are not su�cien tly w ell constrained. A (necessarily

limited) o v erview of the discussion in the literature is therefore recommended and

will b e compared to the �ndings of this w ork.

The distances to the Clouds and the Small Magellanic Cloud in particular ha v e

b een deriv ed with the aid of sev eral ob ject classes or tec hniques. An imp ortan t

metho d is the distance determination using the p erio d�luminosit y (PL) or p erio d�

luminosit y�colour (PLC) relations for Cepheids suc h as in Eqn. 10.4 as deriv ed b y

Madore & F reedman (1991 ) for the LMC. Here, one already faces the �rst di�culties

as sev eral calibrations of the PL (or the PLC) are prop osed in literature (for the

SMC). Moreo v er, b oth relations are sensitiv e to metallicit y or reddening. These e�ects

sometimes can not b e or are not tak en in to accoun t when calibrating or using the

relations. Nev ertheless, Cepheids are the standard candles for extragalactic distances.

RR Lyrae stars are also pulsating v ariables with relativ ely small brigh tness v aria-

tions (usually less than a magnitude) and small p erio ds (less than a da y). RR Lyrae

stars are all of similar age and mass. The absolute magnitudes of the RR Lyrae stars

are all ab out MV = 0:6 � 0:3 although a metallicit y correction ma y b e necessary as

prop osed e.g. b y F east (1988 )

MV (RR) = 0 :92 + 0:2 � [Fe=H]: (10.16)

Sev eral other distance determinations tec hniques suc h as main sequence �tting or

eclipsing binaries ha v e b een used in the literature. A prop er discussion of these go es

b ey ond the scop e of the presen t pro ject.

T able 10.3 summarises distances, line-of-sigh t depths, and structure mo dels as dis-

cussed in this section. The main fo cus will b e on analyses in v estigating or discussing

a p ossible depth extension. The SMC w as long though t to p ossess a considerable

exten t in depth e.g b y Johnson (1961 ) or Hindman (1964 , 1967 ) who prop osed three

expanding gas shells based on studies of the H i distribution.

T w o separate H i distributions w ere also seen in v elo cit y-space b y Mathewson &

F ord (1984 ) prop osing that the SMC w as torn apart b y its last close encoun ter with

the LMC some 200 � 400 Myrs ago creating a slo w er fragmen t, the Small Magellanic

Cloud Remnan t(SMCR) in fron t of a faster fragmen t, the Mini-Magellanic Cloud.

The t w o systems are found to b e separated b y ab out 6 kp c and 30 km s

� 1
.
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T able 10.3: An o v erview of mean distance mo duli (m � M )0 , depth extensions of the SMC

( �( m � M )0 ) in the line of sigh t (los), and deriv ed information on its structure if indicated

in the resp ectiv e pap er. See text for further discussion.

Source Metho d (m � M )0 � los commen ts on

(mag) (mag) the SMC structure

Caldw ell &

Coulson (1986 )

Cepheids (PL, PLC),

H i regions

18.97 � 0.07 0.10�0.13 near, fast arm NE and

far, slo w arm SW

Mathewson et

al. (1986 )

Cepheids (PL) � 1.2 t w o comp onen ts with

depth 6 kp c eac h

Laney & Sto-

bie (1986 )

Cepheids (PL, PLC) 19.05 � 0.05 0.56 wing up to 0.4 mag

closer

W elc h et

al. (1987 )

Cepheids (PL, PLC

in JHK)

18.93 � 0.05 0.12 no extension b ehind

the tidal radius

Stothers (1988 ) Cepheids (PL, PLC,

new [Z] calibration)

18.80 � 0.06

Gro enew egen

(2000 )

Cepheids (PL in

IJHK S )

19.11 � 0.11

19.04 � 0.17

� 0.5 SMC inclined with

NE part closer

Reid & Stru-

gnell (1986 )

RR Lyrae ( M V

= 0.75)

18.78 � 0.15

W alk er &

Mac k (1988 )

RR Lyr. in NGC 121

( M V =0.60)

18.86 � 0.07

SMC �eld 19.2

Szew czyk et

al. (2009 )

RR Lyrae 18.97 � 0.03 no signi�can t depth

Garman y et

al. (1987 )

OB stars: Sp ec. P ar-

allax

19.1 � 0.1

and ZAMS �tting 18.9

Arellano F erro

et al. (1991 )

F sup ergian ts:

Sp ec. P arallax

19.33 � 0.31

Massey et

al. (1995 )

OB stars: Sp ec. P ar-

allax

19.1 � 0.3

Mathewson &

F ord (1984 )

H i regions � 0.2 2 H i distributions

separated b y 6 kp c

and 30-40 km s

� 1
,

near+slo w and

far+fast

127



10 DIST ANCE AND DEPTH EXTENSION OF THE SMC � THE FLUX-WEIGHTED

GRA VITY�LUMINOSITY RELA TIONSHIP (F GLR)

T able 10.3: Mean distance mo duli and depth extensions from the literature. c ontinue d

Source Metho d (m � M )0 � los commen ts on

(mag) (mag) the SMC structure

Mathewson &

F ord (1984 )

H i regions � 0.2 2 H i distributions

separated b y 6 kp c

and 30-40 km s

� 1
,

near+slo w and

far+fast

Mathewson &

F ord (1988 )

H i regions and

Cepheids (PL)

18.8 � 0.8 slo w, NE arm 10 kp c

closer than fast SW

arm

Martin et

al. (1989 )

H i and H i i regions,

y oung stars

. 0:4 4 v elo cit y comp o-

nen ts; slo w comp o-

nen ts in fron t

Hatzidimitriou

&

Ha wkins (1989 )

Horizon tal branc h

(HB)/clump

� 0.7 deep er NE regions,

t w o depth com-

p onen ts for older

p opulation

Subramanian

& Subrama-

nian (2009 )

red clump stars 0.34 ma yb e an SMC bulge

Harries et

al. (2003 ) and

Hilditc h et

al. (2005 )

Eclipsing binaries 18.91 � 0.03

North et

al. (2009 )

Eclipsing binaries 19.05 � 0.04 0.36

Caldw ell & Coulson (1986 ) deriv ed a mean distance mo dulus of 18.97 � 0.07 from

an analysis of 63 Cepheids and H i v elo cities in the SMC. F rom the scatter of the

distance mo dulus, they conclude that a planar mo del is barely adequate to describ e

the SMC and that the line-of-sigh t scatter after taking in to accoun t individual un-

certain ties m ust still b e 0.10 � 0.13 mag (based on a planar mo del for the SMC). The

north east (NE) part of the SMC (larger v alues of declination and righ t ascension)

seems to b e closer than the south w est (SW) part. Moreo v er, some material w as ap-

paren tly pulled out of the SMC cen ter. The far arm in the SW w as iden ti�ed with a

lo w er-v elo cit y H i comp onen t and the near NE arm with a higher-v elo cit y comp onen t
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� con trary to Mathewson & F ord (1984 ).

In a later study b y Mathewson et al. (1986 ) measuring distances to 161 Cepheids,

a signi�can t extension from 43 to 75 kp c, with a maxim um concen tration at 59 kp c

w as detected. A nearly complete sample for Cepheids with p erio ds smaller than

10 da ys rev eals t w o comp onen ts with a depth of ab out 6 kp c eac h with the cen tres

separated b y 12 kp c. The results again agree with a near-collision with the LMC

some 200 � 400 My ago.

Laney & Stobie (1986 ) come to similar conclusions and �nd that the SMC wing

whic h lies to w ards the direction of the LMC also is closer to us and th us also closer to

the LMC in the line of sigh t (0.27 mag or 8 kp c on a v erage). Based on the scatter in

the sample, they infer that the SMC is signi�can tly elongated along the line of sigh t

with a total depth of 18 kp c.

W elc h et al. (1987 ) �nd from an analysis of 94 SMC Cepheids that only a v ery

small extension of the SMC is necessary in order to explain their scatter around the

PL relations. A ccordingly , a disp ersion of 0.12 mag or 3.3 kp c is enough indicating

that the SMC do es not extend b ey ond its tidal radius of � 4 kp c under reasonable

assumptions of the galaxy masses ( < 1012M � for the Milky W a y and 109M � for the

SMC).

In a further dev elopmen t of their mo del Mathewson et al. (1988 ) in v estigated

61 Cepheids along the SMC bar with resp ect to radial v elo cities and distances and

com bined that with a high-resolution H I surv ey of this region. They �nd that the

SMC has at least a depth of 20 kp c with deriv ed distances ranging from 52 to 72 kp c.

Moreo v er, the NE section of the SMC is found to b e closer than the SW part b y 10�

15 kp c on a v erage. There seems to b e a relation b et w een distance and radial v elo cit y

implying higher larger v elo cities for larger distances whic h is supp orted b y the H i

regions and b y OB stars and F-M sup ergian ts from other studies � in agreemen t with

a collisional mo del for an encoun ter 250 Myrs ago.

An extensiv e study on the structure and motions of the SMC w as pro vided b y

Martin et al. (1989 ) on the basis of the H i v elo cit y distributions along 12 cuts

parallel to a ma jor axis (Caldw ell & Coulson (1986 ) and Mathewson & F ord (1984 )

only in v estigated pro jections to the ma jor axis) as w ell as of radial v elo cities of o v er

300 y oung stars and 35 H i i regions. F our H i comp onen ts, VH, H, L, and VL (for

v ery high, high, lo w, and v ery lo w radial v elo cit y) are distinguished where the L and

the H comp onen t corresp ond reasonably w ell to the SMCR and MMC as in tro duced

b y Mathewson & F ord (1984 ). The L comp onen ts extend further to the SW and are

though t to lie in fron t of the the H comp onen ts. In the south(-w est) part of the SMC,

the depth is relativ ely high with most of the y oung stars still b eing within a depth

of < 10 kp c � smaller than deriv ed b y Mathewson et al. (1986 , 1988 ) or Caldw ell &

Coulson (1986 ).

Again a larger exten t in depth of the SMC w as found b y Hatzidimitriou &

Ha wkins (1989 ) from horizon tal branc h (HB)/clump stars with 17 kp c on a v erage

and up to 23 kp c in a NE region. The deep er NE regions are explained with the tidal

deformation due to the last encoun ter with the LMC. A t w o-comp onen t structure as

suggested from previous study for the y oung stellar p opulation is also prop osed for

the older p opulation of their sample.
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Figure 10.6: The distance mo duli (binned to 0.1 mag) of the 50 eclipsing binaries from

Harries et al. (2003 ) and Hilditc h et al. (2005 ). The distribution of distance mo duli from the

binaries is v ery similar to the distribution deriv ed in this w ork with the help of the F GLR.

Both patterns conform to a bimo dal distribution with a minim um at the same p osition

(19.0) and a depth extension of � 0.4 dex or � 10 � 15 kp c. Di�erences suc h as relativ ely

more ob jects at smaller distances ma y b e due to di�eren t a distribution of sample stars

(the binaries concen trate in the SW part around � = 0 :85 and � = � 73 whereas most of

the targets of this w ork lie in the NE part) or due to brigh tness selection e�ects remo ving

fain ter (hence more distan t) binaries from the sample.

Based on com bined data from the OGLE, DENIS, and 2MASS surv ey , for o v er

5000 Cepheids in total Gro enew egen (2000 ) found a signi�can t in trinsic depth of

ab out 14 kp c. This impressiv ely go o d statistics also indicates an inclined SMC with

the NE part b eing closer to us.

T w o studies of eclipsing binaries b y Harries et al. (2003 ) and Hilditc h et al. (2005 )

for 50 binaries in total suggest a mean distance mo dulus for the SMC of 18.91 with

1 � width of 0.28. Although they do not explicitly commen t on the distribution of the

distance mo duli of the individual stars, a histogram of these is quite enligh tening (see

Fig. 10.6). It sho ws a v ery similar o v erall b eha viour as the curren t study (Fig. 10.3)

with a bi-mo dal structure with a minim um the same distance. Their histogram sho ws

a larger bump at shorter distances whic h ma y b e explained b y a selection e�ect in

their sample remo ving fain ter (hence more distan t) binaries. Another explanation

w ould lie in the distribution of targets throughout the SMC �eld-of-view as their

targets concen trate in the SW part whereas the stars in the presen t w ork lie mostly

in the NE. This w ould indicate that stars in the SW are closer to us.

A recen t in v estigation b y North et al. (2009 ) of 33 eclipsing binaries determines

a distance of 19.05 � 0.04 and signi�can t depth of 0.36 mag or 10.6 kp c. Finally , a
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study b y Subramanian & Subramanian (2009 ) estimate the SMC depth based on

photometry of red clump stars (OGLEI I, MCPS) a depth 0f 0.34 mag or 9.53 kp c.

T o conclude, there is still no �nal agreemen t in literature in terms of the mean

distance of the SMC � e.g. whether the short ( � 18.8) or long ( � 19.0/19.1) distance

scale is the b est � or in terms of an depth extension (negligible depth extension up

to � 30 kp c). The v arious analyses include di�eren t kinds of ob jects, co v er di�eren t

parts of the SMC, or are sub ject to di�eren t systematic e�ects. This migh t explain

sev eral discrepancies b et w een the presen ted studies.

Nev ertheless, the results from the literature imply that the SMC p ossesses v ery

lik ely a rather complicate depth structure (in addition to the irregular shap e in the

�eld-of-view). In agreemen t to the results in this w ork, sev eral studies �nd a signif-

ican t extension in the line of sigh t. The F GLR results on the depth extension are

quite consisten t with Laney & Stobie (1986 ), Gro enew egen (2000 ), Mathewson &

F ord (1988 ), Martin et al. (1989 ), Hatzidimitriou & Ha wkins (1989 ), Subramanian

& Subramanian (2009 ), Harries et al. (2003 ) and Hilditc h et al. (2005 ), and North

et al. (2009 ). Our indep enden t estimate of the spatial exten t of the SMC in the line

of sigh t adds an imp ortan t con tribution to the gro wing evidence that the radial ex-

tension of the SMC is � 10 � 15 kp c. Our results also supp ort the idea that the SMC

p ossesses a bimo dal depth structure (Mathewson et al. 1986 , Martin et al. 1989 ,

Hatzidimitriou & Ha wkins 1989 , Harries et al. 2003 and Hilditc h et al. 2005 ).

10.5 Searc hing for Abundance P atterns in Three Dimensions

The information on the distances of individual stars pro vided b y the F GLR will no w

b e emplo y ed to extend the discussion ab out p ossible abundance patterns or gradien ts

from Sect. 9.5 from t w o to three dimensions. F or that, Fig. 10.7 presen ts the mean

abundances of the sample stars with resp ect to their p osition along the line-of-sigh t

for metals supp osed to b e una�ected b y stellar ev olution pro cesses.

The distance of the SMC cen ter, i.e. the zero p oin t of the x axis, w as shifted b y

8 kp c corresp onding to a distance mo dulus of 19.2. This is not to b e understo o d as

a new determination of the mean distance of the SMC. Curren tly , there is a lot of

debate going on ab out systematic e�ects on the calibration of the F GLR � mainly

in the o�set bFGLR . This could b e a reason wh y the a v erage distance of the sample

stars in this w ork is 19.2 instead of the canonical � 19.0 from the literature. In view

of this, the adopted 19.2 should b e rather seen as an empirical correction in order to

obtain a symmetric distribution of stars along this adopted cen ter (as it is no w the

case in Fig. 10.7).

With that, it is no w p ossible to searc h for gradien ts of abundances with resp ect to

the three dimensional distance of the SMC cen ter in Fig. 10.8. As noted in Sect. 9.5,

there is a high degree of c hemical homogeneit y among the y oung sup ergian ts of the

presen t w ork. And ev en including the distance information for eac h star it is hard to

�nd an y signi�can t abundance gradien t. T able 10.4 summarises information on the

gradien ts deriv ed.

F or Ti, the n um b er of stars is v ery small. T ogether with relativ ely high statistical

uncertain ties, no gradien t can b e claimed. The case for F e is similar although more

ob jects with deriv ed iron abundances are a v ailable.
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Figure 10.7: The deriv ed stellar abun-

dances are plotted with resp ect to their

line-of-sigh t p osition as inferred from their

distances deriv ed with the F GLR. The dis-

tance of the SMC cen ter w as shifted b y

8 kp c corresp onding to a distance mo dulus

of 19.2 (see text for motiv ation). A t ypi-

cal error bar in x direction (due to uncer-

tain ties in stellar parameters, see e.g. T a-

ble 10.1) and in y direction (line to line

scatter of abundances for a target) is giv en.

The only elemen ts where there ma y b e an indication of an abundance gradien t

with resp ect to the three-dimensional distance to the SMC cen ter are O and S. This

form ulation is k ept v ery cautiously as claiming a gradien t of few thousandth dex p er

kp c when there are statistical and systematic uncertain ties of the order of one ten th

dex is rather b old. Moreo v er, this dep ends mostly on v ery few ob jects.

Th us, there ma y b e subtle indications for a reduced metallicit y of stars far from the

SMC cen ter (mostly a line-of-sigh t e�ect). Ho w ev er, as this is extremely uncertain,

it is concluded that the presen t-da y c hemical comp ositions of the SMC is highly

homogeneous and that no de�nitely reliable gradien ts can b e found � ev en with the
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Figure 10.8: The deriv ed stellar abun-

dances are plotted with resp ect to their

three-dimensional distance from the

adopted SMC cen ter. The information on

the p osition along the line of sigh t w as

inferred from their distances deriv ed with

the F GLR. The distance of the SMC cen ter

w as adopted at a distance mo dulus of 19.2

for these plots (see text for motiv ation).

Error bars are as in Fig. 10.7.

high degree of consistency and accuracy ac hiev ed in the presen t study .

10.6 Microturbulence and Luminosit y

Emplo ying the information on the absolute b olometric magnitude from the F GLR,

w e compare the deriv ed microturbulences of a star with this magnitude in Fig. 10.9.

There is a clear trend of smaller microturbulen t v elo cities for in trinsically fain ter

stars. This is in agreemen t with recen t theoretical results b y Can tiello et al. (2009 )

who argue on the basis of a prop osed con v ection zone (asso ciated with iron ioni-

sation) b elo w the stellar atmosphere. They also �nd a metallicit y dep endence of
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T able 10.4: Abundance gradien ts inferred from the three-dimensional distance of an ob ject

to the SMC cen ter.

Elemen t gradien t (dex/kp c) zero-p oin t (dex)

O -0.0046 � 0.0020 8.22 � 0.03

Mg 0.0005 � 0.0022 6.82 � 0.03

S -0.0047 � 0.0024 6.52 � 0.04

Ti 0.0020 � 0.0095 4.42 � 0.11

F e -0.0003 � 0.0037 6.89 � 0.05

Figure 10.9: Deriv ed microturbulen t v elo cities as a function of the absolute b olometric

magnitude for the sample stars. There is a clear trend of higher � at smaller M bol , i.e.

in trinsically brigh ter stars. Uncertainites in � are 1 � 2 km s

� 1
.

the microturbulence suggesting larger microturbulence at higher metallicities. This

e�ect is also observ ationally supp orted when the presen t sample of lo w-metallicit y

sup ergian ts is compared to a sample of similar stars in the Galaxy at roughly solar

metallicit y . In the ranges of o v erlapping absolute magnitudes, the more metal-ric h

Galactic sup ergian ts sho w systematically higher microturbulences, b y � 2 km s

� 1
(M.

Firnstein, priv. comm.).
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The ma jor synopsis of this w ork is that BA sup ergian ts are extremely p o w erful to ols

for extragalactic stellar astroph ysics � if they are carefully analysed with the prop er

to ols. As ev olv ed massiv e stars they allo w predictions of stellar ev olution theories

to b e tested for galactic en vironmen ts di�eren t than those found in the Milky W a y .

Moreo v er, as they can b e observ ed in lo cations tracing the whole exten t of galaxies,

abundance gradien ts and patterns can b e studied whic h allo ws the galacto c hemical

ev olution of these systems to b e constrained.

High qualit y sp ectra of 38 BA sup ergian ts in the Small Magellanic Cloud (SMC)

with go o d signal-to-noise ratio ( � 100) w ere in v estigated in this w ork, constituting

the largest sample of this kind of star that has b een analysed b ey ond the Milky

W a y at high sp ectral resolution ( R � 48 000) to date. The analysis w as based on

syn thetic sp ectra whic h accoun t for departures from the classical assumption of lo cal

thermo dynamic equilibrium (L TE). Non-L TE e�ects w ere sho wn to ha v e a signi�can t

impact on a v ariet y of sp ectral lines in BA sup ergian ts (as w ell as in other stars)

b y sev eral studies (e.g. Przybilla et al. 2006). A ccoun ting for non-L TE e�ects is

therefore a ma jor step for determining reliable atmospheric parameters as w ell as

stellar abundances from a �t of syn thetic line pro�les to observ ation. An asp ect

whic h m ust not b e underestimated in this resp ect is the use of state-of-the-art atomic

data for the analysis, a v ailable in form of w ell-tested mo del atoms.

Besides high-qualit y observ ations and realistic mo dels a third ingredien t w as re-

quired to obtain highly consisten t results: careful application of a comprehensiv e

analysis metho dology . This means that � if feasible � all imp ortan t parameters c har-

acterising a stellar atmosphere ha v e b een determined consisten tly in a thorough w a y .

This w as ac hiev ed in an iterativ e pro cess in whic h all relev an t parameters w ere re-

adjusted un til a self-consisten t solution w as obtained. Systematic uncertain ties in the

atmospheric parameters and (directly as w ell as indirectly) in the stellar abundances

w ere considerably reduced b y this pro cedure.

With this strategy , it w as p ossible to determine basic atmospheric parameters

(suc h as e�ectiv e temp eratures Te� , surface gra vities logg, microturbulence � , helium

abundance n(He), and metallicit y [M=H ]) as w ell as atmospheric abundances in a v ery

consisten t w a y for 31 stars (mo delling problems arose for sev en stars) with unprece-

den ted precision. Te� could b e constrained to few p er cen t, logg to 0.05 � 0.10 dex,

and � to 1 � 2 km s� 1
. Helium and metal abundances for individual stars sho w v ery

lo w statistical uncertain ties (based on the line-to-line scatter) of t ypically 10 % for

most sp ecies and � 30 % for Ti and F e. T ypical uncertain ties in the literature for Te�

and logg amoun t to . 10% and 0.15 � 0.20 dex, resp ectiv ely . In particular, the t ypical

abundance uncertain ties of a factor of � 2 mak e it hard to dra w an y thorough con-

clusions concerning the ev olution of massiv e stars or abundance patterns/gradien ts

in a galaxy .

The abundances deriv ed in this w ork on the other hand place tigh t observ ational

constrain ts to stellar ev olution theory in terms of c hemical signatures in the atmo-

sphere caused b y mixing with CN(O)-pro cessed matter from the stellar core (C de-
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pletion and N enric hmen t there). Imp ortan t quan tities in this resp ect are th us the

observ ed abundances of He, C, N, and O in the atmosphere. Helium tends to b e

sligh tly enric hed to 0.11 in n um b er fraction (mean o v er all stars), while signi�can t

enric hmen t/depletion b y � 0.6/0.4 dex for N or C resp ectiv ely (with resp ect to the

mean metallicit y relativ e to the solar pattern) is found. Rather tigh t trends of in-

creasing helium abundance and N/C mass fraction with higher N/O mass fraction

are found. The slop e of the N/C vs. N/O relation is inconsisten t with the initial

relativ e comp ositions of the CNO elemen ts in the ev olution mo dels and calls for a

re�nemen t of the mo dels in this resp ect. More imp ortan tly , it w as found that the

mixing from the stellar core to the atmosphere as implemen ted so far in stellar ev o-

lution mo dels is not e�cien t enough to create the high N/C and N/O ratios and the

high helium abundances if the stars come directly from the main sequence. T o solv e

this discrepancy , t w o solutions are imaginable. Either most of the stars are far more

ev olv ed and ha v e already exp erienced con v ectiv e mixing in the red sup ergian t stage

or the mixing in the earlier phases of stellar ev olution is m uc h more pronounced than

previously though t. This higher mixing e�ciency could b e ac hiev ed b y the in terpla y

of rotation and magnetic �elds as found b y Maeder & Meynet (2005 ) for mo dels at

solar metallicit y . It is imp ortan t to note that high N/C and N/O ratios as w ell as

high helium abundances are predominan tly found in stars with larger masses. This

is consisten t with recen t stellar ev olution theory whic h predicts stronger mixing with

increasing stellar mass.

The accurate atmospheric abundances in individual stars are also re�ected in the

go o d agreemen t of abundances of one elemen t throughout all stars. It could b e sho wn

that the SMC is c hemically homogeneous to a v ery high lev el with a t ypical scatter

for most elemen ts of 0.1 dex or 25%. Larger scatter is found for Ti (0.20 dex) and

to a lesser degree for F e (go o d 0.14 dex) whic h is more lik ely an issue of remaining

systematics b ecause of an incompleteness of the mo del atoms than a real pattern. It

is not surprising that � considering this observ ed high degree of homogeneit y � no

clear abundance pattern or gradien t is found in t w o dimension throughout the �eld-

of-view. The relativ ely short basis of few kp c in the �eld-of-view mak es the detection

of gradien ts ev en more di�cult.

The �ux-w eigh ted gra vit y�luminosit y relationship (F GLR) for B and A sup er-

gian ts pro vides a completely indep enden t distance estimate based on the t w o funda-

men tal atmospheric parameters ( Te� and logg). It can b e used to determine distances

to individual stars and consequen tly to galaxies (from a sample of sup ergian ts) up to

a few Mp c with an accuracy comparable to the classic distance indicators (Kudritzki

et al. 2008 , Urbaneja et al. 2008 ), the Cepheids. A su�cien t accuracy (statistical

as w ell as systematic e�ects) in the atmospheric parameters (few h undred K for Te�

and . 0.1 � 0.15 dex in logg) is needed in order to obtain signi�can t results with this

metho d. This requires sp ectra of an adequate qualit y as w ell as detailed theoret-

ical to ols. It has only b een in the last decade(s) that the mo delling to ols matc h

these requiremen ts b y including non-L TE e�ects and detailed atomic data. No w, one

m ust also actually use these to ols whic h require some more e�ort (compared to other

ob jects) but are vital in order to ac hiev e the feasible consistency .
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An extensiv e use of the F GLR as distance determination tec hnique requires a

certain e�ort on its calibration. An imp ortan t step in this resp ect is the w ork of

Kudritzki et al. (2008 ). In the presen t study , w e tried to extend this w ork to a metal-

p o or en vironmen t suc h as the SMC. Ho w ev er, as it turned out, the results indicate a

signi�can t in trinsic depth of the SMC along the line-of-sigh t rendering the assump-

tion of the same distance of all stars unjusti�ed and th us the calibration infeasible.

Instead, w e emplo y ed the giv en F GLR as calibrated b y Kudritzki et al. (2008 ) to

determine the distances to our sample stars, th us probing the depth extension of the

SMC.

A ccoun ting for the uncertain ties of the individual stars, their distance distribu-

tion still suggests a signi�can t exten t in the line-of-sigh t of the SMC of the order

of 10 � 15 kp c � a remark able n um b er giv en its mean distance of ab out 63 kp c and

its extension in the �eld-of-view of only 4 kp c. The literature pro vides extensiv e in-

v estigations and debates concerning the spatial extension of the SMC. Suggestions

for the line-of-sigh t extensions range from zero to enormous 30 kp c. Our estimate of

10 � 15 kp c is fully indep enden t from the other studies (di�eren t ob jects as w ell as a

di�eren t metho d) and consisten t with the mean of the published v alues. Our results

ma y also suggest a bimo dal distribution of stars in the radial direction.

The distance to individual stars found with the help of the F GLR allo w ed us to

searc h for a gradien t with resp ect to the three-dimensional distance of a star from

the SMC cen ter. The conclusion is that the presen t-da y comp osition of the SMC

as re�ected in the abundances of O, Mg, S, Ti, and F e can b e (again, as in t w o-

dimensional �eld-of-view) regarded as v ery homogeneous where the small scatter in

abundances from star to star ma y b e fully explained with statistical and systematic

uncertain ties.
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A List of In v estigated Sp ectral Lines

In this section, detailed information on the in v estigated sp ectral lines (helium and

metals) are presen ted. The �rst part summarises all sp ectral lines in a table whic h

w ere examined in at least one ob ject. The columns giv e the designation of the ionic

sp ecies, transition w a v elength � (in Å), excitation energy of the lo w er lev el � (in

e V), adopted oscillator strength loggf , and an accuracy indicator. The sources for

the gf v alues as w ell as for the Stark broadening parameters are giv en after the

line list. Lines where the w a v elength information is put in italics are alw a ys (for

ev ery ob ject) con tributions to the transition ab o v e whic h is not in italics. Due to

broadening mec hanisms, they are not separated in the sp ectrum.

The second part lists the lines analysed for sp eci�c stars as w ell as the abundances

(in the usual notation X = log x=H + 12 , except for He) deriv ed from the resp ectiv e

lines. If more than one transition of the same sp ecies con tribute to the same sp ectral

feature, only one transition (the one with the shortest w a v elength and the one not

put in italics in the �rst table) is indicated in the second part. Usually , the transitions

at 6155.96 Å and 6156.74 Å also strongly o v erlap for most ob jects except for a few

ob jects with small v sini . If 6156.74 is not explicitly men tioned in the second part,

it means th us that it w as analysed together with the 6155.96 transitions and coun ted

as one line.

A.1 Ov erview Ab out all Emplo y ed Sp ectral Lines with A tomic Informa-

tion

T able A.1:

Ion �= Å �= e V loggf A cc. Src.

He i 3819.60 20.96 � 0.97 B WSG

He i 3819.61 20.96 � 1.19 B WSG

He i 3819.76 20.96 � 1.67 B WSG

He i 3867.47 20.96 � 2.06 B WSG

He i 3867.48 20.96 � 2.28 B WSG

He i 3867.63 20.96 � 2.75 B WSG

He i 3926.54 21.22 � 1.65 A WSG

He i 3964.73 20.62 � 1.30 A WSG

He i 4009.26 21.22 � 1.47 C WSG

He i 4026.18 20.96 � 2.63 A WSG

He i 4026.19 20.96 � 0.63 A WSG

He i 4026.20 20.96 � 0.85 A WSG

He i 4026.36 20.96 � 1.32 A WSG

He i 4120.81 20.96 � 1.74 B WSG

He i 4120.82 20.96 � 1.96 B WSG

He i 4120.99 20.96 � 2.44 B WSG

He i 4143.76 21.22 � 1.20 B WSG

He i 4168.97 21.22 � 2.34 A WSG

He i 4387.93 21.22 � 0.88 A WSG

He i 4437.55 21.22 � 2.03 B WSG

He i 4471.47 20.96 � 0.20 A WSG

He i 4471.49 20.96 � 0.42 A WSG

He i 4471.68 20.96 � 0.90 A WSG

He i 4713.14 20.96 � 1.23 B WSG

He i 4713.16 20.96 � 1.45 B WSG

He i 4713.38 20.96 � 1.93 B WSG

He i 4921.93 21.22 � 0.44 A WSG

He i 5875.60 20.96 � 1.52 A WSG

He i 5875.61 20.96 + 0.48 A WSG

He i 5875.63 20.96 � 0.34 A WSG

He i 5875.64 20.96 + 0.14 A WSG

He i 5875.97 20.96 � 0.22 A WSG
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C i 9078.29 7.48 � 0.58 B WFD

C i 9088.51 7.48 � 0.43 B WFD

C i i 3920.69 16.33 � 0.23 B WFD

C i i 4267.00 18.05 + 0.56 C+ WFD

C i i 4267.26 18.05 + 0.74 C+ WFD

C i i 6578.05 14.45 � 0.03 B WFD

C i i 6582.88 14.45 � 0.33 B WFD

N i 7423.64 10.33 � 0.71 B+ WFD

N i 7442.30 10.33 � 0.38 B+ WFD

N i 7468.31 10.34 � 0.19 B+ WFD

N i 8567.74 10.68 � 0.66 B WFD

N i 8594.00 10.68 � 0.33 B WFD

N i 8680.28 10.34 + 0.35 B+ WFD

N i 8683.40 10.33 + 0.09 B+ WFD

N i 8686.15 10.33 � 0.31 B+ WFD

N i 8703.25 10.33 � 0.32 B+ WFD

N i 8711.70 10.33 � 0.23 B+ WFD

N i 8718.84 10.34 � 0.34 B+ WFD

N i 8728.90 10.33 � 1.07 B+ WFD

N i i 3955.85 18.47 � 0.81 B WFD

N i i 3995.00 18.50 + 0.21 B WFD

N i i 4447.03 20.41 + 0.23 B WFD

N i i 4601.48 18.46 � 0.43 B+ WFD

N i i 4607.15 18.46 � 0.51 B+ WFD

N i i 4630.54 18.48 + 0.09 B+ WFD

N i i 4643.09 18.48 � 0.36 B+ WFD

N i i 5005.15 20.67 + 0.59 B WFD

N i i 5045.10 18.46 � 0.41 B+ WFD

N i i 5666.63 18.47 � 0.05 A WFD

N i i 5676.02 18.46 � 0.37 A WFD

N i i 5679.56 18.48 + 0.25 A WFD

N i i 5686.21 18.47 � 0.55 A WFD

N i i 5710.77 18.48 � 0.52 A WFD

O i 5329.10 10.74 � 1.24 C+ WFD

O i 5329.68 10.74 � 1.02 C+ WFD

O i 5330.73 10.74 � 0.87 C+ WFD

O i 6155.96 10.74 � 1.36 B+ WFD

O i 6155.97 10.74 � 1.01 B+ WFD

O i 6155.99 10.74 � 1.12 B+ WFD

O i 6156.74 10.74 � 1.49 B+ WFD

O i 6156.76 10.74 � 0.90 B+ WFD

O i 6156.78 10.74 � 0.69 B+ WFD

O i 6158.15 10.74 � 1.84 B+ WFD

O i 6158.17 10.74 � 1.00 B+ WFD

O i 6158.19 10.74 � 0.41 B+ WFD

O i 7001.90 10.99 � 1.49 B WFD

O i 7001.92 10.99 � 1.01 B WFD

O i 7002.17 10.99 � 2.66 B WFD

O i 7002.20 10.99 � 1.49 B WFD

O i 7002.23 10.99 � 0.74 B WFD

O i 7002.25 10.99 � 1.36 B WFD

O i 7771.94 9.15 + 0.37 A WFD

O i 7774.17 9.15 + 0.22 A WFD

O i 7775.39 9.15 + 0.00 A WFD

O i i 4069.62 25.63 + 0.15 B+ WFD

O i i 4069.88 25.64 + 0.34 B+ WFD

O i i 4072.16 25.65 + 0.55 B+ WFD

O i i 4075.86 25.67 + 0.69 B+ WFD

O i i 4351.26 25.66 + 0.23 B+ WFD

O i i 4351.46 25.66 � 1.00 B WFD

O i i 4349.43 23.00 + 0.06 B WFD

O i i 4366.89 23.00 � 0.35 B WFD

O i i 4414.91 23.44 + 0.17 B WFD

O i i 4416.97 23.42 � 0.08 B WFD

O i i 4590.97 25.66 + 0.35 B+ WFD

O i i 4641.81 22.98 + 0.05 B WFD

O i i 4649.13 23.00 + 0.31 B WFD

O i i 4661.63 22.98 � 0.28 B WFD

O i i 4676.24 23.00 � 0.39 B WFD

Mg i 3829.36 2.71 � 0.21 B WSM

Mg i 3832.30 2.71 + 0.27 B WSM

Mg i 3838.29 2.72 + 0.49 B WSM

Mg i 4702.99 4.35 � 0.42 C+ BMZ

Mg i 5172.68 2.71 � 0.38 B WSM

Mg i 5183.60 2.72 � 0.16 B WSM

Mg i 5528.41 4.35 � 0.40 C+ BMZ

Mg i i 4384.64 10.00 � 0.79 C+ WSM

Mg i i 4390.51 10.00 � 1.71 D WSM

Mg i i 4390.57 10.00 � 0.53 D WSM

Mg i i 4433.99 10.00 � 0.90 C+ WSM

Mg i i 4481.13 8.86 + 0.73 B+ FW

Mg i i 4481.15 8.86 � 0.57 B+ FW

Mg i i 4481.33 8.86 + 0.58 B+ FW

Mg i i 5401.54 11.63 � 0.08 C CA

Mg i i 6545.97 11.63 + 0.41 C CA

Mg i i 7877.05 10.00 + 0.39 C+ WSM

Mg i i 7896.04 10.00 � 0.30 C+ WSM

Mg i i 7896.37 10.00 + 0.65 C+ WSM
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S i i 4153.07 15.90 + 0.62 D � WSM

S i i 4162.67 15.94 + 0.78 D � WSM

S i i 4294.40 16.13 + 0.58 D � WSM

S i i 4815.55 13.67 + 0.09 D WSM

S i i 5009.57 13.62 � 0.28 D WSM

S i i 5014.04 14.07 + 0.10 D WSM

S i i 5032.43 13.67 + 0.27 D WSM

S i i 5320.72 15.07 + 0.50 D WSM

S i i 5345.71 15.07 + 0.36 D WSM

S i i 5428.66 13.58 � 0.13 D WSM

S i i 5432.80 13.62 + 0.26 D WSM

S i i 5453.86 13.67 + 0.48 D WSM

S i i 5473.61 13.58 � 0.18 D WSM

S i i 5509.71 13.62 � 0.14 D WSM

S i i 5606.15 13.73 + 0.31 D WSM

S i i 5660.00 13.68 � 0.05 D WSM

S i i i 4253.50 18.24 + 0.36 D WSM

Ti i i 3900.56 1.13 � 0.45 D MFW

Ti i i 3913.48 1.12 � 0.53 D MFW

Ti i i 4028.36 1.89 � 1.00 D MFW

Ti i i 4163.63 2.59 � 0.40 D MFW

Ti i i 4171.92 2.60 � 0.56 D MFW

Ti i i 4287.88 1.08 � 2.02 D � MFW

Ti i i 4290.22 1.16 � 1.12 D � MFW

Ti i i 4290.34 2.06 � 1.53 X KB

Ti i i 4294.09 1.08 � 1.11 D � MFW

Ti i i 4300.06 1.18 � 0.77 D � MFW

Ti i i 4301.92 1.16 � 1.16 D � MFW

Ti i i 4312.87 1.18 � 1.16 D � MFW

Ti i i 4314.97 1.16 � 1.13 D � MFW

Ti i i 4330.24 2.04 � 1.51 D MFW

Ti i i 4330.72 1.18 � 2.04 D � MFW

Ti i i 4394.02 1.22 � 1.59 D � MFW

Ti i i 4395.00 1.08 � 0.66 D � MFW

Ti i i 4399.79 1.24 � 1.27 D � MFW

Ti i i 4417.72 1.16 � 1.43 D � MFW

Ti i i 4443.78 1.08 � 0.70 D � MFW

Ti i i 4450.50 1.08 � 1.45 D � MFW

Ti i i 4468.52 1.13 � 0.60 D � MFW

Ti i i 4501.27 1.12 � 0.75 D � MFW

Ti i i 4563.77 1.22 � 0.96 D � MFW

Ti i i 4571.96 1.57 � 0.53 D � MFW

Ti i i 4779.98 2.05 � 1.37 D � MFW

Ti i i 4805.09 2.06 � 1.10 D � MFW

Ti i i 4911.18 3.12 � 0.34 D MFW

Ti i i 5188.68 1.58 � 1.21 D � MFW

Ti i i 5336.78 1.58 � 1.70 D � MFW

F e i i 3938.29 1.67 � 3.89 D MFW

F e i i 3945.21 3.89 � 2.72 X KB

F e i i 4122.64 2.58 � 3.38 D FMW

F e i i 4124.79 2.54 � 4.20 D FMW

F e i i 4173.46 2.58 � 2.18 C FMW

F e i i 4178.86 2.58 � 2.47 C FMW

F e i i 4233.17 2.58 � 2.00 C FMW

F e i i 4273.32 2.70 � 3.34 D FMW

F e i i 4296.57 2.70 � 3.01 D FMW

F e i i 4303.17 2.70 � 2.49 C FMW

F e i i 4385.39 2.77 � 2.57 D FMW

F e i i 4416.83 2.78 � 2.61 D FMW

F e i i 4489.19 2.83 � 2.97 D FMW

F e i i 4491.40 2.86 � 2.70 C FMW

F e i i 4508.28 2.86 � 2.31 D KB

F e i i 4515.34 2.84 � 2.48 D FMW

F e i i 4520.23 2.81 � 2.60 D FMW

F e i i 4522.63 2.84 � 2.11 C KB

F e i i 4541.52 2.86 � 3.05 D FMW

F e i i 4549.47 2.83 � 1.75 C FMW

F e i i 4555.89 2.83 � 2.32 D KB

F e i i 4576.33 2.84 � 3.04 D FMW

F e i i 4580.06 2.58 � 3.73 X KB

F e i i 4582.84 2.84 � 3.10 C FMW

F e i i 4620.51 2.83 � 3.28 D FMW

F e i i 4629.34 2.81 � 2.37 D FMW

F e i i 4635.33 5.96 � 1.65 D � FMW

F e i i 4666.75 2.83 � 3.33 D FMW

F e i i 4731.44 2.89 � 3.36 D FMW

F e i i 4993.35 2.81 � 3.65 E FMW

F e i i 5276.00 3.20 � 1.94 C FMW

F e i i 5316.62 3.15 � 1.85 C FMW

F e i i 5325.56 3.22 � 3.22 X KB

F e i i 5362.87 3.20 � 2.74 X KB

F e i i 5425.25 3.20 � 3.36 D FMW

F e i i 5534.83 3.24 � 2.93 D FMW

F e i i 6147.74 3.89 � 2.72 X KB

F e i i 6149.26 3.89 � 2.72 X KB
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accuracy indicators � uncertain ties within: AA: 1%; A: 3%; B: 10%; C: 25%; D:

50%; E: larger than 50%; X: unkno wn

sources of gf -v alues � BMZ: Butler et al. (1993 ); CA: Coulom b appro ximation

(Bates & Damgaard (1994 ); FMW: F uhr et al. (1988 ); KB: Kurucz & Bell (1995 );

MFW: Martin et al. (1988 ); WFD: Wiese et al. (1996 ); WSG: Wiese et al. (1966 )

�
;

WSM: Wiese et al. (1969 )

�
; when a v ailable

(� )
, impro v ed gf -v alues from F uhr &

Wiese (1998 , FW) are fa v oured.

sources for Stark broadening parameters � H i : Stehlé & Hutc heon (1999 ), Vidal

et al. (1973 ); He i : Barnard et al. (1969 ), Dimitrijevi¢ & Sahal-Bréc hot (1990 ); C i :

Griem (1974 ), Co wley (1971 ); C i i : Griem (1964 , 1974 ), Co wley (1971 ); N i/i i :

Griem (1964 , 1974 ), Co wley (1971 ); O i/i i : Co wley (1971 ); Mg i : Dimitrijevi¢ &

Sahal-Bréc hot (1996 ), Co wley (1971 ); Mg i i : Griem (1964 , 1974 ), Co wley (1971 );

S i i/i i i : Co wley (1971 );
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A.2 Lines Emplo y ed in Sp eci�c Stars with Abundance Information

T able A.2:

Ion �= Å X

A V20

He i 4026.18 0.12

He i 4387.93 0.14

He i 4471.47 0.11

He i 4713.14 0.12

He i 4921.93 0.14

N i 7423.64 7.88

N i 7442.30 7.83

N i 7468.31 7.83

N i 8680.28 7.90

N i 8683.40 7.87

N i 8686.15 7.89

N i 8711.70 7.88

N i 8718.84 7.84

O i 6155.96 8.12

O i 6158.15 8.10

Mg i 5172.68 6.82

Mg i 5183.60 6.84

Mg i i 4390.51 6.83

Mg i i 4433.99 6.83

S i i 5032.43 6.62

Ti i i 3913.48 4.46

Ti i i 4163.63 4.50

Ti i i 4171.92 4.45

Ti i i 4290.22 4.41

Ti i i 4314.97 4.38

Ti i i 4395.00 4.36

Ti i i 4443.78 4.21

Ti i i 4450.50 4.24

Ti i i 4468.52 4.14

Ti i i 4501.27 4.23

Ti i i 4563.77 4.47

Ti i i 4571.96 4.46

Ti i i 4805.09 4.52

Ti i i 4911.18 4.22

Ti i i 5188.68 4.41

F e i i 4122.64 6.77

F e i i 4173.46 6.46

F e i i 4178.86 6.83

F e i i 4273.32 6.73

F e i i 4296.57 6.80

F e i i 4303.17 6.68

F e i i 4385.39 6.60

F e i i 4416.83 6.58

F e i i 4491.40 6.65

F e i i 4508.28 6.77

F e i i 4515.34 6.69

F e i i 4522.63 6.94

F e i i 4541.52 6.79

F e i i 4549.47 6.90

F e i i 4555.89 6.78

F e i i 4576.33 6.74

F e i i 4620.51 6.72

F e i i 4629.34 6.68

F e i i 4666.75 6.76

F e i i 4993.35 6.72

F e i i 5276.00 6.52

F e i i 5316.62 6.78

F e i i 5325.56 6.81

F e i i 5362.87 6.88

F e i i 5534.83 6.84

F e i i 6147.74 6.83

F e i i 6149.26 6.91

A V22

He i 3867.47 0.14

He i 3964.73 0.15

He i 4009.26 0.13

He i 4120.81 0.13

He i 4168.97 0.13

He i 4437.55 0.12

He i 4713.14 0.12

C i i 4267.00 6.84

C i i 6578.05 6.87

C i i 6582.88 6.83

N i i 3995.00 7.85

N i i 4447.03 7.93

N i i 4601.48 7.95

N i i 4607.15 7.94

N i i 4630.54 7.96

N i i 4643.09 7.91

N i i 5005.15 7.99

N i i 5045.10 7.90

N i i 5666.63 7.91

O i 7771.94 7.91

O i 7774.17 7.93

O i i 4416.97 7.95

O i i 4641.81 7.93

Mg i i 4481.33 6.97

S i i 4815.55 6.43

S i i 5345.71 6.37

S i i 5428.66 6.41

S i i 5432.80 6.35

S i i 5453.86 6.38

A V56

He i 3926.54 0.11

He i 4009.26 0.13

He i 4120.81 0.13

He i 4168.97 0.09

He i 4437.55 0.12

He i 4713.14 0.09

C i i 6578.05 7.30

C i i 6582.88 7.34

N i i 3955.85 7.94

N i i 3995.00 7.89
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N i i 4601.48 7.86

N i i 4607.15 7.92

N i i 4630.54 7.95

N i i 4643.09 7.90

N i i 5005.15 7.93

N i i 5045.10 7.94

N i i 5676.02 7.95

N i i 5686.21 7.86

N i i 5710.77 7.94

O i 7771.94 8.03

O i 7774.17 8.05

O i i 4069.62 8.01

O i i 4072.16 8.05

O i i 4075.86 8.09

O i i 4366.89 8.02

O i i 4590.97 8.00

O i i 4641.81 8.06

O i i 4649.13 8.10

O i i 4661.63 8.05

O i i 4676.24 7.99

Mg i i 4481.33 6.84

S i i 5453.86 6.34

S i i i 4253.50 6.31

A V76

He i 3964.73 0.13

He i 4026.18 0.11

He i 4120.81 0.11

He i 4471.47 0.13

He i 4713.14 0.12

C i i 4267.00 7.62

N i 7468.31 8.18

N i 8680.28 8.17

N i 8683.40 8.24

N i i 3995.00 8.18

O i 6158.15 8.23

Mg i i 4390.51 6.92

S i i 4815.55 6.48

S i i 5032.43 6.53

S i i 5432.80 6.50

S i i 5453.86 6.56

F e i i 4173.46 6.63

F e i i 4178.86 6.84

F e i i 4233.17 6.89

F e i i 4303.17 6.87

F e i i 4385.39 6.89

F e i i 4416.83 6.85

F e i i 4491.40 6.86

F e i i 4515.34 6.95

F e i i 4520.23 6.86

F e i i 4522.63 6.86

F e i i 4549.47 6.79

F e i i 5276.00 6.71

F e i i 5316.62 6.74

A V98

He i 3819.60 0.12

He i 3867.47 0.15

He i 3964.73 0.14

He i 4026.18 0.12

He i 4120.81 0.11

He i 4143.76 0.13

He i 4471.47 0.12

He i 4713.14 0.11

He i 4921.93 0.13

C i i 4267.00 7.19

N i 7423.64 8.15

N i 7442.30 8.13

N i 7468.31 8.12

N i 8680.28 8.15

N i 8683.40 8.22

N i 8686.15 8.21

N i 8703.25 8.24

N i 8711.70 8.14

O i 6155.96 8.14

O i 6158.15 8.11

Mg i i 4390.51 6.77

Mg i i 6545.97 6.76

S i i 4815.55 6.57

S i i 5032.43 6.61

S i i 5453.86 6.47

Ti i i 3913.48 4.67

Ti i i 4290.22 4.68

Ti i i 4294.09 4.70

Ti i i 4395.00 4.62

Ti i i 4443.78 4.55

Ti i i 4501.27 4.44

F e i i 4122.64 6.89

F e i i 4173.46 6.35

F e i i 4178.86 6.94

F e i i 4233.17 7.11

F e i i 4273.32 6.81

F e i i 4296.57 6.92

F e i i 4303.17 6.80

F e i i 4385.39 6.84

F e i i 4416.83 6.75

F e i i 4489.19 6.84

F e i i 4491.40 6.79

F e i i 4508.28 6.87

F e i i 4515.34 6.87

F e i i 4520.23 6.89

F e i i 4522.63 6.99

F e i i 4541.52 6.89

F e i i 4549.47 6.93

F e i i 4555.89 6.89

F e i i 4576.33 6.92

F e i i 4620.51 6.92

F e i i 4629.34 6.79

F e i i 4666.75 6.79

F e i i 5276.00 6.69

F e i i 5316.62 6.88

F e i i 5325.56 6.99

F e i i 5362.87 7.04

F e i i 5534.83 7.02

F e i i 6147.74 7.01

F e i i 6149.26 7.03

A V105

He i 4026.18 0.08

He i 4387.93 0.12

He i 4471.47 0.08

He i 4713.14 0.11

He i 4921.93 0.11
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He i 5875.60 0.12

N i 7468.31 7.81

N i 8680.28 7.76

N i 8686.15 7.83

N i 8703.25 7.81

N i 8711.70 7.79

O i 6155.96 8.17

O i 6158.15 8.20

Mg i 3838.29 6.95

Mg i 5183.60 6.88

Mg i i 4390.51 6.81

Mg i i 4433.99 6.83

Ti i i 3913.48 4.47

Ti i i 4294.09 4.48

Ti i i 4300.06 4.45

Ti i i 4395.00 4.31

Ti i i 4443.78 4.27

Ti i i 4468.52 4.24

Ti i i 4563.77 4.43

F e i i 4173.46 6.38

F e i i 4178.86 6.80

F e i i 4233.17 6.77

F e i i 4273.32 6.79

F e i i 4296.57 6.87

F e i i 4303.17 6.64

F e i i 4385.39 6.64

F e i i 4416.83 6.63

F e i i 4489.19 6.77

F e i i 4491.40 6.68

F e i i 4508.28 6.67

F e i i 4515.34 6.75

F e i i 4520.23 6.76

F e i i 4522.63 6.79

F e i i 4541.52 6.82

F e i i 4549.47 6.80

F e i i 4555.89 6.68

F e i i 4576.33 6.81

F e i i 4582.84 6.70

F e i i 4620.51 6.79

F e i i 4629.34 6.67

F e i i 4666.75 6.73

F e i i 5276.00 6.48

F e i i 5316.62 6.71

F e i i 5362.87 6.92

F e i i 5534.83 6.87

F e i i 6147.74 6.91

F e i i 6149.26 6.93

A V110

He i 3964.73 0.15

He i 4026.18 0.16

He i 4120.81 0.18

He i 4143.76 0.17

He i 4387.93 0.17

He i 4471.47 0.15

He i 4713.14 0.18

He i 4921.93 0.18

C i i 4267.00 7.82

N i 7442.30 7.89

N i 7468.31 7.94

N i 8680.28 7.98

N i 8683.40 8.02

N i 8686.15 8.06

N i 8703.25 7.97

N i 8711.70 7.91

O i 6155.96 8.15

O i 6158.15 8.18

Mg i i 4390.51 6.76

S i i 5453.86 6.63

Ti i i 3900.56 4.53

Ti i i 4294.09 4.57

Ti i i 4300.06 4.44

Ti i i 4395.00 4.46

Ti i i 4443.78 4.28

Ti i i 4468.52 4.35

Ti i i 4501.27 4.47

Ti i i 4563.77 4.52

Ti i i 4571.96 4.44

F e i i 4122.64 6.80

F e i i 4173.46 6.43

F e i i 4178.86 6.79

F e i i 4233.17 7.00

F e i i 4273.32 6.83

F e i i 4303.17 6.69

F e i i 4416.83 6.66

F e i i 4489.19 6.78

F e i i 4491.40 6.64

F e i i 4508.28 6.73

F e i i 4515.34 6.72

F e i i 4520.23 6.74

F e i i 4522.63 6.87

F e i i 4541.52 6.87

F e i i 4549.47 6.83

F e i i 4555.89 6.81

F e i i 4576.33 6.83

F e i i 4620.51 6.72

F e i i 4629.34 6.68

F e i i 4635.33 7.19

F e i i 4666.75 6.78

F e i i 4731.44 6.92

F e i i 5276.00 6.54

F e i i 5316.62 6.76

F e i i 5362.87 6.95

F e i i 6147.74 6.89

F e i i 6149.26 6.90

A V136

He i 4026.18 0.13

He i 4471.47 0.13

He i 5875.60 0.14

C i 9078.29 7.60

N i 7423.64 7.96

N i 7442.30 7.93

N i 7468.31 7.84

N i 8567.74 7.94

N i 8680.28 8.05

N i 8683.40 8.00

N i 8686.15 7.96

N i 8703.25 7.86

N i 8711.70 7.93

N i 8718.84 7.85

O i 6155.96 8.28

O i 6158.15 8.22

Mg i 3829.36 6.89

Mg i 3838.29 6.86

Mg i 5172.68 6.92

Mg i 5183.60 6.87
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Mg i i 4433.99 6.85

Mg i i 6545.97 6.97

Mg i i 7877.05 6.90

Mg i i 7896.04 6.94

Ti i i 3900.56 4.40

Ti i i 4290.22 4.39

Ti i i 4294.09 4.42

Ti i i 4300.06 4.38

Ti i i 4314.97 4.38

Ti i i 4394.02 4.39

Ti i i 4563.77 4.35

Ti i i 4911.18 4.31

Ti i i 5188.68 4.24

F e i i 4385.39 6.77

F e i i 4416.83 6.75

F e i i 4491.40 6.74

F e i i 4508.28 6.85

F e i i 4520.23 6.94

F e i i 4522.63 6.86

F e i i 4555.89 6.80

F e i i 4580.06 6.74

F e i i 4620.51 6.81

F e i i 4993.35 6.84

F e i i 5325.56 6.82

F e i i 5362.87 6.84

F e i i 5425.25 6.81

F e i i 5534.83 6.87

F e i i 6147.74 6.85

F e i i 6149.26 6.85

SK56

He i 3867.47 0.12

He i 3926.54 0.10

He i 3964.73 0.10

He i 4009.26 0.09

He i 4026.18 0.09

He i 4120.81 0.11

He i 4143.76 0.12

He i 4387.93 0.10

He i 4437.55 0.11

He i 4471.47 0.11

C i i 4267.00 7.25

C i i 6578.05 7.32

N i 8680.28 8.11

N i i 3995.00 8.08

N i i 4447.03 8.14

N i i 4630.54 8.03

N i i 5679.56 8.10

S i i 5032.43 6.33

S i i 5320.72 6.37

S i i 5432.80 6.36

S i i 5453.86 6.36

S i i 5606.15 6.44

F e i i 4549.47 6.96

A V151

He i 3867.47 0.13

He i 3926.54 0.13

He i 3964.73 0.15

He i 4009.26 0.13

He i 4168.97 0.12

He i 4437.55 0.11

He i 4713.14 0.15

C i i 4267.00 6.98

C i i 6578.05 7.06

C i i 6582.88 7.01

N i i 3995.00 7.83

N i i 4447.03 7.75

N i i 4601.48 7.82

N i i 4607.15 7.81

N i i 4630.54 7.84

N i i 5005.15 7.87

N i i 5045.10 7.85

N i i 5666.63 7.83

N i i 5676.02 7.84

O i 7771.94 8.25

O i 7774.17 8.20

O i i 4069.62 8.17

O i i 4075.86 8.25

O i i 4349.43 8.25

O i i 4414.91 8.21

O i i 4590.97 8.20

Mg i i 4481.33 6.96

S i i 5453.86 6.46

S i i i 4253.50 6.47

A V200

He i 3964.73 0.10

He i 4009.26 0.13

He i 4026.18 0.10

He i 4120.81 0.12

He i 4143.76 0.13

He i 4387.93 0.11

He i 4437.55 0.11

He i 4471.47 0.12

He i 4921.93 0.12

C i i 4267.00 7.37

C i i 6578.05 7.44

N i 8680.28 8.07

N i i 4630.54 8.08

O i 6155.96 8.17

Mg i i 7896.04 6.79

S i i 4815.55 6.41

S i i 5032.43 6.34

S i i 5453.86 6.47

F e i i 4233.17 7.11

F e i i 4522.63 7.16

F e i i 4549.47 7.02

F e i i 5276.00 7.07

F e i i 5316.62 7.13

A V205

He i 4026.18 0.09

He i 4120.81 0.09

He i 4143.76 0.08

He i 4471.47 0.09

He i 4713.14 0.09

He i 4921.93 0.11

C i i 4267.00 7.78

N i 7468.31 7.74

N i 8680.28 7.73
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N i 8683.40 7.86

N i 8686.15 7.77

N i 8703.25 7.79

N i 8711.70 7.70

O i 5329.10 8.25

O i 5330.73 8.32

O i 6155.96 8.26

O i 6158.15 8.27

Mg i 3832.30 6.85

Mg i 3838.29 6.89

Mg i 5172.68 6.94

Mg i 5183.60 6.92

Mg i i 4390.51 6.91

Mg i i 5401.54 6.89

S i i 4815.55 6.65

S i i 5453.86 6.67

Ti i i 3913.48 4.49

Ti i i 4290.22 4.52

Ti i i 4301.92 4.35

Ti i i 4312.87 4.48

Ti i i 4314.97 4.44

Ti i i 4395.00 4.50

Ti i i 4443.78 4.33

Ti i i 4450.50 4.39

Ti i i 4468.52 4.34

Ti i i 4501.27 4.36

Ti i i 4563.77 4.57

Ti i i 4571.96 4.55

Ti i i 4911.18 4.16

F e i i 3938.29 6.87

F e i i 4122.64 6.91

F e i i 4173.46 6.67

F e i i 4273.32 6.85

F e i i 4296.57 7.00

F e i i 4303.17 6.89

F e i i 4385.39 6.79

F e i i 4416.83 6.82

F e i i 4489.19 6.91

F e i i 4491.40 6.87

F e i i 4508.28 6.88

F e i i 4515.34 6.90

F e i i 4520.23 6.90

F e i i 4541.52 6.87

F e i i 4555.89 7.02

F e i i 4576.33 6.86

F e i i 4582.84 6.72

F e i i 4620.51 6.85

F e i i 4629.34 6.95

F e i i 4666.75 6.83

F e i i 4731.44 7.04

F e i i 4993.35 6.71

F e i i 5276.00 6.82

F e i i 5325.56 6.87

F e i i 5362.87 7.03

F e i i 5425.25 6.96

F e i i 6147.74 6.98

F e i i 6149.26 6.95

A V211

He i 3926.54 0.10

He i 3964.73 0.09

He i 4026.18 0.10

He i 4471.47 0.09

He i 4713.14 0.10

He i 4921.93 0.09

He i 5875.60 0.09

C i i 4267.00 7.58

C i i 6578.05 7.55

N i 7468.31 7.92

N i 8680.28 7.81

N i 8683.40 7.96

N i 8703.25 7.97

N i i 3995.00 7.94

O i 6155.96 8.22

O i 6158.15 8.25

Mg i i 4390.51 6.78

S i i 5032.43 6.34

S i i 5432.80 6.36

S i i 5453.86 6.41

F e i i 4233.17 6.94

F e i i 4303.17 6.84

F e i i 4385.39 6.91

F e i i 4491.40 6.87

F e i i 4508.28 6.88

F e i i 4515.34 6.87

F e i i 4520.23 6.92

F e i i 4522.63 6.85

F e i i 4549.47 6.80

F e i i 4555.89 6.80

F e i i 4576.33 6.91

F e i i 4629.34 6.79

F e i i 5276.00 6.71

F e i i 5316.62 6.78

A V270

He i 3819.60 0.10

He i 3964.73 0.10

He i 4026.18 0.09

He i 4120.81 0.09

He i 4471.47 0.08

He i 4713.14 0.09

He i 4921.93 0.10

He i 5875.60 0.09

N i 8680.28 7.99

N i 8703.25 7.97

N i 8718.84 8.03

O i 6155.96 8.09

O i 6158.15 8.18

Mg i 5183.60 7.03

Mg i i 4390.51 6.81

Mg i i 7877.05 6.76

S i i 5032.43 6.57

Ti i i 4294.09 4.71

Ti i i 4300.06 4.66

Ti i i 4395.00 4.63

Ti i i 4443.78 4.62

Ti i i 4563.77 4.71

Ti i i 4571.96 4.75

F e i i 4122.64 6.92

F e i i 4173.46 6.27

F e i i 4178.86 6.75

F e i i 4233.17 6.97

F e i i 4296.57 6.73

F e i i 4303.17 6.68

F e i i 4385.39 6.66
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F e i i 4416.83 6.58

F e i i 4489.19 6.84

F e i i 4491.40 6.71

F e i i 4508.28 6.75

F e i i 4515.34 6.70

F e i i 4520.23 6.74

F e i i 4522.63 6.83

F e i i 4541.52 6.81

F e i i 4549.47 6.77

F e i i 4555.89 6.69

F e i i 4629.34 6.65

F e i i 4731.44 6.89

F e i i 5362.87 6.85

F e i i 5534.83 6.89

F e i i 6147.74 6.94

F e i i 6149.26 6.92

A V273

He i 4026.18 0.09

He i 4471.47 0.09

He i 5875.60 0.09

C i 9078.29 7.42

C i 9088.51 7.40

N i 7423.64 7.76

N i 7442.30 7.79

N i 7468.31 7.74

N i 8680.28 7.82

N i 8683.40 7.72

N i 8686.15 7.78

N i 8703.25 7.78

N i 8711.70 7.73

N i 8718.84 7.75

O i 5330.73 8.16

O i 6155.96 8.14

O i 6158.15 8.14

Mg i 3829.36 6.75

Mg i 3832.30 6.81

Mg i 3838.29 6.76

Mg i 4702.99 6.87

Mg i 5172.68 6.77

Mg i 5183.60 6.78

Mg i 5528.41 6.81

Mg i i 4390.51 6.78

Mg i i 4433.99 6.82

Mg i i 7877.05 6.75

Mg i i 7896.04 6.78

Ti i i 4028.36 4.21

Ti i i 4163.63 4.23

Ti i i 4287.88 4.29

Ti i i 4294.09 4.18

Ti i i 4301.92 4.10

Ti i i 4312.87 4.09

Ti i i 4314.97 4.07

Ti i i 4330.24 4.06

Ti i i 4394.02 3.91

Ti i i 4395.00 4.25

Ti i i 4399.79 4.16

Ti i i 4417.72 4.18

Ti i i 4450.50 3.93

Ti i i 4468.52 3.94

Ti i i 4501.27 3.90

Ti i i 4563.77 4.16

Ti i i 4571.96 4.23

Ti i i 4779.98 4.16

Ti i i 4805.09 4.25

Ti i i 4911.18 3.89

Ti i i 5188.68 4.09

Ti i i 5336.78 4.05

F e i i 3938.29 6.82

F e i i 3945.21 6.73

F e i i 4122.64 6.88

F e i i 4124.79 6.85

F e i i 4173.46 6.60

F e i i 4178.86 7.06

F e i i 4273.32 6.79

F e i i 4296.57 6.83

F e i i 4303.17 6.69

F e i i 4385.39 6.68

F e i i 4416.83 6.63

F e i i 4489.19 6.86

F e i i 4491.40 6.70

F e i i 4508.28 6.93

F e i i 4515.34 6.85

F e i i 4520.23 6.84

F e i i 4522.63 7.03

F e i i 4541.52 6.81

F e i i 4555.89 6.89

F e i i 4576.33 6.77

F e i i 4580.06 6.65

F e i i 4582.84 6.64

F e i i 4620.51 6.78

F e i i 4629.34 6.79

F e i i 4635.33 6.91

F e i i 4666.75 6.73

F e i i 4731.44 7.00

F e i i 4993.35 6.82

F e i i 5316.62 6.75

F e i i 5325.56 6.74

F e i i 5362.87 6.90

F e i i 5425.25 6.86

F e i i 5534.83 6.82

F e i i 6147.74 6.77

F e i i 6149.26 6.82

A V297

He i 3867.47 0.09

He i 3964.73 0.09

He i 4009.26 0.09

He i 4026.18 0.10

He i 4120.81 0.10

He i 4168.97 0.10

He i 4387.93 0.11

He i 4437.55 0.11

He i 4471.47 0.08

He i 4713.14 0.09

He i 4921.93 0.10

C i i 3920.69 7.54

C i i 4267.00 7.49

N i 8683.40 7.98

N i i 3995.00 7.98

O i 6155.96 8.17

O i 6158.15 8.21

Mg i i 7896.04 6.63

S i i 4294.40 6.54

S i i 4815.55 6.48

S i i 5014.04 6.57

S i i 5320.72 6.46

S i i 5432.80 6.34
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S i i 5453.86 6.37

S i i 5509.71 6.52

S i i 5606.15 6.37

S i i 5660.60 6.55

F e i i 4173.46 6.74

F e i i 4233.17 7.04

F e i i 4303.17 6.92

F e i i 4416.83 7.03

F e i i 4508.28 6.97

F e i i 4520.23 6.94

F e i i 4522.63 7.08

F e i i 4549.47 6.88

F e i i 4555.89 7.01

F e i i 4629.34 6.85

F e i i 5276.00 6.78

F e i i 5316.62 6.97

A V298

He i 3964.73 0.09

He i 4009.26 0.09

He i 4026.18 0.08

He i 4120.81 0.10

He i 4143.76 0.09

He i 4387.93 0.11

He i 4471.47 0.09

He i 4921.93 0.09

C i 9078.29 7.20

N i 7442.30 7.82

N i 7468.31 7.74

N i 8594.00 7.77

N i 8680.28 7.65

N i 8683.40 7.73

N i 8703.25 7.73

N i 8711.70 7.69

N i 8718.84 7.67

N i 8728.90 7.68

O i 6155.96 8.13

O i 6156.74 8.10

O i 6158.15 8.11

Mg i 3832.30 6.62

Mg i 3838.29 6.61

Mg i 5172.68 6.64

Mg i 5183.60 6.66

Mg i i 4390.51 6.71

Mg i i 4433.99 6.63

Mg i i 7877.05 6.49

Mg i i 7896.04 6.65

S i i 5453.86 6.49

Ti i i 3900.56 3.94

Ti i i 3913.48 4.12

Ti i i 4163.63 4.22

Ti i i 4171.92 4.39

Ti i i 4290.22 4.17

Ti i i 4294.09 4.15

Ti i i 4300.06 4.22

Ti i i 4301.92 3.95

Ti i i 4312.87 4.03

Ti i i 4314.97 4.03

Ti i i 4395.00 4.07

Ti i i 4399.79 4.08

Ti i i 4417.72 4.02

Ti i i 4443.78 3.93

Ti i i 4468.52 3.92

Ti i i 4501.27 3.93

Ti i i 4563.77 4.14

Ti i i 4571.96 4.21

Ti i i 4805.09 4.20

Ti i i 4911.18 3.91

Ti i i 5188.68 4.22

F e i i 3938.29 6.57

F e i i 3945.21 6.79

F e i i 4122.64 6.70

F e i i 4173.46 6.34

F e i i 4178.86 6.66

F e i i 4233.17 6.58

F e i i 4273.32 6.59

F e i i 4296.57 6.73

F e i i 4303.17 6.46

F e i i 4385.39 6.45

F e i i 4416.83 6.53

F e i i 4489.19 6.58

F e i i 4491.40 6.59

F e i i 4508.28 6.48

F e i i 4515.34 6.45

F e i i 4520.23 6.57

F e i i 4522.63 6.83

F e i i 4541.52 6.68

F e i i 4555.89 6.54

F e i i 4576.33 6.69

F e i i 4580.06 6.61

F e i i 4582.84 6.56

F e i i 4620.51 6.62

F e i i 4629.34 6.48

F e i i 4635.33 7.07

F e i i 4666.75 6.72

F e i i 4731.44 6.83

F e i i 4993.35 6.66

F e i i 5316.62 6.50

F e i i 5325.56 6.73

F e i i 5362.87 6.85

F e i i 5425.25 6.73

F e i i 5534.83 6.82

F e i i 6147.74 6.64

F e i i 6149.26 6.67

A V315

He i 3964.73 0.13

He i 4026.18 0.11

He i 4120.81 0.14

He i 4387.93 0.12

He i 4471.47 0.09

He i 4713.14 0.09

He i 4921.93 0.12

He i 5875.60 0.11

N i 7442.30 8.11

N i 7468.31 8.09

N i 8680.28 8.08

N i 8683.40 8.11

N i 8703.25 8.13

N i 8718.84 8.04

O i 6155.96 8.31

Mg i i 4390.51 6.83

S i i 5032.43 6.51

S i i 5453.86 6.39

Ti i i 3913.48 4.84

Ti i i 4468.52 4.53

Ti i i 4571.96 4.73

F e i i 4173.46 6.51
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F e i i 4178.86 6.93

F e i i 4233.17 7.06

F e i i 4273.32 6.92

F e i i 4296.57 6.91

F e i i 4303.17 6.80

F e i i 4385.39 6.81

F e i i 4416.83 6.81

F e i i 4489.19 6.98

F e i i 4491.40 6.84

F e i i 4508.28 6.92

F e i i 4515.34 6.87

F e i i 4520.23 6.90

F e i i 4522.63 6.96

F e i i 4549.47 6.87

F e i i 4555.89 6.90

F e i i 4582.84 6.86

F e i i 4629.34 6.86

F e i i 4666.75 6.88

F e i i 4731.44 6.93

F e i i 5276.00 6.61

F e i i 5316.62 6.80

F e i i 5534.83 6.95

F e i i 6147.74 7.17

F e i i 6149.26 7.18

A V338

He i 4026.18 0.07

He i 4120.81 0.10

He i 4387.93 0.08

He i 4471.47 0.06

He i 4713.14 0.09

He i 4921.93 0.07

He i 5875.60 0.06

N i 7468.31 7.87

N i 8680.28 7.92

O i 6155.96 8.16

Mg i i 4390.51 6.95

Mg i i 7896.04 6.91

Ti i i 4395.00 4.53

Ti i i 4443.78 4.47

Ti i i 4468.52 4.56

Ti i i 4501.27 4.57

Ti i i 4571.96 4.64

F e i i 4173.46 6.52

F e i i 4233.17 7.13

F e i i 4296.57 7.15

F e i i 4303.17 6.91

F e i i 4385.39 6.81

F e i i 4416.83 6.78

F e i i 4491.40 6.93

F e i i 4508.28 6.68

F e i i 4515.34 6.85

F e i i 4520.23 7.08

F e i i 4522.63 7.07

F e i i 4541.52 6.97

F e i i 4549.47 7.03

F e i i 4555.89 6.89

F e i i 4576.33 6.96

F e i i 4620.51 6.98

F e i i 4629.34 6.81

F e i i 5276.00 6.56

F e i i 5316.62 7.02

F e i i 5534.83 7.11

A V347

He i 3964.73 0.09

He i 4009.26 0.10

He i 4026.18 0.09

He i 4471.47 0.07

He i 4713.14 0.09

He i 5875.60 0.08

N i 7468.31 8.11

N i 8680.28 8.06

N i 8683.40 8.09

N i 8686.15 8.11

N i 8711.70 8.09

N i 8718.84 8.18

N i i 3995.00 8.15

O i 6155.96 8.26

O i 6158.15 8.15

Mg i i 4384.64 6.93

Mg i i 4390.51 6.84

S i i 4815.55 6.57

S i i 5453.86 6.50

F e i i 4173.46 6.64

F e i i 4178.86 6.95

F e i i 4233.17 6.95

F e i i 4303.17 6.88

F e i i 4385.39 6.84

F e i i 4416.83 6.87

F e i i 4491.40 6.96

F e i i 4508.28 6.90

F e i i 4515.34 6.90

F e i i 4520.23 6.98

F e i i 4522.63 6.95

F e i i 4549.47 6.80

F e i i 4555.89 6.95

F e i i 4576.33 7.05

F e i i 4629.34 6.89

F e i i 5276.00 6.78

F e i i 5316.62 6.91

F e i i 6147.74 7.11

F e i i 6149.26 7.09

A V362

He i 3867.47 0.14

He i 3926.54 0.15

He i 3964.73 0.16

He i 4009.26 0.15

He i 4120.81 0.13

He i 4143.76 0.17

He i 4168.97 0.14

He i 4437.55 0.15

C i i 6578.05 7.17

C i i 6582.88 7.25

N i 8680.28 8.08

N i 8683.40 8.16

N i i 3995.00 8.10

N i i 4447.03 8.15

N i i 4601.48 8.12

N i i 4607.15 8.11

N i i 4630.54 8.12

N i i 4643.09 8.07

N i i 5005.15 8.13

N i i 5045.10 8.12

O i 7771.94 7.94
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O i 7774.17 7.90

O i i 4649.13 7.92

Mg i i 4481.33 6.64

S i i 5432.80 6.12

S i i 5453.86 6.15

A V367

He i 4471.47 0.08

He i 4713.14 0.09

He i 4921.93 0.10

He i 5875.60 0.09

C i i 4267.00 7.48

C i i 6578.05 7.39

N i 8680.28 7.93

N i 8683.40 7.96

N i i 3995.00 7.97

O i 6155.96 8.26

O i 6158.15 8.23

S i i 5014.04 6.66

S i i 5320.72 6.60

S i i 5345.71 6.47

S i i 5606.15 6.51

F e i i 4173.46 6.51

F e i i 4233.17 6.89

F e i i 4385.39 6.88

F e i i 4508.28 6.90

F e i i 4515.34 6.93

F e i i 4520.23 6.97

F e i i 4522.63 6.89

F e i i 4549.47 6.79

F e i i 4629.34 6.82

F e i i 5276.00 6.69

A V382

He i 3964.73 0.10

He i 4026.18 0.08

He i 4120.81 0.11

He i 4143.76 0.12

He i 4471.47 0.08

He i 4713.14 0.11

He i 4921.93 0.10

C i i 4267.00 7.44

N i 7442.30 7.91

N i 7468.31 7.92

N i 8680.28 7.89

N i 8683.40 7.85

O i 6155.96 8.34

O i 6158.15 8.27

Mg i i 4433.99 6.89

S i i 4815.55 6.41

S i i 5432.80 6.47

Ti i i 4300.06 4.85

Ti i i 4395.00 4.63

Ti i i 4443.78 4.77

Ti i i 4468.52 4.49

Ti i i 4571.96 4.78

F e i i 4122.64 7.09

F e i i 4173.46 6.57

F e i i 4178.86 6.96

F e i i 4233.17 7.23

F e i i 4273.32 7.06

F e i i 4296.57 7.01

F e i i 4303.17 6.95

F e i i 4385.39 6.88

F e i i 4416.83 6.86

F e i i 4489.19 6.94

F e i i 4491.40 6.83

F e i i 4508.28 6.97

F e i i 4515.34 6.98

F e i i 4520.23 6.98

F e i i 4522.63 7.03

F e i i 4541.52 7.06

F e i i 4549.47 7.04

F e i i 4555.89 6.94

F e i i 4576.33 6.97

F e i i 4629.34 6.88

F e i i 4731.44 7.07

F e i i 5276.00 6.77

F e i i 5316.62 6.95

F e i i 5362.87 7.05

F e i i 5534.83 6.94

F e i i 6147.74 7.07

F e i i 6149.26 7.06

A V392

He i 4026.18 0.08

He i 5875.60 0.10

C i 9088.51 7.57

N i 7468.31 7.35

N i 8680.28 7.32

N i 8683.40 7.39

O i 6155.96 8.15

O i 6158.15 8.17

Mg i 3829.36 6.90

Mg i 5172.68 6.93

Mg i 5183.60 6.97

Mg i i 4390.51 6.94

Mg i i 7877.05 6.92

Ti i i 3913.48 4.67

Ti i i 4163.63 4.69

Ti i i 4171.92 4.72

Ti i i 4287.88 4.70

Ti i i 4294.09 4.75

Ti i i 4301.92 4.44

Ti i i 4312.87 4.48

Ti i i 4395.00 4.54

Ti i i 4443.78 4.37

Ti i i 4468.52 4.41

Ti i i 4501.27 4.44

Ti i i 5188.68 4.63

F e i i 3938.29 6.87

F e i i 4122.64 6.97

F e i i 4173.46 6.84

F e i i 4178.86 7.18

F e i i 4233.17 7.17

F e i i 4296.57 7.03

F e i i 4303.17 6.80

F e i i 4385.39 6.82

F e i i 4491.40 6.95

F e i i 4508.28 6.78

F e i i 4515.34 6.78

F e i i 4520.23 6.84
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F e i i 4522.63 7.16

F e i i 4541.52 6.83

F e i i 4576.33 6.85

F e i i 4620.51 6.81

F e i i 4629.34 6.84

F e i i 4666.75 6.89

F e i i 4731.44 7.04

F e i i 5316.62 6.82

F e i i 5362.87 7.10

F e i i 5534.83 7.18

F e i i 6147.74 6.78

F e i i 6149.26 6.84

A V399

He i 3964.73 0.10

He i 4026.18 0.10

He i 4143.76 0.08

He i 4387.93 0.10

He i 4471.47 0.09

He i 4713.14 0.10

He i 4921.93 0.07

He i 5875.60 0.08

C i 9088.51 7.75

C i i 4267.00 7.76

N i 7468.31 7.82

N i 8680.28 7.81

N i 8683.40 7.83

N i 8711.70 7.83

N i 8718.84 7.84

O i 5330.73 8.14

O i 6155.96 8.16

O i 6156.74 8.11

O i 6158.15 8.12

Mg i 5172.68 6.78

Mg i 5183.60 6.81

Mg i i 4390.51 6.69

Mg i i 4433.99 6.72

S i i 5032.43 6.47

S i i 5453.86 6.51

Ti i i 3900.56 4.31

Ti i i 3913.48 4.06

Ti i i 4294.09 4.41

Ti i i 4300.06 4.43

Ti i i 4314.97 4.52

Ti i i 4395.00 4.30

Ti i i 4443.78 4.08

Ti i i 4468.52 4.21

Ti i i 4501.27 4.12

Ti i i 4571.96 4.27

F e i i 3938.29 6.84

F e i i 4122.64 6.81

F e i i 4173.46 6.71

F e i i 4178.86 7.03

F e i i 4233.17 7.05

F e i i 4273.32 6.90

F e i i 4296.57 6.77

F e i i 4303.17 6.88

F e i i 4385.39 6.87

F e i i 4416.83 6.77

F e i i 4489.19 6.82

F e i i 4491.40 6.79

F e i i 4508.28 6.87

F e i i 4515.34 6.82

F e i i 4520.23 6.88

F e i i 4541.52 6.86

F e i i 4549.47 7.01

F e i i 4555.89 6.89

F e i i 4576.33 6.87

F e i i 4580.06 6.94

F e i i 4582.84 6.78

F e i i 4620.51 6.81

F e i i 4629.34 6.75

F e i i 4666.75 6.82

F e i i 4731.44 6.93

F e i i 5276.00 6.75

F e i i 5316.62 6.91

F e i i 5325.56 6.88

F e i i 5362.87 7.02

F e i i 5425.25 6.91

F e i i 5534.83 7.00

F e i i 6147.74 6.81

F e i i 6149.26 6.78

A V443

He i 3867.47 0.13

He i 3926.54 0.12

He i 4120.81 0.13

He i 4168.97 0.11

He i 4387.93 0.11

He i 4437.55 0.12

C i i 4267.00 6.91

C i i 6578.05 6.96

N i i 3995.00 7.91

N i i 4447.03 7.86

N i i 4601.48 7.96

N i i 4607.15 7.94

N i i 4630.54 7.95

N i i 4643.09 7.88

N i i 5005.15 7.99

N i i 5045.10 7.91

N i i 5686.21 7.98

N i i 5710.77 8.01

O i 7771.94 8.21

O i 7774.17 8.16

O i i 4069.62 8.13

O i i 4072.16 8.19

O i i 4075.86 8.16

O i i 4351.26 8.23

O i i 4366.89 8.21

O i i 4414.91 8.21

O i i 4416.97 8.19

O i i 4590.97 8.19

Mg i i 4481.33 6.89

S i i 5453.86 6.46

A V463

He i 4471.47 0.09

He i 5875.60 0.09

C i 9078.29 7.53

N i 7468.31 7.23

N i 8680.28 7.29

N i 8686.15 7.27

O i 6155.96 8.13

O i 6158.15 8.22

O i 7001.90 8.19
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Mg i 3829.36 6.70

Mg i 3832.30 6.72

Mg i 3838.29 6.79

Mg i 5172.68 6.76

Mg i 5183.60 6.76

Mg i i 4390.51 6.71

Mg i i 4433.99 6.83

Mg i i 7896.04 6.73

Ti i i 4028.36 4.53

Ti i i 4163.63 4.55

Ti i i 4171.92 4.56

Ti i i 4290.22 4.35

Ti i i 4301.92 4.31

Ti i i 4312.87 4.33

Ti i i 4330.24 4.34

Ti i i 4394.02 4.24

Ti i i 4443.78 4.31

Ti i i 4450.50 4.29

Ti i i 4468.52 4.37

Ti i i 4501.27 4.37

Ti i i 4911.18 4.05

Ti i i 5188.68 4.35

Ti i i 5336.78 4.36

F e i i 3938.29 6.84

F e i i 3945.21 6.85

F e i i 4122.64 6.92

F e i i 4173.46 6.91

F e i i 4273.32 6.83

F e i i 4296.57 6.95

F e i i 4303.17 6.67

F e i i 4385.39 6.65

F e i i 4416.83 6.61

F e i i 4489.19 6.87

F e i i 4491.40 6.66

F e i i 4508.28 6.72

F e i i 4515.34 6.81

F e i i 4520.23 6.83

F e i i 4522.63 6.94

F e i i 4541.52 6.82

F e i i 4555.89 6.86

F e i i 4576.33 6.78

F e i i 4582.84 6.63

F e i i 4620.51 6.72

F e i i 4629.34 6.70

F e i i 4635.33 6.89

F e i i 4666.75 6.74

F e i i 4731.44 6.99

F e i i 4993.35 6.78

F e i i 5276.00 6.34

F e i i 5316.62 6.68

F e i i 5325.56 6.81

F e i i 5362.87 6.85

F e i i 5425.25 6.85

F e i i 5534.83 6.86

F e i i 6147.74 6.74

F e i i 6149.26 6.71

A V504

He i 3964.73 0.08

He i 4026.18 0.11

He i 4120.81 0.10

He i 4143.76 0.12

He i 4387.93 0.10

He i 4437.55 0.10

He i 4471.47 0.09

He i 4713.14 0.09

He i 4921.93 0.10

C i i 4267.00 7.41

N i 7468.31 7.97

N i 8680.28 7.88

N i 8683.40 7.93

N i i 3995.00 7.91

O i 6155.96 8.21

O i 6158.15 8.18

Mg i i 4390.51 6.86

S i i 4153.07 6.61

S i i 4162.67 6.65

S i i 4294.40 6.57

S i i 4815.55 6.43

S i i 5009.57 6.67

S i i 5014.04 6.64

S i i 5032.43 6.25

S i i 5432.80 6.51

S i i 5453.86 6.45

S i i 5606.15 6.52

F e i i 4173.46 6.67

F e i i 4233.17 7.08

F e i i 4303.17 6.92

F e i i 4385.39 6.90

F e i i 4416.83 6.92

F e i i 4491.40 7.05

F e i i 4508.28 7.01

F e i i 4515.34 7.02

F e i i 4520.23 7.04

F e i i 4522.63 7.04

F e i i 4541.52 7.08

F e i i 4549.47 6.87

F e i i 4555.89 6.96

F e i i 4576.33 7.09

F e i i 4629.34 6.90

F e i i 5276.00 6.83

F e i i 5316.62 6.96

SK194

He i 3926.54 0.11

He i 3964.73 0.10

He i 4009.26 0.10

He i 4026.18 0.09

He i 4143.76 0.09

He i 4387.93 0.09

He i 4437.55 0.09

He i 4471.47 0.11

He i 4713.14 0.09

He i 4921.93 0.12

C i i 6578.05 7.63

N i 8680.28 8.09

N i i 3995.00 8.09

O i 6155.96 8.19

Mg i i 7896.04 6.88

S i i 5432.80 6.48

S i i 5453.86 6.42

S i i 5606.15 6.51

F e i i 4173.46 7.08

F e i i 4178.86 7.31

F e i i 4233.17 7.30

F e i i 4303.17 7.18
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F e i i 4385.39 7.22

F e i i 4508.28 7.26

F e i i 4515.34 7.31

F e i i 4520.23 7.30

F e i i 4522.63 7.21

F e i i 4549.47 7.18

F e i i 4555.89 7.20

F e i i 4629.34 7.24

F e i i 5276.00 7.13

F e i i 5316.62 7.24

SK196

He i 3867.47 0.10

He i 4437.55 0.11

He i 4713.14 0.10

C i i 4267.00 7.07

C i i 6578.05 7.15

C i i 6582.88 7.14

N i 8680.28 8.01

N i i 3995.00 7.92

N i i 4447.03 7.99

N i i 5005.15 8.07

O i 6155.96 8.15

S i i 4162.67 6.43

S i i 5320.72 6.23

S i i 5432.80 6.17

S i i 5453.86 6.22

S i i 5473.61 6.53

S i i 5606.15 6.37

F e i i 4233.17 7.25

F e i i 4508.28 7.33

F e i i 4515.34 7.36

F e i i 4549.47 7.06

F e i i 4629.34 7.18

F e i i 5276.00 7.05

F e i i 5316.62 7.18

SK202

He i 3819.60 0.10

He i 3867.47 0.09

He i 3926.54 0.08

He i 3964.73 0.10

He i 4009.26 0.09

He i 4168.97 0.10

He i 4437.55 0.09

He i 4713.14 0.10

C i i 3920.69 6.85

C i i 4267.00 6.77

C i i 6578.05 6.68

C i i 6582.88 6.82

N i i 3995.00 7.62

N i i 4447.03 7.56

N i i 4607.15 7.57

N i i 4630.54 7.49

N i i 4643.09 7.53

N i i 5005.15 7.61

N i i 5045.10 7.59

N i i 5666.63 7.55

N i i 5679.56 7.58

O i 7771.94 8.03

O i 7774.17 7.97

O i i 4069.62 7.96

O i i 4072.16 8.08

O i i 4075.86 8.02

O i i 4351.26 8.02

O i i 4414.91 7.97

O i i 4641.81 8.03

Mg i i 4481.33 6.77

Mg i i 7896.04 6.79

S i i 4815.55 6.32

S i i 5032.43 6.31

S i i 5320.72 6.27

S i i 5432.80 6.22

S i i 5453.86 6.21

S i i 5473.61 6.36

S i i 5606.15 6.42
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