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ResumoAbundânias de arbono, nitrogênio, oxigênio, magn�esio, alum��nio, sil��io e enxofre foramdeterminadas para uma amostra de 70 estrelas O9-B2 da seq�uênia prinipal, pertenentesa assoia�~oes OB, aglomerados abertos e regi~oes H II do diso Gal�atio. A an�alise dasabundânias seguiu uma metodologia �unia, apliada a todas as estrelas da amostra, a �mde produzir um onjunto homogêneo de dados de abundânias, que permita tanto a an�aliseloal do padr~ao de abundânias quanto a an�alise da distribui�~ao das abundânias em fun�~aoda distânia ao entro Gal�atio. O m�etodo empregado baseia-se na s��ntese de per�s es-petrais fora do Equil��brio Termodinâmio Loal. A ombina�~ao da s��ntese espetral omum tratamento mais realista das popula�~oes dos n��veis atômios oferee duas grandes van-tagens: al�em de abundânias absolutas mais orretas, tamb�em torna-se poss��vel analisarquimiamente estrelas om altas veloidades rotaionais projetadas, t��pias das estrelas B.No ontexto loal, a assoia�~ao de Cep OB2 foi analisada detalhadamente, onsiderando amaior base de dados de abundânias dispon��vel para esta assoia�~ao at�e o momento. A dis-tribui�~ao de abundânias obtida sugere que esta assoia�~ao �e quimiamente homogênea e n~aoapresenta varia�~oes signi�ativas de abundânias em fun�~ao das idades e posi�~oes dos doissubgrupos estelares distintos que a omp~oem e que foram tamb�em identi�ados neste tra-balho. A distribui�~ao das abundânias tamb�em foi analisada em termos de gradientes radiaisde abundânias no diso Gal�atio, obrindo uma regi~ao entre 4.4 e 12.9 kp do entro daGal�axia, onsiderando R�=7.6 kp. Os gradientes obtidos variam entre �0:031 dex kp�1, ogradiente obtido para o oxigênio, e �0:049 dex kp�1, para o sil��io. O gradiente de oxigênioenontrado �e menos inlinado do que aqueles obtidos nos estudos mais reentes de gradientesradiais de abundânias utilizando-se estrelas B.



AbstratAbundanes of arbon, nitrogen, oxygen, magnesium, aluminum, silion and sulfur arederived for a sample of 70 O9-B2 main sequene stars, members of OB assoiations, openlusters and H II regions of the Galati disk. A unique methodology was applied through-out the sample to proeed the hemial analysis, in order to produe a homogeneous set ofabundane data. With suh a database it is possible to analyze loal patterns of the hemialomposition (for example, inside OB assoiations) as well as the distribution of the abun-danes in the Galati disk. The methodology adopted in this study is based on the �ttingof theoretial line pro�les to the observed spetra without the simpli�ations introdued bythe Loal Thermodinamial Equilibrium. The adoption of more realisti alulations of theatomi level populations yields absolute abundanes that are more orret. At the same time,the �tting of syntheti pro�les permits the hemial analysis of stars with high projeted ro-tational veloities, whih is very frequent among B star. A detailed analysis of the Cep OB2assoiation, based on the most omplete set of abundanes up to now for this assoiation,suggests that Cep OB2 is hemially homogenous, with no signi�ative abundane variationsas a funtion of age or relative position, onsidering the two stellar subgroups present in thisassoiation. In a general ontext, the distribuition of the hemial abundanes are analyzedin terms of radial gradients in the Galati disk, within 4:4� 12:9 kp from the enter of theGalaxy, with the Sun at R�=7.6 kp. The derived gradients are between �0:031 dex kp�1,as for oxygen, and �0:049 dex kp�1, as for silion. The oxygen gradient is atter that thosepresented by the most reent studies about the radial gradients of stellar abundanes.
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Cap��tulo 1Introdu�~aoAs estrelas OB s~ao as estrelas mais jovens e massivas (om M>10M�) da Gal�axia. Elasenontram-se geralmente agrupadas em assoia�~oes OB, distribu��das preferenialmente aolongo do diso Gal�atio 1. Durante a vida da Gal�axia, v�arias gera�~oes de estrelas massivasnasem e evoluem, terminando suas vidas explodindo omo supernovas de tipo II (SN II).Estas estrelas ontribuem quase que instantaneamente (quando omparado om esalas detempo gal�atias) para o enriqueimento do meio interestelar, atrav�es da eje�~ao de metaisproduzidos durante a sua evolu�~ao. A forma�~ao e a evolu�~ao subseq�uente das estrelas mas-sivas têm, portanto, impato direto na evolu�~ao qu��mia do meio interestelar que as envolve.Em esalas menores, a evolu�~ao das estrelas OB de idades diferentes, membros de uma as-soia�~ao OB, pode de�nir um padr~ao interno de abundânias na assoia�~ao. No ontextoGal�atio, a an�alise da omposi�~ao qu��mia de estrelas OB dispostas ao longo do raio Gala-toêntrio pode apontar varia�~oes da distribui�~ao das abundânias qu��mias no diso daGal�axia.1.1 Padr~oes de Abundânias em Assoia�~oes OBAs assoia�~oes OB, al�em das estrelas massivas que as araterizam, ontêm tamb�em, emmuitos asos, estrelas de baixa massa e nuvens moleulares, a partir das quais se formar~ao as1Nesta tese, onvenionamos esrever os adjetivos \Gal�atio" e \Galatoêntrio" om letra mai�usulasempre que se referirem �a nossa Gal�axia. 1



2novas estrelas. Al�em das explos~oes de supernovas, v�arios outros proessos ontribuem para oenriqueimento do meio, ao mesmo tempo que a forma�~ao de novas estrelas remove do meioos elementos ejetados pelas gera�~oes anteriores. Dentro de uma assoia�~ao, v�arios dessesproessos de produ�~ao e destrui�~ao dos elementos qu��mios est~ao presentes em menor esalado que no ontexto Gal�atio, permitindo a an�alise da evolu�~ao qu��mia loal. Algumasassoia�~oes OB apresentam grupos estelares de idades distintas, araterizando um proessoseq�uenial de forma�~ao estelar, ou seja, podemos observar mais de uma gera�~ao estelar dentrodo tempo de vida de uma mesma assoia�~ao jovem. Geralmente, os subgrupos mais velhoss~ao mais dipersos e livres de mat�eria interestelar. Os subgrupos mais jovens, por outrolado, est~ao normalmente assoiados a nuvens de g�as e poeira e as estrelas enontram-se maisonentradas. Neste en�ario, foi levantada a possibilidade de que as explos~oes de SN IIresultantes da evolu�~ao das estrelas mais velhas pudessem ontaminar o meio interestelarom os elementos ejetados durante a explos~ao; evidênias desse proesso �ariam registradasnas abundânias das novas gera�~oes estelares, formadas a partir do g�as enriqueido. Cunha& Lambert (1992, 1994) estudaram 18 estrelas pertenentes a 4 grupos estelares distintospresentes na assoia�~ao de Ori OB1. Eles enontraram ind��ios de varia�~ao nas abundâniasde oxigênio e sil��io entre as estrelas estudadas, orrelaionada om a posi�~ao e idade dasestrelas na assoia�~ao, sugerindo que proessos de auto-enriqueimento teriam oorrido em�Orion. Tal varia�~ao nas abundânias qu��mias poderia ser observada tamb�em entre os gruposestelares de outras assoia�~oes OB? Para responder a essa pergunta, �e neess�ario testar ahip�otese de auto-enriqueimento em outras assoia�~oes OB do diso Gal�atio.1.2 Distribui�~ao de Abundânias na Gal�axiaAs estrelas OB s~ao objetos bastante apropriados para tra�ar a omposi�~ao qu��mia do disoGal�atio uma vez que (i) s~ao objetos jovens (om idades da ordem de 107 anos) e, portanto,as suas abundânias devem ser similares �as abundânias do g�as a partir do qual essas estrelasse formaram; (ii) por serem jovens, provavelmente essas estrelas ainda est~ao pr�oximas dosseus loais de forma�~ao e (iii) as estrelas OB est~ao loalizadas preferenialmente no diso daGal�axia, distribu��das pelos bra�os espirais e regi~oes de forma�~ao estelar. A distribui�~ao dasabundânias qu��mias no diso Gal�atio, assim omo, por exemplo, a distribui�~ao da taxa



3de forma�~ao estelar, a rela�~ao idade-metaliidade e a omposi�~ao qu��mia do Sol onstituemimportantes v��nulos observaionais aos modelos de forma�~ao e evolu�~ao qu��mia da Gal�axia.Os resultados observaionais, entretanto, quando tomados isoladamente, podem ser re-produzidos por muitos dos modelos de evolu�~ao qu��mia propostos atualmente. Em onjunto,estes representam uma restri�~ao muito mais forte. Assim sendo, �e neess�ario que se tenhaum onjunto de dados observaionais de alta qualidade para restringir as ondi�~oes iniiaisdos modelos de evolu�~ao qu��mia e guiar a onstru�~ao de modelos ada vez mais ompletos erealistas. Os modelos de evolu�~ao qu��mia e alguns resultados observaionais obtidos espei-�amente para os gradientes radiais de abundânias ser~ao desritos resumidamente a seguir.As previs~oes dos modelos para a distribui�~ao de abundânias no diso Gal�atio s~ao om-paradas om os resultados observaionais, a �m de mostrar a neessidade de se estabeleerv��nulos robustos aos modelos.1.2.1 Modelos de Evolu�~ao Qu��mia da Gal�axiaOs primeiros modelos de evolu�~ao qu��mia da Gal�axia eram baseados em um sistema fehadoe homogêneo, onstitu��do iniialmente de g�as puro e om fun�~ao de massa iniial onstante. Adi�uldade de se reproduzir os resultados observaionais (omo por exemplo, a distribui�~aode metaliidade das an~as-G) exigiu onsidera�~oes mais so�stiadas, tais omo fun�~ao demassa iniial vari�avel, ar�esimo de mat�eria no diso Gal�atio (infall) e uxos radiais deg�as.Os modelos mais atuais onsideram os proessos de forma�~ao da Gal�axia, forma�~ao eevolu�~ao estelar, s��ntese de elementos qu��mios durante a evolu�~ao estelar, reilagem dog�as em diferentes gera�~oes estelares e a troa de material om o meio extragal�atio. Asprevis~oes dos modelos devem representar as propriedades qu��mias atuais da vizinhan�asolar e do diso Gal�atio e preisam sempre estar guiadas pelas observa�~oes. Entre osv��nulos observaionais loais est~ao as abundânias solares que, em prin��pio, representama omposi�~ao qu��mia do meio interestelar a partir do qual o Sol se formou; a evolu�~aodas raz~oes de abundânia, que representa a esala de tempo de enriqueimento do g�as; astaxas relativas de supernovas tipo I e II observadas na vizinhan�a solar; a distribui�~ao demetaliidade das an~as G; o n�umero relativo de estrelas do halo e do diso na vizinhan�asolar e a fra�~ao relativa de g�as e estrelas no diso Gal�atio. Em um ontexto mais geral,



4em termos do diso Gal�atio, os modelos de evolu�~ao qu��mia devem prourar reproduzira taxa de forma�~ao estelar, a densidade de g�as e estrelas ao longo do diso Gal�atio e osgradientes radiais de abundânia, sendo estes observados n~ao s�o na Via L�atea omo tamb�emem gal�axias externas.1.2.2 O Gradiente de Metaliidade na Gal�axiaGradientes de metaliidade s~ao omumente observados em gal�axias el��ptias e espirais (Vila-Costas & Edmunds 1992; Henry & Worthey 1999). Os gradientes variam de aordo om alasse morfol�ogia de modo que as gal�axias el��ptias apresentam gradientes mais planos (daordem de �0:02 dex kp�1) enquanto que nas gal�axias espirais a varia�~ao da metaliidadeem fun�~ao da distânia galatoêntria �e da ordem de �0:07 dex kp�1. Os gradientes dasespirais barradas s~ao, em geral, menores do que os gradientes das espirais normais e, al�emdisso, apresentam uma dependênia em rela�~ao ao tamanho da barra (Martin & Roy 1994).Na nossa Gal�axia, os gradientes de abundânias no diso podem ser determinados a partirda an�alise do g�as ionizado, das fotosferas estelares e da metaliidade de aglomerados abertos.Em geral, os resultados obtidos por diferentes m�etodos onordam quanto �a existênia degradientes radiais, por�em quest~oes importantes em rela�~ao �a magnitude e �a forma dos gra-dientes ainda permaneem em aberto. Alguns resultados de an�alises de gradientes no disoGal�atio est~ao resumidos a seguir.Regi~oes H IIEm um dos primeiros estudos realizados sobre gradientes de abundânias no diso Gal�atio,Shaver et al. (1983) analisaram o padr~ao de abundânias do diso atrav�es das abundâniasde regi~oes H II, obrindo um intervalo em distânia Galatoêntria de 4 a 14 kp. Esteestudo foi realizado utilizando uma ombina�~ao de dados em r�adio (para a determina�~ao dosparâmetros f��sios) e no �optio (para a determina�~ao de abundânias atrav�es da intensidaderelativa de linhas). As distânias (inem�atias) das regi~oes H II foram aluladas a partirde veloidades radiais observadas, onsiderando R� = 10kp. Os gradientes obtidos porShaver et al. s~ao iguais a �0:07�0.015 dex kp�1 para o oxigênio e �0:09�0.015 dex kp�1para o nitrogênio. Posteriormente, as distânias inem�atias das regi~oes H II da amostra deShaver foram realuladas por Henry &Worthey (1999), onsiderando as mesmas veloidades



5radiais publiadas, por�em adotando R� = 8:5kp; nessa esala, o gradiente de abundâniasde oxigênio foi modi�ado para �0:05� 0:01 dex kp�1.Regi~oes H II situadas na parte mais interna do diso Gal�atio, 0 < Rg < 11:4kp, foramanalisadas por A�erbah et al. (1997). Os gradientes obtidos para N, O e S apresentam amesma magnitude (� �0.07 dex kp�1); a distribui�~ao das abundânias obtidas foi melhorrepresentada por uma fun�~ao linear em todo o diso sugerindo que n~ao h�a varia�~ao do gradi-ente na dire�~ao do entro da Gal�axia. A parte externa do diso Gal�atio foi espeialmenteestudada por V��lhez & Esteban (1996). Eles determinaram abundânias de N, O e S pararegi~oes H II loalizadas entre 12 e 18 kp a partir do entro Gal�atio. Seus resultados sug-erem que o gradiente de oxigênio �e menos inlinado na dire�~ao do anti-entro Gal�atio, daordem de �0:036� 0:02 dex kp�1. Os gradientes de nitrogênio e enxofre seguem a mesmatendênia e pareem ser mais planos na parte externa do diso.Mais reentemente, Deharveng et al. (2000) reaenderam a disuss~ao sobre a magnitudedo gradiente radial de oxigênio quando apresentaram um gradiente igual a �0:039 � 0:005dex kp�1, para regi~oes H II entre 5 e 15 kp do entro da Gal�axia. Eles tamb�em om-pararam as suas determina�~oes de abundânias om resultados da literatura, utilizando paraisso raz~oes de linhas publiadas por diferentes autores. Em rela�~ao a Shaver et al. (1983),por exemplo, eles realularam abundânias de oxigênio para 15 regi~oes H II e obtiveramabundânias menores que aquelas listadas por Shaver, espeialmente para as regi~oes H IIsituadas na parte interna do diso. De aordo om Deharveng et al., a superestimativa dasabundânias de oxigênio na parte interna do diso (onseq�uênia da subestimativa das re-spetivas temperaturas) resultaram no gradiente de oxigênio mais inlinado apresentado porShaver. Na Tabela 1.1 est~ao listados alguns exemplos de gradientes de nitrogênio, oxigênio eenxofre determinados a partir de abundânias nebulares, inluindo as abundânias de regi~oesH II.Nebulosas Planet�ariasOutra importante fonte de dados de omposi�~ao qu��mia da Gal�axia s~ao as nebulosas planet�arias(NP), ejetadas de estrelas om massas intermedi�arias (0:8M� < M < 8M�). As nebulosasplanet�arias s~ao lassi�adas de aordo om rit�erios dinâmios e evolutivos, de modo queas nebulosas do tipo I (NP I) s~ao as mais jovens, formadas a partir de estrelas om massas



6 Tabela 1.1: Gradientes de Abundânias Nebulares (dex kp�1)Autores N O SRegi~oes H IIShaver et al. (1983) �0:09 � 0:015 �0:07 � 0:015 �0:01 � 0:02A�erbah et al. (1997) �0:072 � 0:006 �0:064 � 0:009 �0:063 � 0:006Deharveng et al. (2000) � �0:039 � 0:005 �Nebulosas Planet�ariasMaiel & Chiappini (1994) -0.07 � �Maiel & K�oppen (1994) � �0:069 � 0:006 �0:067 � 0:006Maiel & Quireza (1999) � �0:058 � 0:007 �0:077 � 0:011Martins & Viegas (2000) �0:084 � 0:034 �0:054 � 0:014 �0:064 � 0:035entre 2.4 e 8 M� e est~ao distribu��das no diso �no; as nebulosas do tipo III est~ao assoiadasao diso espesso enquanto que as nebulosas do tipo IV pertenem �a popula�~ao do halo. Asnebulosas do tipo II (NP II) s~ao ejetadas por estrelas om massas entre 1.2 e 2.4 M� eest~ao livres de ontamina�~ao pela nuleoss��ntese estelar (exeto para He, C e N). Dentre asnebulosas planet�arias, as NP II s~ao que melhor representam a omposi�~ao qu��mia do meiointerestelar na regi~ao e na �epoa em que foram formadas. Uma an�alise dos gradientes deabundânias obtidos separadamente para ada tipo de nebulosa planet�aria foi realizada porMaiel & K�oppen (1994) na veri�a�~ao de varia�~oes temporais dos gradientes. Eles reuniramdados de abundânia de O, Ne, S e Ar publiados na literatura para nebulosas planet�ariasde tipos I, II e III e obtiveram gradientes de abundânias de O e S para as NP II da ordemde �0:07 dex kp�1. Al�em disso, as diferen�as entre os gradientes obtidos das nebulosas detipos I, II e III foram interpretadas omo uma evolu�~ao temporal dos gradientes, sugerindoque os gradientes se tornam mais aentuados om o tempo, embora os autores tenham ex-aminado outras hip�oteses. Maiel & Quireza (1999) redeterminaram os gradientes de O,Ne, S e Ar para a amostra de NP II de Maiel & K�oppen, om algumas atualiza�~oes, eonsiderando R� = 7:6kp. Os gradientes obtidos basiamente on�rmam os resultados deMaiel & K�oppen, onsiderando as inertezas envolvidas na an�alise.Martins & Viegas (2000) analisaram o efeito de erros sistem�atios na determina�~ao



7dos parâmetros f��sios de nebulosas planet�arias sobre as abundânias qu��mias e, onse-quentemente, sobre os gradientes. Para isso, elas realularam as temperaturas, densi-dades eletrônias e abundânias de N, O, Ne e Ar de 43 NP II a partir de raz~oes de lin-has publiadas na literatura. O gradiente de oxigênio obtido a partir dessa amostra �e de�0:054�0:014 dex kp�1. Elas mostraram ainda que utua�~oes de temperatura, nem sempreonsideradas nas an�alises de abundânias em NP, tendem a produzir gradientes mais inli-nados. Os gradientes de abundânias obtidos das an�alises de nebulosas planet�arias desritasaqui est~ao listados na Tabela 1.1Abundânias EstelaresA an�alise da omposi�~ao qu��mia estelar tamb�em permite a determina�~ao de padr~oes deabundânias na Gal�axia. O primeiro estudo da distribui�~ao de abundânias de estrelas OBfoi onduzido por Gehren et al. (1985), baseado na an�alise de abundânias de nitrogênio eoxigênio de 11 estrelas OB, utilizando a aproxima�~ao do Equil��brio Termodinâmio Loal(ETL). Os objetos analisados est~ao distribu��dos no intervalo 8.5 < Rg < 17 Kp, on-siderando R�=10 kp. Os seus resultados sugeriam que o gradiente de abundânias, se defato existesse, n~ao era signi�ativo, em desaordo om os resultados obtidos pela an�aliseda omposi�~ao qu��mia do g�as. Fitzsimmons et al. (1990) estudaram 20 estrelas OB daseq�uênia prinipal pertenentes a 4 aglomerados estelares jovens. Eles determinaram asabundânias em ETL de N, O, Mg, Al e Si e tamb�em enontraram varia�~oes radiais nulasou quase nulas nas abundânias de N e O, para distânias Galatoêntrias Rg entre 5.5e 10.3 Kp, onsiderando R�=8.5 kp. Num estudo posterior, Fitzsimmons et al. (1992)reuniram larguras equivalentes de linhas de N II e O II para estrelas de 11 aglomeradosabertos e assoia�~oes OB do diso, om 6< Rg <13 Kp. Eles determinaram abundâniasem n~ao-ETL de O e N om base na grade de larguras equivalentes te�orias aluladas forado ETL por Beker & Butler (1988b,), baseados em modelos atmosf�erios inadequados deGold (1984). Esse modelos inluem um n�umero insu�iente de linhas met�alias na desri�~aoda fun�~ao distribui�~ao de opaidades, modi�ando a estrutura de temperatura da atmosferaestelar e, onsequentemente, omprometendo as abundânias absolutas obtidas. Os gradi-entes obtidos dessa an�alise tamb�em s~ao pr�oximos de zero. Kaufer et al. (1994) determinaramas abundânias em ETL de C, N, O, Mg, Al, Si e S para 16 estrelas OB om 7< Rg <16 Kp.



8As abundânias de nitrogênio e oxigênio obtidas foram ombinadas om abundânias de 55estrelas publiadas na literatura; para esta amostra ampliada, eles obtiveram gradientes deabundânias de N e O pr�oximos de zero. Kilian-Montenbruk et al. (1994) determinaramabundânias em n~ao-ETL de C, N, O, Mg, Al e Si (novamente, om base nos modelos deGold, 1984), al�em de abundânias em ETL de Ne, S e Fe para estrelas OB de 3 aglomeradosabertos na vizinhan�a solar. Os resultados obtidos, juntamente om abundânias de outrasestrelas OB obtidas pelos autores anteriormente, indiam que os gradientes de abundâniade N e O s~ao quase nulos na regi~ao 5 < Rg < 10Kp.Smartt & Rolleston (1997) apresentaram pela primeira vez um gradiente de abundâniasde oxigênio igual a �0:07 � 0:01 dex kp�1 a partir da an�alise fora do ETL da omposi�~aoqu��mia de estrelas OB do diso. Eles atribuem os gradientes quase nulos obtidos pelasan�alises estelares desenvolvidas at�e ent~ao a dois fatores: (i) as amostras eram pequenas erestritas espaialmente a uma regi~ao interna a Rg � 10kp; (ii) algumas estimativas dedistânias estavam erradas. Por outro lado, as abundânias de oxigênio de Smartt & Rolle-ston (1997) foram aluladas interpolando-se na grade de larguras equivalentes te�orias al-uladas fora do ETL por Beker & Butler (1988b). Essa grade, por sua vez, foi alulada ombase nos modelos atmosf�erios ETL de Gold (1984), de modo que os resultados de Smartt& Rolleston (1997) n~ao representam orretamente as abundânias de oxigênio.A amostra de Kaufer et al. (1994) foi omplementada e reanalisada por Gummersbahet al. (1998), ontando om 16 estrelas distribu��das entre 5.6 e 13.5 kp. Eles apresentaramabundânias de C, N, O, Mg, Al e Si aluladas atrav�es do ajuste de per�s te�orios n~ao-ETLa per�s observados. A an�alise onsistente e homogênea de Gummersbah et al. india umavaria�~ao na distribui�~ao de abundânias estelares ao longo do diso Gal�atio. Os gradientesobtidos por Gummersbah et al. est~ao listados na Tabela 1.2. O oxigênio, espei�amente,apresenta um gradiente de �0:067�0:024 dex kp�1, fortemente dependente de uma estrela,Sh2 217-3, que est�a loalizada a Rg = 13:5kp. Do ajuste obtido om 15 estrelas da amostra,ou seja, desartando Sh2 217-3, obtemos um gradiente menos aentuado para o oxigênio,igual a �0:035� 0:024 dex kp�1.Rolleston et al. (2000) reuniram parâmetros atmosf�erios (Te� , log g e veloidade de mi-roturbulênia) e larguras equivalentes publiadas na literatura e determinaram abundâniasem ETL para estrelas OB do diso, obrindo a regi~ao ompreendida entre 6 e 17.6 kp. Em



9se tratando de uma ompila�~ao, a sua amostra total poderia ser dividida em diferentessub-amostras, de aordo om o m�etodo de determina�~ao dos parâmetros atmosf�erios e doonjunto de linhas met�alias utilizadas. Na avalia�~ao dos autores, por�em, as diferentes ar-ater��stias das an�alises originais (de onde foram obtidas os parâmetros atmosf�erios e aslarguras equivalentes) n~ao introduzem tendênias r��tias no estudo desenvolvido. Rollestonet al. tamb�em testaram a relevânia da utiliza�~ao de �alulos fora do ETL para o oxigênioe magn�esio; a partir dos resultados obtidos para esse dois elementos, eles onluiram que autiliza�~ao de �alulos fora do ETL n~ao s~ao determinantes na obten�~ao do gradiente em si,apesar das abundânias absolutas para ada estrela possivelmente estarem erradas. Entre-tanto, ompara�~oes entre abundânias qu��mias de estrelas OB determinadas em ETL e forado ETL (Daon et al. 2001a, Daon et al. 2001b) mostram que as orre�~oes nas abundânias,introduzidas por �alulos em n~ao-ETL, podem ser bastante signi�ativas e ertamente s~aoindispens�aveis para um estudo onde se pretende aessar arater��stias t~ao �nas omo osper�s de abundânias no diso Gal�atio. Os gradientes obtidos por Rolleston et al. (2000)tamb�em enontram-se listados na Tabela 1.2.Tabela 1.2: Gradientes de Abundânias Estelares (dex kp�1)SR1997 a G1998 b R2000  S2001 dC � �0:035 � 0:014 �0:07 � 0:02 �0:07 � 0:02N � �0:078 � 0:023 �0:09 � 0:01 �O �0:07� 0:01 �0:067 � 0:024 �0:067 � 0:008 �Mg � �0:082 � 0:026 �0:07 � 0:01 �0:09 � 0:02Al � �0:045 � 0:023 �0:05� 0:015 �0:05 � 0:01Si � �0:107 � 0:028 �0:06 � 0:01 �0:07 � 0:01a Smartt & Rolleston 1997, b Gummersbah et al. 1998,  Rolleston et al. 2000,d Smartt et al. 2001A an�alise de estrelas situadas na parte interna do diso Gal�atio �e prejudiada pelaforte extin�~ao presente nessa regi~ao, de modo que as amostras estelares geralmente obremdistânias a partir de 5 kp do entro da Gal�axia. Smartt et al. (2001) empreenderam umabusa por estrelas na dire�~ao do entro da Gal�axia e analisaram 4 estrelas om distâniasGalatoêntrias entre 2.5 e 4.7 kp. As abundânias qu��mias foram determinadas a partir



10de ajuste de per�s te�orios alulados em ETL. Os resultados obtidos para as quatro estrelasanalisadas mostram altas abundânias para todos os elementos estudados (C, N, Mg, Al, Si eS), exeto oxigênio, que apresenta um padr~ao de abundânias t��pio da vizinhan�a solar. Demodo geral, as abundânias obtidas para as quatro estrelas s~ao ompat��veis om os gradientesde C, N, Mg, Al e Si obtidos por Rolleston et al. (2000), quando extrapolados para regi~oesinternas a Rg=5 kp; no aso do oxigênio, um ajuste satisfat�orio para todo o diso n~ao pôdeser obtido om uma fun�~ao linear, sugerindo que o gradiente de oxigênio �e menos aentuadona dire�~ao do entro da Gal�axia.Al�em das estrelas OB, as efeidas tamb�em têm sido utilizadas omo tra�adoras da om-posi�~ao qu��mia no diso Gal�atio. Andrievsky et al. (2002a) determinaram distribui�~oes deabundânias para uma amostra de efeidas loalizadas na regi~ao de 6 a 11 kp do entro daGal�axia (para R�=7.9 kp). Os gradientes obtidos est~ao entre �0:02 e �0:04 dex kp�1; empartiular, o gradiente de oxigênio �e igual a�0:022 dex kp�1 e o de ferro �e�0:029 dex kp�1.A amostra de efeidas foi estendida na dire�~ao do entro da Gal�axia por Andrievsky et al.(2002b), om a inlus~ao de 5 estrelas entre 4 e 6 kp do entro Gal�atio. De modo geral,a distribui�~ao de abundânias obtida dentro do intervalo Rg=4-11 kp �e menos inlinada naregi~ao da vizinhan�a solar e torna-se mais inlinada na regi~ao interna do diso (Rg < 6:6kp).Caputo et al. (2001) determinaram, simultaneamente, a metaliidade, o avermelhamento edistânias para uma amostra de efeidas, a partir de dados fotom�etrios. A distribui�~aode metaliidade obtida para a regi~ao de 6 a 19 kp do entro Gal�atio pode ser desritapor um gradiente �unio igual a �0:05 � 0:01 dex kp�1, mas o ajuste de dois gradientes demetaliidade, om uma desontinuidade em Rg=10 kp, �e igualmente poss��vel.Gradientes de ferro tamb�em podem ser obtidos a partir da an�alise da metaliidade deaglomerados abertos, inferida atrav�es de seus ��ndies fotom�etrios, omo em Janes (1979) eCameron (1985). Janes (1979) obteve um gradiente de [Fe/H℄ igual a �0:05 dex kp�1 nointervalo ompreendido entre 8 e 14 kp do entro da Gal�axia. Os seus resultados, por�em,favoreem a hip�otese de que o gradiente seja pr�oximo de zero na parte interna do disoGal�atio e mais pronuniado para Rg > 11kp. A mesma tendênia foi sugerida na an�alisede Cameron (1985): a distribui�~ao de abundânias de 38 aglomerados entre 7 e 11 kp pareeser mais inlinada na parte externa do diso Gal�atio (d[Fe=H℄=dR = �0:15 dex kp�1para Rg > 8:5kp) do que na parte interna do diso (�0:06 dex kp�1). Friel (1995) reuniu



11dados de metaliidade, determinados a partir de espetros de baixa-m�edia resolu�~ao, para74 aglomerados loalizados entre 7.4 e 18.7 kp do entro Gal�atio. O gradiente de [Fe/H℄obtido �e igual a �0:091� 0:014 dex kp�1.Das informa�~oes sobre o estudo observaional da distribui�~ao de abundânias aqui ap-resentadas, perebe-se que ainda existem ontrov�ersias a respeito da magnitude e da formados gradientes radiais de abundânias, prinipalmente no que diz respeito �as abundâniasestelares. Somente atrav�es da an�alise de uma base de dados homogênea e om signi�âniaestat��stia, baseada em onsidera�~oes mais realistas e so�stiadas, ser�a poss��vel disutir asvaria�~oes sutis de abundânias no diso Gal�atio.1.2.3 As Previs~oes dos ModelosUma variedade de modelos de evolu�~ao qu��mia da Gal�axia, om diferentes abordagens, est�adispon��vel atualmente na literatura. Os modelos podem inluir, entre outros, uxos radiais,diferentes fun�~oes de massa iniial (vari�aveis ou onstantes) ou ventos gal�atios. Os modelosde evolu�~ao qu��mia podem tamb�em onsiderar proessos hidrodinâmios na forma�~ao daGal�axia - modelos quimiodinâmios. Estes seriam os mais realistas e ompletos. Neste mo-mento, entretanto, vamos nos restringir aos modelos l�assios que tratam a evolu�~ao qu��miae dinâmia separadamente. Com rela�~ao aos gradientes de abundânias no diso Gal�atio,os modelos l�assios onseguem, de modo geral, produzir gradientes de diferentes magni-tudes, dependendo das ondi�~oes iniiais adotadas, mas ainda divergem quanto �a varia�~aotemporal e espaial dos gradientes.O modelo de evolu�~ao qu��mia da Gal�axia de Chiappini et al. (2001) onsidera doisepis�odios distintos na forma�~ao da Gal�axia: o primeiro, formando rapidamente o halo e obojo, e o segundo formando o diso em uma esala de tempo que varia em fun�~ao do raio daGal�axia. O tempo de forma�~ao do halo �e um dos parâmetros que modi�am a magnitude e aforma dos gradientes previstos, de modo que �e igualmente poss��vel reproduzir o gradientes deoxigênio de Shaver et al. (1983) assim omo o de Deharveng et al. (2000). Quanto �a evolu�~aotemporal dos gradientes, os resultados sugerem que os gradientes tendem a aumentar om otempo, espeialmente nas regi~oes internas do diso.Alib�es et al. (2001) onsideraram uma taxa de forma�~ao estelar (`star formation rate',SFR) vari�avel ao longo do raio Gal�atio na onstru�~ao dos seus modelos, al�em de inluir



12o ar�esimo de g�as extragal�atio na forma�~ao do diso Gal�atio, onsiderando dois tiposde omposi�~ao qu��mia para o material aretado: primordial ou enriqueido. A queda dematerial enriqueido produz gradientes menores do que aqueles produzidos pela queda dematerial om abundânias primordiais, devido basiamente �as abundânias da parte externado diso, onde a forma�~ao estelar �e menos e�iente. Para o material aretado enriqueido,eles obtiveram gradiente de oxigênio igual a �0:047 dex kp�1 no intervalo de 4 a 16 kpem distânia Galatoêntria. Dividindo o diso Gal�atio em duas regi~oes entre 4 � 10 e10�16 kp, os gradientes obtidos s~ao �0:040 e �0:062 dex kp�1 na regi~ao interna e externa,respetivamente. Diferente dos modelos de Chiappini et al. (2001), os modelos de Alib�es etal. produzem gradientes que se tornam menos aentuados om o tempo, om uma evolu�~aor�apida nos primeiros 5� 109 anos, seguida de uma lenta evolu�~ao at�e os valores atuais.Os modelos de Hou et al. (2000) tamb�em adotam uma SFR vari�avel radialmente ear�esimo de material extragal�atio, por�em suprimiram a ontribui�~ao da metaliidade pro-duzida pelas estrelas de massas intermedi�arias a �m de testar o seu peso na de�ni�~ao dopadr~ao de abundânias observado na Gal�axia. Eles obtiveram que gradientes de abundâniasda ordem de �0:07 dex kp�1 podem ser expliados em termos da ontribui�~ao de estrelasmassivas apenas. De aordo om os seus modelos, os gradientes tendem a diminuir om otempo, tornando-se menos aentuados.1.3 A Proposta deste TrabalhoEste projeto visa onstruir uma base de dados de abundânias qu��mias de estrelas OBhomogênea e auto-onsistente, que permita estudar a distribui�~ao de abundânias estelarestanto em um ontexto loal (dentro da assoia�~ao OB), quanto na esala do diso da Gal�axia.A onstru�~ao de tal base de dados deve ser feita, neessariamente, a partir do ajuste de per�sespetrais alulados fora do ETL a espetros estelares de alta resolu�~ao. Uma metodolo-gia homogênea deve ser adotada para toda a amostra a �m de minimizar poss��veis errossistem�atios, o que poderia masarar poss��veis rela�~oes entre abundânias das estrelas e asua posi�~ao relativa no sistema em quest~ao, quer seja uma assoia�~ao OB, quer seja o disoGal�atio. No ontexto loal, o nosso objetivo �e estudar a distribui�~ao de abundâniasqu��mias na assoia�~ao de Cep OB2 e testar a hip�otese de auto-enriqueimento nesta asso-



13ia�~ao, a partir de parâmetros atmosf�erios e abundânias qu��mias determinados homoge-neamente para o maior n�umero poss��vel de estrelas nesta assoia�~ao. Em uma abordagemmais ampla, pretendemos analisar as abundânias qu��mias de uma amostra de estrelas OBrepresentativa do diso Gal�atio a �m de veri�ar poss��veis varia�~oes da omposi�~ao qu��miaao longo do raio Gal�atio.Nossa amostra foi de�nida de modo a ser bastante homogênea e onsiste de estrelas daseq�uênia prinipal om tipos espetrais entre O9 e B3 que, em prin��pio, devem represen-tar a omposi�~ao qu��mia primordial do g�as que as formou, uma vez que n~ao apresentamainda ontamina�~ao nuleossint�etia nas suas atmosferas. A an�alise qu��mia das estrelasOB �e favoreida por pelo menos dois aspetos: (i) as linhas met�alias presentes em seusespetros permitem estudar, al�em do nitrogênio, oxigênio e enxofre, omumente analisadosno g�as, alguns elementos importantes para a evolu�~ao qu��mia da Gal�axia, omo o arbono,magn�esio, alum��nio e sil��io; (ii) os seus espetros apresentam v�arias regi~oes de ont��nuolivres de linhas, o que failita a normaliza�~ao dos espetros. Por outro lado, no regime detemperaturas t��pias dessas estrelas (entre 20000 e 32000K), as limita�~oes da aproxima�~aoETL na teoria de forma�~ao de linhas tornam-se onsider�aveis. A grande vantagem da uti-liza�~ao da aproxima�~ao ETL at�e ent~ao, menor tempo de proessamento, enfraqueeu-se omos novos omputadores e a utiliza�~ao de algoritimos otimizadores. Aliado a esse fato, osmodelos atômios utilizados nos �alulos n~ao-ETL s~ao ada vez mais ompletos, possibili-tando �alulos mais orretos das popula�~oes dos n��veis de energia. Dessa forma, a inlus~aodos efeitos n~ao-ETL na teoria de forma�~ao de linhas torna-se uma ferramenta essenial paraa an�alise orreta e �siamente mais realista das abundânias qu��mias em estrelas quentes.Essa ser�a a abordagem adotada nesse trabalho.Nos ap��tulos que se seguem, s~ao apresentados resultados de parâmetros atmosf�erios eabundânias qu��mias aluladas fora do ETL para estrelas OB pertenentes a assoia�~oesOB, aglomerados abertos e regi~oes H II do diso Gal�atio. A distribui�~ao das abundâniasqu��mias omo fun�~ao das posi�~oes das estrelas no diso �e disutida em seguida, assim omoas implia�~oes desses resultados nos modelos de evolu�~ao qu��mia da Gal�axia. A an�alisede abundânias qu��mias foi baseada em espetros de alta resolu�~ao obtidos em dois ob-servat�orios: a amostra do hemisf�erio Norte foi observada no M Donald Observatory, daUniversidade do Texas, Austin, enquanto que a amostra do hemisf�erio Sul foi observada



14no European Southern Observatory, Chile (dentro do tempo onedido ao Observat�orio Na-ional por oasi~ao do onvênio ESO/ON). Pelo o menos um espetro foi obtido para adaestrela, sendo que, para muitas delas, mais de um espetro foram obtidos na mesma noite ouem noites diferentes. Os dados foram proessados e analisados nas esta�~oes de trabalho daCoordena�~ao de Astronomia e Astrof��sia do Observat�orio Naional, onde est~ao implemen-tados os programas de redu�~ao de dados (IRAF, `Image Redution and Analysis Faility'),determina�~ao dos parâmetros estelares, �alulo dos modelos atmosf�erios e �alulo dos per�sespetrais te�orios (em ETL e fora do ETL).A apresenta�~ao e disuss~ao dos resultados deste trabalho de tese ser�a feita da seguinteforma: os textos dos ap��tulos 3, 4 e 5 orrespondem aos textos integrais de artigos publiadosno Astrophysial Journal; os ap��tulos 6 e 7 est~ao apresentados na forma de pre-prints a seremsubmetidos para publia�~ao ao Astrophysial Journal. Um breve resumo, em português, doonte�udo de ada um desses artigos (pre-prints) �e apresentado no in��io de ada ap��tulo.O ap��tulo 2 apresenta uma vis~ao geral do �alulo fora do ETL das popula�~oes dos n��veisadotado neste trabalho, juntamente om uma desri�~ao dos modelos e dados atômios uti-lizados. O ap��tulo 3 �e dediado �a assoia�~ao de Cep OB2; parte dos resultados disutidosnesse ap��tulo (parâmetros estelares e abundânias de alguns elementos em ETL) est~ao de-sritos na disserta�~ao de Mestrado (Daon, 1997). No ap��tulo 4, s~ao analisadas estrelaspertenentes a ino assoia�~oes OB do diso Gal�atio. A an�alise da omposi�~ao qu��mia,at�e ent~ao restrita a estrelas om baixas veloidades rotaionais projetadas, �e extendida paraestrelas om altos v sin i no ap��tulo 5. Estrelas OB distribu��das ao longo do diso Gal�atio,obrindo um intervalo mais representativo em distânias Galatoêntrias, s~ao analisadasno ap��tulo 6. O ap��tulo 7 �e dediado �a analise da distribui�~ao das abundânias estelaresem termos das suas posi�~oes relativas no diso Gal�atio, de�nindo um gradiente radial deabundânias qu��mias. Uma vis~ao geral dos prinipais resultados deste estudo �e delineadano ap��tulo 8.



Cap��tulo 2
Os C�alulos Fora do Equil��brioTermodinâmio Loal
2.1 Introdu�~aoDesrever uma atmosfera estelar signi�a desrever, atrav�es da equa�~ao de transporte, todosos proessos que aonteem om a radia�~ao emitida no entro da estrela �a medida que ofeixe de radia�~ao atravessa (e interage om) a atmosfera estelar. O que se observa, ent~ao, �ediferente do que foi produzido iniialmente, uma vez que o feixe iniial foi modi�ado porv�arios proessos radiativos e olisionais que aonteneram no meio do aminho. Dessa forma,a an�alise das informa�~oes observaionais de uma estrela depende do estudo do seu ampo deradia�~ao, araterizado, primariamente, pela temperatura. Dependendo do fenômeno estu-dado para a sua determina�~ao, a temperatura pode ser de�nida omo temperatura in�etiadas part��ulas, temperatura de exita�~ao e temperatura de ioniza�~ao. Os valores dessas trêstemperaturas podem ser diferentes entre si mas, supondo que o material esteja isolado, osproessos interativos das part��ulas om o ampo radiativo e das part��ulas entre si podemlevar a uma situa�~ao de equil��brio em que todas as de�ni�~oes de temperatura tenham omesmo valor. A mat�eria, nesse aso, �e dita em equil��brio termodinâmio (ET) e o ampo deradia�~ao pode ser desrito por um �unio valor de temperatura.Essa simpli�a�~ao seria apli�avel �as atmosferas estelares? O ampo de radia�~ao nasatmosferas estelares n~ao �e isotr�opio, uma vez que a estrela emite radia�~ao. Desse modo, o15



16ET n~ao pode ser apliado �as atmosferas estelares. Mas, pode-se supor, por exemplo, que,em pequenas por�~oes da atmosfera estelar, o ET seja v�alido. Se o livre aminho m�ediodos f�otons e part��ulas �e menor do que as distânias para as quais veri�am-se varia�~oes natemperatura, o ET �e v�alido loalmente, de�nindo o equil��brio termodinâmio loal (ETL).Nas ondi�~oes f��sias dos interiores estelares, o ETL �e uma boa aproxima�~ao: as ondi�~oesde densidade e press~ao do g�as olaboram para que a taxa de proessos olisionais seja maiordo que a taxa de proessos radiativos, assegurando, loalmente, uma situa�~ao de equil��brio.Nessas ondi�~oes, a desri�~ao dos n�umeros de oupa�~ao dos estados de energia �e bastantefailitada uma vez que: a intensidade do ampo de radia�~ao pode ser representada pelafun�~ao de Plank; os ampos de radia�~ao e de veloidades das part��ulas s~ao desritos poruma �unia temperatura; a equa�~ao de Saha-Boltzmann desreve a distribui�~ao dos ��ons sobreos est�agios de ioniza�~ao e dos �atomos e ��ons sobre os estados de exita�~ao, enquanto que a adistribui�~ao das veloidades das part��ulas �e desrita pela equa�~ao de Maxwell-Boltzmann; asprobabilidades de transi�~ao entre dois n��veis energ�etios s~ao iguais para os proessos diretose os seus inversos (equil��brio detalhado).Nas amadas mais super�iais (as amadas observ�aveis) das atmosferas estelares, entre-tanto, na presen�a de gradientes de temperaturas e de um ampo de radia�~ao n~ao-isotr�opio,os proessos radiativos afastam-se do equil��brio detalhado. Al�em disso, dadas as ondi�~oes dedensidade e press~ao do meio, as taxas de olis~oes s~ao menores do que nas amadas mais inter-nas e os proessos radiativos tornam-se mais importantes. Nessas ondi�~oes, os verdadeirosn�umeros de oupa�~ao dos estados passam a ser espei�ados pelas equa�~oes de equil��brio es-tat��stio, que devem onsiderar todos os proessos, radiativos e olisionais, diretos e inversos,que levam as part��ulas de um estado i para um estado j.2.2 O C�alulo Fora do ETLEm ondi�~oes fora do ETL (ou n~ao-ETL), o estado de exita�~ao e ioniza�~ao do g�as �e forte-mente inueniado pelo ampo de radia�~ao que, por sua vez, �e determinado pelo estadodo g�as via equa�~ao de transporte. Dessa forma, as equa�~oes de transporte radiativo e deequil��brio estat��stio est~ao aopladas e �e neess�ario que a solu�~ao de ambas as equa�~oes sejaompletamente auto-onsistente e simultânea. A solu�~ao das equa�~oes representa, ponto a



17ponto na atmosfera, a distribui�~ao do ampo de radia�~ao omo fun�~ao da freq�uênia, datemperatura e da densidade do material e da distribui�~ao dos �atomos e ��ons sobre todos osestados ligados, de�nindo as popula�~oes dos n��veis. Ent~ao, para ada ponto da atmosferaalulado, h�a um vetor solu�~ao assoiado. O n�umero de elementos de ada vetor �e fun�~ao don�umero de freq�uênias onsiderado (k) mais n�umero de estados desritos (l) mais parâmetrostermodinâmios do material (temperatura T, densidade N, densidade eletrônia ne). Para sedeterminar ada um desses vetores, �e neess�ario esrever k+ l+3 equa�~oes n~ao-lineares, quedevem ser resolvidas iterativamente. Para se ter uma id�eia do n�umero de equa�~oes envolvi-das no �alulo das popula�~oes de uma esp�eie, os modelos atômios utilizados neste estudoont�em tipiamente 80-100 n��veis energ�etios (om exe�~ao do alum��nio, representado porum modelo atômio mais simples) e o n�umero de freq�uênias onsiderado varia de 2200 a3200 pontos.Uma desri�~ao ompleta do �alulo fora do ETL pode ser enontrada em Mihalas (1978).Em termos gerais, a equa�~ao de transporte radiativo pode ser esrita omo�dI�d�� = I� � S�; (2.1)onde � �e o osseno direional, I� �e a intensidade do ampo e S� �e a fun�~ao fonte, em adafreq�uênia �. A solu�~ao formal da equa�~ao 2.1 pode ser expressa em termos da intensidadem�edia do ampo J� omo J� = �[S�℄; (2.2)onde o operador � �e de�nido omo�[f(t)℄ = 12Z 10 f(t)E1jt� � jdt: (2.3)A modi�a�~ao do feixe de radia�~ao pode ser expressa em termos dos oe�ientes deabsor�~ao �� e de emiss~ao j� que retiram ou somam energia ao feixe. Os proessos queremovem energia do feixe podem ser atrav�es de absor�~ao verdadeira ou de espalhamento dof�oton da dire�~ao original, enquanto que os proessos de emiss~ao e espalhamento de um f�otonpara uma regi~ao espe���a ontribuem para aumentar a energia do feixe. A fun�~ao fonte, emtermos dos oe�ientes de absor�~ao verdadeira �A� e absor�~ao por espalhamento �S� �e dadapor



18 S� = �S��A� + �S� J� + �A��A� + �S� B�; (2.4)onde B� �e a fun�~ao de Plank. Os oe�ientes j� e �� est~ao relaionados om as onstantesatômias dos n��veis e transi�~oes atrav�es dos oe�ientes de Einstein Aji, Bji e Bij, queexpressam as probabilidades de emiss~ao espontânea, de emiss~ao estimulada e de absor�~ao,respetivamente. A ontribui�~ao da emiss~ao espontânea para o oe�iente de emiss~ao �ej� = NjAjih�; (2.5)onde Ni e Nj s~ao as popula�~oes dos n��veis i e j e h� �e a energia do n��vel mais baixo. Ooe�iente de absor�~ao pode ser expresso em termos da energia absorvida do feixe���I� = NiBijI�h� �NjBjiI�h�: (2.6)Em uma situa�~ao de equil��brio, NjAji+NjBjiI� = NiBijI�. Os oe�ientes de Einstein est~aorelaionados entre si atrav�es das energias e pesos estat��stios (gi e gj) dos n��veisBjiBij = gigj (2.7)e AjiBji = 2h�32 : (2.8)A fun�~ao fonte, em termos das equa�~oes 2.5 a 2.8, pode ser re-esrita omoS� = 2h�32 1(Ni=Nj)(gj=gi)� 1 (2.9)expliitando a dependênia da fun�~ao fonte sobre as popula�~oes dos n��veis energ�etios que,por sua vez, s~ao determinadas pela intera�~ao do material om o ampo de radia�~ao. A inter-dependênia das vari�aveis f��sias { freq�uênias, ângulos e transi�~oes { ria um aoplamentoentre as equa�~oes de transporte e de equil��brio estat��stio que deve ser tratado, matematia-mente, atrav�es de m�etodos iterativos.No proesso iterativo entre as popula�~oes dos n��veis atômios e o ampo radiativo, adaitera�~ao orresponde ao movimento dos f�otons em uma unidade de livre aminho m�edio. A



19onvergênia desse proesso depende do livre aminho m�edio l dos f�otons: para l mais urtos,�e neess�ario um n�umero maior de itera�~oes para que uma pequena distânia seja perorrida,o que `atrasa' a onvergênia e signi�a um alto usto em termos de tempo omputaional.2.2.1 Desri�~ao dos ProgramasPela neessidade de se diminuir o tempo omputaional, foram elaboradas diferentes t�eniasde aelera�~ao de onvergênia (Hubeny, 1992). A aelera�~ao onsiste, basiamente, em deter-minar solu�~oes aproximadas da equa�~ao de transporte, obtidas om operadores mais simples(ou `aproximados'), e orrig��-las iterativamente, a �m de se obter o resultado exato do prob-lema de transporte radiativo. As v�arias t�enias propostas difereniam-se quanto �a de�ni�~aodo operador aproximado; em onjunto, essas t�enias s~ao onheidas generiamente omoItera�~ao Lambda Aproximada (`Approximate Lambda Iteration', ALI). O operador lambdaaproximado �� �e de�nido de modo que� = �� + (�� ��) (2.10)onde (�� ��) �e o termo de orre�~ao. A equa�~ao 2.2, ent~ao, pode ser re-esrita omoJ i� = ��[Si�℄ + (�� ��)[Si�1� ℄: (2.11)Quando este proesso onverge, ou seja, quando Si� = Si�1� , a solu�~ao exata da equa�~ao detransporte, de�nida pelo operador �, �e obtida.Neste trabalho, as solu�~oes das equa�~oes de equil��brio estat��stio ombinadas om asequa�~oes de transporte, representadas pelas popula�~oes dos n��veis, s~ao obtidas om a vers~aomais reente do programa DETAIL (Butler, 1994). As informa�~oes iniiais neess�arias s~aomodelos atmosf�erios, modelos atômios para as esp�eies de interesse e os proessos radiativose olisionais que oorrem entre os n��veis de energia, representados pelas se�~oes de hoque epela for�a de osilador. Como resultado, s~ao obtidos os n�umeros de oupa�~ao dos estadosdos �atomos e ��ons nas atmosferas estelares. Esta vers~ao do programa DETAIL �e baseada noalgoritmo de Werner & Husfeld (1985) para o �alulo de forma�~ao de linhas fora do ETL. Estealgoritmo adota o operador �� de Sharmer (1981) e pode ser apresentado resumidamenteda seguinte maneira:



20 � alulam-se as esalas de profundidade �optia e fun�~oes fonte para todas as freq�uêniasa partir de estimativas iniiais dos n�umeros de oupa�~ao, que podem ser obtidas de�alulos em ETL.� alula-se o termo de orre�~ao �J� = (� � ��)S� = �S� � ��S� para todas asfreq�uênias a partir da diferen�a entre uma solu�~ao `formal' da equa�~ao 2.1 e umasolu�~ao aproximada, obtida om o operador ��.� Resolvem-se simultaneamente as equa�~oes aproximadas de equil��brio estat��stio e detransporte para ada profundidade. Este proedimento �e repetido at�e que se atinja aonvergênia, ou seja, at�e que as mudan�as nos n�umeros de oupa�~ao e fun�~oes fontesejam pequenas.Os per�s de linha s~ao alulados om o programa SURFACE (Butler, 1984), dividindo aspopula�~oes dos termos de aordo om o peso estat��stio dos sub-n��veis j. Cada omponentedo multipleto �e, ent~ao, alulada para o omprimento de onda observado, onsiderando queo per�l da linha �e um per�l de Voigt. Neste �alulo s~ao inlu��das onstantes de alargamentoradiativo e olisional. Al�em disso, os efeitos da miroturbulênia tamb�em s~ao inlu��dos noalargamento do per�l omo um termo adiional do alargamento Doppler.2.3 Modelos Atômios: N��veis de Energia e Transi�~oesO �alulo das linhas fora do ETL exige a onstru�~ao de modelos atômios bastante om-pletos quanto �a desri�~ao dos n��veis de energia do est�agio de ioniza�~ao prinipal, al�em dosn��veis de energia mais baixa dos est�agios adjaentes, om popula�~oes relevantes no regimede parâmetros atmosf�erios em quest~ao. Como o ampo de radia�~ao, modi�ado por umadas transi�~oes poss��veis, poder�a afetar qualquer outra transi�~ao do �atomo, formando umaadeia de intera�~oes, a ompleteza dos modelos atômios adotados �e essenial para garantiro equil��brio de ioniza�~ao e o �alulo orreto das popula�~oes dos n��veis. Cada n��vel atômio �edesrito pelo seu peso estat��stio e potenial de exita�~ao. As transi�~oes que levam ao povoa-mento e despovoamento de ada n��vel s~ao desritas por suas for�as de osilador ou se�~oesde hoque. Nem todas as transi�~oes desritas, por�em ir~ao inueniar diretamente os n��veisenerg�etios de interesse no tratamento de um onjunto de linhas espetrais, de modo que o



21onjunto de transi�~oes pode ser dividido em dois: para aqueles n��veis diretamente relaiona-dos om as linhas de interesse �e neess�ario um tratamento mais rigoroso e auto-onsistente,enquanto que os demais n��veis podem ser tratados om menor rigor, sem que as popula�~oes�nais sejam afetadas. As transi�~oes do primeiro grupo devem ser expliitamente aluladasfora do ETL, atrav�es da lineariza�~ao das equa�~oes a elas assoiadas. Para as transi�~oes do se-gundo grupo, o �alulo em ETL das popula�~oes, atrav�es das equa�~oes de Saha-Boltzmann, �euma boa aproxima�~ao. Uma breve desri�~ao dos modelos atômios adotados e das transi�~oesonsideradas �e apresentada a seguir.CarbonoNo modelo do C II (Eber & Butler, 1988), todos os n��veis de energia at�e n=6, om termosonvergindo para o n��vel fundamental do C III (2s2 1s), e at�e n'=4, para termos onvergindopara o n��vel 2s2p3P o, s~ao inlu��dos expliitamente nas equa�~oes de equil��brio estat��stio. Ostermos referentes a n=7, n=8 e n'=5, n'=6 s~ao mantidos �xos em ETL. O n��vel fundamental(NF) e os dois primeiros estados exitados do C III, al�em do NF do C IV, s~ao aluladosexpliitamente fora do ETL. O C I n~ao �e signi�ativo nas temperaturas t��pias das estrelasOB e, portanto, n~ao est�a inlu��do no modelo atômio.Todas as transi�~oes ligado-ligado (bb) s~ao onsideradas; dentre elas, 73 transi�~oes s~ao lin-earizadas: aquelas om 1000�A < � < 9000�A; aquelas om f > 10�2; transi�~oes relaionadasom o n��vel 3d ou 4f do C II; NF do C II e do C III. Os n��veis e transi�~oes (�xas em ETL ealuladas expliitamente) onsiderados na onstru�~ao do modelo de C II est~ao representadosna Figura 2.1.No modelo do arbono duas vezes ionizado (Eber, 1987), s~ao inlu��dos todos os n��veisde energia at�e n=6 e n'=4, totalizando 5 n��veis do C II + 68 n��veis do C III + o n��velfundamental do C IV, expliitamente alulados, al�em de 21 n��veis de C II e 22 do C III�xos em ETL.Todas as transi�~oes radiativas bb s~ao onsideradas, sendo que todas as transi�~oes entren��veis NETL e om f > 10�2, em um total de 89 transi�~oes, s~ao linearizadas.
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Figura 2.1: Diagramas de Grotrian para os sistemas de dubletos (painel esquerdo) e quartetos (painel direito), onsideradosna onstru�~ao do modelo at^omio do arbono (de Eber & Butler, 1988). As energias dos n��veis, em unidades de 104m�1, est~aorepresentadas no eixo das ordenadas enquanto que os termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opiano eixo das absissas. As linhas traejadas representam o limite de ioniza�~ao.



23NitrogênioTodos os n��veis at�e n=4, que produzem as linhas na regi~ao 4000{5000�A, s~ao onsiderados naonstru�~ao do modelo atômio do nitrogênio (Beker & Butler, 1988). Os n��veis at�e n=10tamb�em s~ao inlu��dos, mas s~ao mantidos �xos em rela�~ao ao NF do pr�oximo est�agio de ion-iza�~ao. No total, s~ao onsiderados 3 n��veis de N I, 50 n��veis de N II alulados expliitamente+ 23 n��veis de N II em ETL, 5 n��veis de N III e o NF do N IV.Todas as transi�~oes radiativas permitidas entre os n��veis NETL s~ao inlu��das. Al�em disso,algumas transi�~oes que envolvem n��veis ETL, om f > 10�4, tamb�em s~ao onsideradas. Nototal, 215 transi�~oes s~ao onsideradas, sendo 48 delas linearizadas. Os sistemas de singletoe tripleto s~ao tratados simultaneamente. Os proessos de fotoioniza�~ao s~ao tratados paratodos os n��veis NETL. Os n��veis e transi�~oes onsiderados na onstru�~ao do modelo de N IIest~ao representados na Figura 2.2.OxigênioA regi~ao entrada em 4000 < � < 5000�A ont�em mais de 100 linhas de O II, sendo que astransi�~oes nesse intervalo de omprimento de onda envolvem prinipalmente os n��veis n=3e n=4. Desse modo, no modelo atômio do oxigênio (Beker & Butler, 1989) as popula�~oesNETL s~ao aluladas para todos os n��veis at�e n=4; al�em disso todos os n��veis at�e n=10tamb�em s~ao inlu��dos, por�em, �xos em ETL. O modelo atômio �e omposto por 3 n��veis deO I, 52 n��veis NETL de O II + 27 n��veis ETL de O II, 3 n��veis de O III e o NF do O IV.Todas as transi�~oes bb permitidas entre os n��veis NETL do O II foram inlu��das, al�emdas transi�~oes que envolvem os n��veis �xos. Apenas as transi�~oes om f < 10�4 n~ao foraminlu��das. No total, foram onsideradas 234 transi�~oes; destas, 73 foram linearizadas. Ossistemas dubleto e quarteto foram tratados simultaneamente. Os proessos de fotoioniza�~aoforam tratados para todos os n��veis NETL. Os diagramas de Grotrian para o oxigênio est~aorepresentados nas Figuras 2.3 e 2.4.
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Figura 2.2: Diagramas de Grotrian para os sistemas de singletos (painel esquerdo) e tripletos (painel direito) onsideradosno modelo at^omio do nitrog^enio (de Beker & Butler, 1989). As energias dos n��veis, em unidades de 105m�1, est~aorepresentadas no eixo das ordenadas enquanto que os termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opiano eixo das absissas. As linhas traejadas representam o limite de ioniza�~ao.
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Figura 2.3: Diagrama de Grotrian para o sistema de dubletos do O II (de Beker &Butler, 1988). As energias dos n��veis, em unidades de 105m�1, est~ao representadas no eixodas ordenadas enquanto que os termos onsiderados est~ao identi�ados pela sua nota�~aoespetros�opia no eixo das absissas. A linha traejada representa o limite de ioniza�~ao.Magn�esioPara o Mg I, todos os n��veis at�e n=9 s~ao inlu��dos expliitamente, al�em de onsiderar tamb�emos n��veis at�e n=12 em ETL (Przybilla et al., 2001). Todos os n��veis do Mg II at�e n=10 (paral � 4) s~ao inlu��dos em NETL, enquanto que os n��veis l omplementares s~ao onsideradosem ETL. No total, o modelo atômio �e onstitu��do por 71 n��veis do Mg I, 28 do Mg II e oNF do Mg III. Todas as transi�~oes radiativas permitidas entre os n��veis NETL s~ao inlu��das,
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Figura 2.4: Diagrama de Grotrian para o sistema de quartetos do O II (de Beker &Butler, 1988). As energias dos n��veis, em unidades de 105m�1, est~ao representadas no eixodas ordenadas enquanto que os termos onsiderados est~ao identi�ados pela sua nota�~aoespetros�opia no eixo das absissas. A linha traejada representa o limite de ioniza�~ao.assim omo todas as fotoioniza�~oes a partir de n��veis NETL, totalizando 71 transi�~oes. Ossingletos e tripletos s~ao tratados simultaneamente para Mg I/Mg II. Os modelos de Mg I eMg II est~ao representados nas Figuras 2.5 e 2.6, respetivamente.
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Figura 2.5: Diagramas de Grotrian para os sistemas de singletos (painel esquerdo) e tripletos (painel direito) do Mg I (dePrzybilla et al., 2001). As energias dos n��veis, em unidades de m�1, est~ao representadas no eixo das ordenadas enquantoque os termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opia no eixo das absissas. As linhas traejadasrepresentam o limite de ioniza�~ao.
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Figura 2.6: Diagrama de Grotrian para o Mg II (de Przybilla et al., 2001). As energiasdos n��veis, em unidades de m�1, est~ao representadas no eixo das ordenadas enquanto queos termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opia no eixo dasabsissas. As linhas traejadas representam o limite de ioniza�~ao.Alum��nioO modelo atômio do alum��nio (Dufton et al., 1986) �e omposto por 12 n��veis de Al III maiso NF do Al IV. Nos intervalos de temperaturas efetivas e gravidades super�iais t��pios das



29estrelas OB, tanto Al II quanto Al V n~ao apresentam popula�~oes signi�ativas.Vinte e duas transi�~oes bb permitidas s~ao aluladas expliitamente, sendo 11 delaslinearizadas. As demais s~ao mantidas �xas em ETL. Os proessos de fotoioniza�~ao a partirdo NF e dos quatro n��veis mais baixos do Al III s~ao inlu��dos. A Figura 2.7 apresenta odiagrama de Grotrian para o alum��nio, om os n��veis e transi�~oes onsiderados na onstru�~aodo modelo atômio.Sil��ioO modelo atômio do sil��io (Beker & Butler, 1990) onsidera, expliitamente, 12 n��veis doSi II + 28 n��veis do Si III + 18 n��veis do Si IV e o NF do Si V. Outros termos at�e n=10tamb�em s~ao inlu��dos, �xos em ETL.Todas as transi�~oes bb permitidas om f > 10�4 (126 transi�~oes ) s~ao onsideradas, sendoque todas as transi�~oes om f � 10�2, em um total de 73 transi�~oes, s~ao linearizadas. Osn��veis e transi�~oes onsiderados na onstru�~ao do modelo de Si III est~ao representados naFigura 2.8.EnxofreS II e S III s~ao tratados simultaneamente no modelo atômio do enxofre (Vranken et al.,1996) para garantir que o equil��brio de ioniza�~ao seja orreto. Todos os n��veis do S II paran=3,4,5 e 6 s~ao inlu��dos expliitamente, em um total de 81 n��veis. Para o S III, 21 n��veiss~ao onsiderados, todos em NETL. Os 3 n��veis mais baixos do S I, assim omo os n��veis maisbaixos do S IV e o NF do S V tamb�em s~ao inlu��dos no modelo atômio. Para modelosatmosf�erios om temperaturas mais baixas, o S V �e omitido e o S IV �e representado apenaspor seu NF. Al�em destes, todos os n��veis at�e n=10, �xos em ETL, s~ao inlu��dos para todosos ��ons.Todas as transi�~oes radiativas bb permitidas om f > 10�4 s~ao onsideradas, tanto parao S II quanto para o S III. Os proessos de fotoioniza�~ao a partir de todos os n��veis NETL,tamb�em s~ao onsideradas. Os n��veis e transi�~oes onsiderados na onstru�~ao dos modelos deS II e S III est~ao representados nas Figuras 2.9 e 2.10, respetivamente.
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Figura 2.7: Diagrama de Grotrian para o sistema de dubletos do Al III. As energias dosn��veis, em unidades de 105m�1, est~ao representadas no eixo das ordenadas enquanto queos termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opia no eixo dasabsissas.
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Figura 2.8: Diagramas de Grotrian para os sistemas de dubleto do Si II (painel a),singletos e tripletos do Si III (pain�eis b e ) e dubletos do Si IV (painel d) (de Beker& Butler, 1990). As energias dos n��veis, em unidades de 103m�1, est~ao representadasno eixo das ordenadas enquanto que os termos onsiderados est~ao identi�ados pela suanota�~ao espetros�opia no eixo das absissas. As linhas traejadas representam o limitede ioniza�~ao.
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Figura 2.9: Diagramas de Grotrian para os sistemas de dubletos (painel esquerdo) e quartetos (painel direito) do S II (deVranken et al., 1996). As energias dos n��veis, em unidades de m�1, est~ao representadas no eixo das ordenadas enquantoque os termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opia no eixo das absissas. As linhas traejadasrepresentam o limite de ioniza�~ao.
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Figura 2.10: Diagramas de Grotrian para os sistemas de singletos (painel esquerdo) e tripletos (painel direito) do S III (deVranken et al., 1996). As energias dos n��veis, em unidades de m�1, est~ao representadas no eixo das ordenadas enquantoque os termos onsiderados est~ao identi�ados pela sua nota�~ao espetros�opia no eixo das absissas. As linhas traejadasrepresentam o limite de ioniza�~ao.



342.4 Dados AtômiosAs probabilidades de transi�~ao para os proessos de exita�~ao radiativa s~ao dadas pela for�ade osilador de ada transi�~ao, enquanto que, para as transi�~oes ligado-livre (bf), as prob-abilidades de transi�~ao s~ao expressas em termos da se�~ao de hoque de fotoioniza�~ao. Astransi�~oes olisionais (bb e bf) tamb�em s~ao representadas por se�~oes de hoque. Se�~oes dehoque olisionais determinadas experimentalmente est~ao dispon��veis na literatura para al-gumas pouas transi�~oes de C III, N I/N III, O III, Mg I/Mg II, Al III e Si III. De modo geral,por�em, as se�~oes de hoque olisionais s~ao determinadas a partir de f�ormulas semi-emp��rias,onsiderando parâmetros atômios de transi�~oes radiativas.Transi�~oes RadiativasOs valores da for�a de osilador para as transi�~oes radiativas bb s~ao do `Opaity Projet'(OP { Cunto & Mendonza, 1992), exeto para o alum��nio. Para este elemento, os valores dafor�a de osilador adotados foram alulados por MEahran & Cohen (1983). Os valoresde gf para as transi�~oes que produzem as linhas seleionadas para a an�alise de abundâniasest~ao listadas nas Tabelas 3.2, 4.5 e 5.2. Com rela�~ao �as transi�~oes ligado-livre, as se�~oesde hoque de fotoioniza�~ao a partir do n��vel fundamental do arbono, nitrogênio e oxigênioforam aluladas segundo a f�ormula de Henry (1970),a� = � B � ��o�s + (1� B)� ��o�s+1! (2.12)que expressa as se�~oes de hoque a� omo fun�~ao do omprimento de onda orrespondente �atransi�~ao e dos parâmetros de ajuste �, B e s, que s~ao tabelados para ada esp�eie atômia.Para o sil��io e alum��nio e os demais n��veis de CNO, as se�~oes de hoque a� s~ao dadas pelaf�ormula de Burgess & Seaton (1960)a� = 4��a2o3 (I + �2)S! (2.13)onde I �e a energia de ioniza�~ao , ! �e o peso estat��stio do n��vel fundamental, � �e a onstantede estrutura �na, � �e a energia in�etia do el�etron e ao �e o raio de Bohr. O valor de S �ede�nido em termos de integrais das fun�~oes de onda tabeladas. Para o magn�esio e enxofre,as se�~oes de hoque s~ao do OP.



35Transi�~oes ColisionaisAs transi�~oes induzidas por olis~oes s~ao importantes para se determinar orretamente aspopula�~oes dos n��veis atômios, mas, omo os proessos radiativos dominam sobre os pro-essos olisionais no regime de temperaturas das estrelas OB, a utiliza�~ao de aproxima�~oespara se alular as se�~oes de hoque das transi�~oes olisionais s~ao justi�adas. As se�~oes dehoque das exita�~oes olisionais permitidas Qij s~ao, em geral, aluladas om a f�ormula devan Regemorter (1962) Qij = 8�p3 1�2i IHEj � Eifg�a2o (2.14)onde Ei;j s~ao as energias dos n��veis i e j, f �e a for�a de osilador e g �e o fator de Gaunt efetivodeduzido observaionalmente. As se�~oes de hoque das exita�~oes olisionais proibidas Qfs~ao aluladas segundo Allen (1973) Qf = �
a2o=g1" (2.15)onde g1 �e o peso estat��stio do n��vel mais baixo, " �e a energia do el�etron inidente antes daolis~ao e 
 �e a probabilidade de olis~ao, ujo valor adotado no �alulo das se�~oes de hoquedas exita�~oes olisionais �e igual a 1. As se�~oes de hoque das ioniza�~oes olisionais Q s~aotratadas segundo a aproxima�~ao de Seaton (1962)Q = 4n�IHI �2� IW ��1� IW � �a2o (2.16)onde I �e o potenial de ioniza�~ao, IH �e o potenial de ioniza�~ao do hidrogênio, n �e o n�umerode el�etrons do �atomo e W �e a energia in�etia eletrônia.
Atrav�es dos programas e parâmetros atômios aqui desritos, �e poss��vel adotar umaabordagem mais realista, fora do ETL, na teoria de forma�~ao de linhas, a partir da qualobteremos abundânias de arbono, nitrogênio, oxigênio, magn�esio, alum��nio, sil��io e en-xofre para uma amostra de estrelas OB distribu��das ao longo do diso Gal�atio, onformeser�a apresentado nos ap��tulos seguintes.
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Cap��tulo 3Abundânias Qu��mias de Estrelas Bda Assoia�~ao de Cep OB2 1
Resumo: Neste ap��tulo apresento abundânias em ETL e n~ao-ETL de C, N, O e Si, al�em deabundânias em ETL de Fe, para uma amostra de oito estrelas B da seq�uênia prinipal pertenentes�a assoia�~ao de Cep OB2. As temperaturas efetivas adotadas nesta an�alise foram obtidas a partir do��ndie livre de avermelhamento Q, segundo Te� = (43280�17073) + (98718�45096) Q + (98236�29462) Q2, e est~ao anoradas em uma esala de Te� 's determinadas iterativamente a partir dealibra�~oes fotom�etrias para os ��ndies Str�omgren ombinadas om o ajuste de per�s da linha H.A assoia�~ao de Cep OB2 apresenta dois sub-grupos de idades diferentes, om 7 e 3 �106 anos, e �eum objeto interessante para se testar a hip�otese de auto-enriqueimento qu��mio devido �a explos~aode supernovas do tipo II. Essa hip�otese foi testada por Cunha & Lambert (1994) para a assoia�~aode Ori OB1 e os resultados obtidos sugerem que proessos de auto-enriqueimento podem teroorrido em �Orion. Cep OB2, todavia, apresenta uma omposi�~ao qu��mia bastante homogênea:as abundânias dos elementos estudados n~ao mostram varia�~oes signi�ativas e as dispers~oes deabundânias observadas podem ser expliadas em termos das inertezas envolvidas na an�alise. Osnossos resultados indiam que Cep OB2 �e relativamente pobre em metais ([Fe/H℄= �0.3). Osdemais elementos estudados tamb�em apresentam abundânias sub-solares. Considerando, por�em,as novas (e mais baixas) abundânias de oxigênio no Sol, obt�em-se [O/H℄� �0:1.1Daon, S., Cunha, K. & Beker, S. R. (1999) The Astrophysial Journal, 522, 950-959(Paper I) 37



383.1 IntrodutionThe Milky Way has numerous OB assoiations whih de�ne its spiral arms and ontainsome of the youngest and most massive stars in the Galaxy. The stars belonging to theseassoiations are not gravitationally bound and disperse into the Galati �eld within about10-20 million years. Moreover, some OB assoiations are believed to ontain distint stel-lar groups whih represent di�erent epohs of star formation ourring within the lifetimeof the assoiation. The Orion assoiation is an example where progressive star formationseems to have happened resulting in 4 stellar subgroups of di�erent ages. The abundanepatterns observed in Orion suggest that hemial self-enrihment has taken plae during thelife of the assoiation and altered the oxygen abundane of some of the stellar members ofits youngest subgroups (Cunha & Lambert 1994; Cunha, Smith & Lambert 1998): this en-rihment presumably ourred via supernovae ontamination beause oxygen is the primaryprodut ejeted into the interstellar medium from the most massive ore-ollapse supernovae(SNII). Is the hemial enrihment a property of most OB assoiations or is it only a har-ateristi of the larger assoiations with several distint stellar subgroups? In this paper webegin a hemial analysis of an OB assoiation whih does not appear to show the samedegree of progressive star formation as Orion. Cep OB2 is suh an assoiation.Cep OB2 is a medium size assoiation (96o < l < 107o; 2o < b < 8o) loated about 615p away from the Sun (de Zeeuw et al. 1999) and 60 p above the Galati plane. Twoopen lusters are identi�ed in this assoiation: Trumpler 37 (Tr 37), whih is embeddedin the H II region IC 1396 and exited mainly by the O6V star HD 206267A, and NGC7160 . Simonson & van Someren Greve (1976) suggested the division of Cep OB2 into twosubgroups of di�erent ages: Cep OB2a and Cep OB2b with estimated ages of 7 and 3 �106years, respetively. The younger of these subgroups (Cep OB2b) is assoiated with the openluster Tr 37, while the older subgroup (Cep OB2a) extends over a larger area whih ontainsthe open luster NGC7160, as well as a large number of massive evolved stars, at least onerunaway star, � Cep (estimated to have been ejeted � 106 years ago), and �lamentary wispswhih were probably left over from an extint H II region. These harateristis togethersuggest that, in the past, there was an ative site of star formation in the Cep OB2 assoiationand it is possible that the most massive stars produed then evolved into supergiants andsupernovae. In addition, the ages derived for the two open lusters in Cep OB2 seem to



39support the existene of an age spread in this assoiation. Battinelli & Capuzzo-Doletta(1991) studied 100 open lusters in the solar neighborhood and estimated an age of 106 yearsfor Tr 37 and 107 years for NGC 7160. An age estimate for Cep OB2 omes from de Zeeuw& Brand (1985), who do not espei�ally divide Cep OB2 into two subgroups (unlike otherassoiations in their study) but derive kinemati and nulear ages for the entire assoiationin the range of 8 - 12 �106 years. More reently, however, based on Hipparos data de Zeeuwet al. (1999) onlude that most of the massive members around NGC 7160 are evolved starssupporting the laim that NGC 7160 is older than Tr 37 where no evolved stars are found.The above studies would thus suggest that star formation ourred within Cep OB2 over aperiod of at least a few million years, possibly ourring in two separated events.Abundane patterns in stellar members of Cep OB2 an be used to probe for hemialinhomogeneities as was done previously for Orion. Comparing the degree of hemial inho-mogeneity of the gas that formed the young stars in di�erent OB assoiations thus providesimportant onstraints to the hemial evolution and to the understanding of the star forma-tion proess in these relatively small systems. However, due to the rapid rotation of mostof these hot stars, a limited number of OB stellar members of assoiations have had theirabundanes analyzed. Cep OB2 is one of the assoiations of the Galati plane in whihmetal abundanes have not yet been investigated, and, in this paper, we present LTE andnon-LTE abundanes of arbon, nitrogen, oxygen, silion and LTE abundanes of iron for asample of 8 slowly rotating OB stars in this assoiation. Results derived for Cep OB2 anthen be ompared to the results obtained for the Orion assoiation, whih is an exampleof a larger OB assoiation, where progressive star formation is more pronouned. Setion 2desribes the observations. In Setion 3, we present the e�etive temperatures and surfaegravities of the stars and show the abundane results and unertainties. In Setion 4, theabundane results are disussed.3.2 ObservationsThe study of hemial abundanes from an equivalent width analysis in early type stars isrestrited to those stars whih rotate slowly enough so that severe blending does not a�etthe spetral lines. For this program, we observed 40 main-sequene stars with spetral types



40between O9 and B3 from the list of Garmany & Stenel (1992), however, here we will analysejust those eight stars in our sample whih have small projeted rotational veloities (Vsini� 70 kms�1): either beause they rotate slowly or beause they are seen pole on. Our �nalsample of stars is presented in Table 3.1: it ontains �ve stars in the region of the openluster Tr 37 (HD 205794, HD 206183, HD 206267D, HD 207538 and HD 239724), and threestars (HD 206327, HD 239742 and HD 239743) in the general region of the older subgroup inCep OB2. We also list �ve other stars (marked with an asterisk in Table 3.1) from our largerobserved Cep OB2 sample, whih rotate too rapidly, but that were added to this study inorder to provide additional points to anhor the Teff alibration (disussed in Setion 3.3.2).Table 3.1: Sample StarsStar ST V Q Teff (K) log gHD205794 B0.5V 8.43 -0.795 26890 4.21HD205948 * B2V 8.65 -0.747 24350 4.25HD206183 O9.5V 7.40 -0.891 33310 4.52HD206267D B0V 8.02 -0.781 26100 4.21HD206327 B2V 9.19 -0.689 21900 3.99HD207538 O9V 7.31 -0.876 32190 4.32HD207951 * B2V 8.18 -0.651 20650 3.88HD208266 * B1V 8.12 -0.757 24840 3.98HD209339 * B0V 6.66 -0.863 31250 4.28HD239724 B1V 9.14 -0.756 24790 3.83HD239729 * B0V 8.34 -0.821 28450 4.22HD239742 B2V 9.41 -0.704 22470 4.07HD239743 B2V 9.01 -0.680 21580 3.99High-resolution spetra for the program stars were obtained with the MDonald Ob-servatory's 2.1m telesope plus the Sandiford Cassegrain ehelle spetrometer and a CCDdetetor (MCarthy et al., 1993). The spetra were observed at a nominal 2-pixel resolutionof R=60,000 at two grating tilts whih overed the spetral ranges between 4225 - 4625�A and4855 - 5285�A. We also obtained lower-resolution spetra (R=12,000) in the region of the Hpro�le with the 2.7m telesope plus a Coud�e spetrometer and a CCD detetor; these were



41used in order to derive the stellar parameters. All the observed spetra were redued in astandard way using the IRAF data pakage. The data redution proedure onsisted of biassubtration, division by an internal quartz lamp, extration of one-dimensional spetra andwavelength alibration. The redution of the ehelle spetra also inluded the important stepof subtration of the sattered light in the CCD. The typial S/N ahieved was generallygreater than 200, as estimated from at regions in the spetra. In Figure 3.1 we show asample spetrum for one of our target stars in the region around 4640�A. The spetral linesin this region are identi�ed in the �gure.

Figure 3.1: One sample ehelle order for the star HD205794 in the region 4622 - 4664�A.



423.3 AnalysisThe �rst step in this study was to selet a sample of unblended spetral lines of arbon,nitrogen, oxygen, silion and iron suitable for an equivalent-width abundane analysis. Inthis setion, we disuss the line seletion and atomi data, as well as the determination ofthe stellar parameters (Teff and log g) for the sample stars.3.3.1 Line Seletion and Atomi DataThe lines in the observed spetra were identi�ed on the basis of linelists ompiled by Aller &Jugaku (1958) and Kilian, Montenbruk & Nissen (1991). Our seleted sample of unblendedfeatures ontained 3 C II lines arising from the same multiplet, 8 N II lines (from 5 di�erentmultiplets), 16 of O II from several di�erent multiplets, 5 transitions of Fe III and 3 tran-sitions of Si III also from the same multiplet (see Table 3.2). The N II line at � 4237.00�Arefers to the mean wavelenght weighted by the gf-value of the two blended N II lines at4236.93�A and 4237.05�A. An important ingredient in an abundane analysis is the value ofthe osillator strengths adopted for the studied transitions. Here we used the values fromthe Opaity Projet (TOPbase - Cunto & Mendoza 1992) whih are aurate to within 10%(Seaton et al. 1992) and we omputed the individual transition gf -values from the TOPbasemultiplet gf -values, assuming that their relative line strengths are the values appropriatefor LS-oupling.The spetra of B stars, ontrary to stars of later spetral types, are easily analyzedbeause their stellar ontinua are well-de�ned due to many spetral regions being relativelyline-free: line equivalent widths are readily measurable in the spetra of these stars. Ourmeasurements were done using a Gaussian �t and/or a straight numerial integration withthe IRAF data pakage. The measured equivalent widths (in m�A) are shown in Table 3.3.



43Table 3.2: Seleted Transitions and Atomi Data.Ion �(�A) Transition �(eV) log(gf)C II 5143.49 3s0 4P � 3p0 4P 20.70 -0.215145.16 20.71 0.195151.08 20.71 -0.18N II 4237.00a 3d 3Do � 4f 3F 23.24 0.844241.78 23.24 0.724607.15 3s 3P � 3p 3P 18.46 -0.484630.53 18.48 0.094643.08 18.48 -0.395005.15 3p 3D � 3d 3F o 20.66 0.595007.33 3p 3S � 3p 3P o 20.94 0.175010.62 3s 3P � 3p 3S 18.47 -0.61O II 4349.43 3s 4P � 3p 4P o 23.00 0.064414.88 3s 2P � 3p 2Do 23.44 0.224416.97 23.42 -0.044452.37 23.44 -0.734466.60 3d 2P � 4f 2Do 28.94 0.244591.01 3s0 2D � 3p0 2F o 25.66 0.324609.37 3d 2D � 4f 2F o 29.07 0.714638.86 3s 4P � 3p 4Do 22.97 -0.354641.82 22.98 0.054649.14 23.00 0.334661.64 22.98 -0.254890.85 3p 4So � 3d 4P 26.30 -0.354906.82 26.30 -0.054941.10 3p 2P o � 3d 2D 26.55 0.074943.00 26.56 0.335190.56 3p 2P o � 3d 2P 26.55 -0.46Si III 4552.62 4s 3S � 4p 3P 19.02 0.284567.84 19.02 0.064574.76 19.02 -0.42Fe III 4310.35 4f 7F � 5g 7G 25.74 1.195156.11 4s 5D � 4p 5P 8.64 -2.255243.31 4d 7D � 5p 7P 18.27 0.415276.48 18.26 0.015282.30 18.26 0.12a Blend of N II at 4236.93 and 4237.05 �A.



44Table 3.3: Equivalent Width MeasurementsIon �(�A) HD205794 HD206183 HD206267D HD206327 HD207538 HD239724 HD239742 HD239743C II 5143.49 17 - * 32 - 22 27 315145.16 28 - * 49 - 33 50 605151.08 17 - * 36 - 19 25 33N II 4237.00 41 13 18 35 36 41 35 384241.78 47 24 34 41 49 50 32 -4607.15 28 11 - - 18 46 36 304630.53 - - - 56 - 137 59 634643.08 34 - - 32 - - 33 405005.15 64 - * 48 46 91 50 475007.33 27 7 * 19 16 39 27 235010.62 29 6 * 23 - 34 21 24O II 4349.43 150 87 114 52 107 186 58 -4414.88 153 70 127 76 105 193 73 854416.97 129 68 103 66 90 125 60 924452.37 67 25 48 31 - 69 25 -4466.60 47 17 - 15 - - 11 -4591.01 121 50 91 44 105 142 49 474609.37 66 - - - - - 31 -4638.86 120 58 88 56 - 140 49 614641.82 160 - 90 64 - - - 85� soure was not observed; � absent or blended line.
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Table 3.3: Equivalent Width MeasurementsIon �(�A) HD205794 HD206183 HD206267D HD206327 HD207538 HD239724 HD239742 HD2397434649.14 181 112 - - - - 89 904661.64 129 68 - - 94 145 53 -4890.85 35 9 * 9 - 20 12 184906.82 54 27 * 16 37 53 19 174941.10 54 13 * 16 20 43 18 164943.00 - 38 * 26 44 45 30 425190.56 24 10 * - 39 - 8 -Si III 4552.62 184 93 125 111 147 312 110 1094567.84 156 83 110 97 132 253 83 1004574.76 105 44 80 59 72 160 65 90Fe III 4310.35 - - - 15 - 16 14 -5156.11 22 - * 33 - 57 29 355243.31 26 - * 24 - 31 18: 285276.48 20 - * 10 - 29 11: 235282.30 12 - * 18 - 30 9: 20� soure was not observed; � absent or blended line.



463.3.2 Stellar ParametersOur approah for deriving the e�etive temperatures (Teff ) and surfae gravities (log g) forthe sample stars was based on a alibration of the reddening-free Q-parameter with thee�etive temperature (tied to the temperature sale of Cunha & Lambert 1992), and on theomparison between the observed and theoretial H pro�les.The method adopted by Cunha & Lambert (1992), whih relies on alibrations of theStr�omgren indies 1 and � oupled with the �ts to the pressure broadened line wings ofH pro�les, represents an aurate way to derive stellar parameters for OB stars. Basially,Cunha & Lambert (1992) onsidered a �rst estimate of Teff as the average temperaturealulated from the Str�omgren alibrations of Lester, Gray & Kuruz (1986) and Balona(1984), adjusted upwards respetively by 4.2 and 5.2%. This average Teff was then used toonstrut a grid of H pro�les (from Kuruz's 1979 models) and to obtain the log g whihrepresented the best �t to the observed H line wings. With this new estimate of log g, anew Teff was derived whih was then used to onstrut a new grid of H line-pro�les so thata new log g ould be determined. This proedure was repeated until a onsistent Teff , towithin 50K, was obtained. (Here we will refer to the Teff 's derived by this iterative methodas Titer). We note that the small number of sample stars (only 3) for whih we ould �ndStr�omgren measurements in the literature prevents us from adopting the method desribedabove to derive stellar parameters for the Cep OB2 stars.Alternatively, e�etive temperatures for OB stars an also be estimated from alibrationsof the photometri indies of U-B or B-V with Teff . Measurements of the broadband magni-tudes U, B and V are muh more numerous in the literature than Str�omgren measurements.But, in order to obtain the intrinsi B-V, for example, one needs to know the reddening inthe diretion of the stars, whih is signi�ant and variable (E(B-V)=0.40 - 1.00) towards theCep OB2 assoiation. In partiular, a omparison of the values of E(B-V) in the diretion ofthe sample stars, from di�erent soures in the literature (e.g. Simonson 1968, Deuthman etal. 1976, Garrison & Kormendy 1976, Garmany & Stenel 1992), revealed an unertainty ofthe order of 0.03 mags in some lines-of-sight to our targets. Suh an unertainty in E(B-V)translates into a very large di�erene in the value of Teff (� 3000K) when onsidering a al-ibration of (B-V)o and Teff . A better alternative is to use the Q-parameter, whih is de�nedto be nearly independent of the reddening, in the determination of the e�etive temperatures



47for our target stars. The Q-parameter was de�ned by Johnson (1958) in the UBV system asQ= (U-B) - X (B-V), where X = E(U-B) / E(B-V). De�ned in this way, Q beomes a funtionof the intrinsi (U-B)o and (B-V)o olors, whih are themselves a funtion of Teff . Johnson(1958) determined empirially a value of Q = 0.72 � 0.03 for main-sequene B stars. Morereently, Cardelli et al. (1989) have presented a detailed analysis of ultraviolet, visual andinfrared interstellar extintion urves and, based upon their best �t to various lines-of-sight,they derive values of X = 0.69 - 0.71, depending on the value of Rv (typially ranging from2.6 to 3.3). Here, we use the value from Johnson (1958) of X = 0.72, as this number wasderived spei�ally from main-sequene B stars and is not disrepant from values in Cardelliet al. (1989).In order to obtain a alibration between Q and Teff , we adopted the e�etive temper-ature sale for the stars in the Orion assoiation (Titer; Cunha & Lambert 1992), with theaddition of those 3 sample Cep OB2 stars with available Str�omgren photometry. The stel-lar parameters for all stars used to de�ne the Q alibration were thus derived in the sameonsistent way. (From the sample of 18 stars studied in Cunha & Lambert 1992, we did notinlude the stars HD 37020 and HD 37042, whih show slight variability of the UBV olors).It is an advantage to use the Orion stars in de�ning the alibration, as they span a range inTeff whih overlaps with our sample stars and whih is larger than the range enompassedby the 3 stars from Cep OB2. In addition, the abundanes of the Cep OB2 stars will beompared to the Orion stars and it is useful to tie all temperatures to the same Teff -sale.The alibration of the Q-parameter with e�etive temperature for the sample of Orion andCep OB2 stars is shown in Figure 3.2. The polynomial used to �t the points is given by thefollowing relation: Teff = 43280:162 + 98718:195Q+ 98236:823Q2:The �t between Q and Teff is quite good, with a satter of � 650K between the aepted al-ibrator e�etive temperatures and the �tted urve. The seond-degree polynomial providesa better �t than a linear relation, and marginally better than a third-degree polynomial, sowe adopt the seond-degree �t to provide a relationship between Q and Teff .One the e�etive temperatures for the studied stars were derived by the Q-alibration,their log g's were then obtained from a �2 minimization of the di�erenes between the ob-served and model H line wings. (The latter were taken from Kuruz's 1979 grid for onsis-
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Figure 3.2: Calibration of Q-parameter with e�etive temperature for the sample ofOrion and Cep OB2 stars. The �t to the points shown in the �gure is given by Teff =43280:162 + 98718:195Q + 98236:823Q2 :teny with the previous work in Orion. However, these are not signi�antly di�erent fromthe more modern grid omputed by ATLAS9). The entral regions (�3�A) of the H pro-�les were not onsidered in the �ts, sine non-LTE e�ets are stronger in the line ores.Moreover, the line ores are formed in the outer regions of the atmosphere where the modelatmospheres are less reliable. Also, for the same reason, the line enter ontains little densityinformation. In Figure 3.3 we illustrate the best �t theoretial pro�le (dashed line) and theobserved spetrum (solid line) in the region of H for the star HD 205794. The derivede�etive temperatures and surfae gravities for the studied stars are presented in Table 3.1.
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Figure 3.3: A omparison between observed (solid line) and syntheti (dashed line) Hpro�les for HD 205794. The syntheti spetrum was alulated for Teff=26890K andlog g=4.21.3.3.3 Unertainties in Teff and log gOur derived e�etive temperatures are subjet to errors in the photometri measurementswhih were used to alulate the Q-parameter. We estimate that the unertainties in theadopted UBV indies and Q-parameters are of the order of 0.01 mag. Suh an unertaintywill impart an error of roughly 1.3%, for Teff 's around 20000K, and 2.4%, for Teff 's around30000K. However, this level of unertainty is ertainly less than the systemati errors relatedto the Teff -sale. In order to estimate the magnitude of the systemati unertainties, weompared our Teff 's with other determinations in the literature, but it should be kept in



50mind that these other determinations also su�er from systemati errors and are not derivedfrom fundamental relations.For all stars in our sample, we have found at least one independent determination ofTeff from studies in the literature. A omparison of our derived temperatures with othertemperature determinations is presented in Figure 3.4: the study whih ontains the largestnumber of stars in ommon with us is Garmany & Stenel (1992). Their temperature salerelied on de-redenned (B-V) olors and used the alibration of (B-V)o versus Teff fromFlower (1977). The omparison of the results is quite good; a linear least squares �t be-tween Garmany & Stenel and this study �nds di�erenes of -1.4 % at Teff=20000K, +2.1% at Teff=25000K and +4.4 % at Teff=30000K. In partiular, the largest di�erenes arefound for two stars: HD 239743 (for whih we derive Teff=21580K and Garmany & Stenelderive a lower Teff=18620K) and HD 207538 (Garmany & Stenel estimate Teff=36310K,while we estimate a lower Teff=32190K). For this last star, however, other determinationsin the literature indiate lower values of Teff whih are in better agreement with our es-timate. Morisson (1975) estimates two di�erent values: Teff=31500K (from a omparisonwith syntheti olors from the non-LTE models of Mihalas 1972) and Teff=33000K (fromthe temperature sale of Conti 1973). Morossi & Crivellari (1980) also ompute an e�etivetemperature for this star whih is lower than the one estimated by Garmany & Stenel:Teff=32000K; their Teff was obtained from theoretial �ts to observed pro�les of hydrogenand helium lines.The e�etive temperatures from the UBV alibration in Gulati et al. (1989) for the 3stars we have in ommon (HD 207538, HD 207951 and HD 209339; represented by openirles in Figure 3.4) show a signi�ant spread relative to our results, as well as to the resultsfrom Garmany & Stenel (1992). However, the di�erenes in the derived Teff 's for these3 stars ome mainly from di�erenes in the adopted values of E(B-V). In partiular, if weassume the SAME (B-V)o as in Garmany & Stenel (1992), and re-ompute the e�etivetemperatures for these 3 stars by means of the alibration in Gulati et al. (1989), weobtain Teff 's whih are in muh better agreement. Judging from the disussion above of theresults from our adopted Teff -sale in omparison with other e�etive temperatures fromthe literature (although the latter are not derived from fundamental relations), we estimatethat an unertainty of 4% is reasonable to represent the total unertainties in our derived



51Teff 's.The method employed in this study for deriving the surfae gravities relied on the broad-ened wings of the H pro�les. Apart from systemati errors, the major soure of unertaintyin our estimated log g's omes from the plaement of the ontinuum. We estimate that themeasurement errors in our determinations are of the order of � 0.1 dex. For one star in oursample, HD 207538, we an diretly ompare our determination of log g (= 4.32) with theresult from Morossi & Crivellari (1980): log g = 3.92 � 0.5 (obtained from the omparisonbetween the theoretial and observed pro�les of the wings of H and He lines) and from Mor-rison (1975): log g = 3.8 (for Teff = 31500 K) and 4.0 (for Teff = 33000 K). Therefore, ourestimated gravity for this star oinides with their result, within the estimated errors of thedeterminations.3.3.4 LTE AbundanesLTE abundanes were derived using the program WIDTH6 (Kuruz, priv. omm.) andLTE model atmospheres omputed with the ATLAS9 ode (Kuruz, 1992) for a depth-independent miroturbulent veloity of 2 kms�1 and solar omposition. These models assumethe validity of LTE, but, most importantly, they inlude omplete line blanketing frommillions of lines. Presently, in the absene of non-LTE model atmospheres whih are fullyblanketed (alulation of suh models require a very large omputational e�ort), a hoiemust be made between fully-blanketed LTE model atmospheres and partially blanketedmodel atmospheres and non-LTE line formation. In this study we will adopt the fully-blanketed LTE models from Kuruz as these probably are as good a representation as possibleof the atmospheres of main-sequene OB stars.The omputed mean LTE abundanes of C, N, O, Si and Fe (on a sale where log �(H)is 12) are presented in Table 3.4 together with the standard deviation of the mean, therespetive number of lines onsidered, and the miroturbulene veloities (�) adopted forthe studied stars. These miroturbulenes were obtained from the anonial requirementthat the abundane be independent of the measured equivalent widths; we used the O IIlines to de�ne the slope. The �'s obtained for the sample stars range from 8 to 12 kms�1 and we estimate the unertainties in these miroturbulenes to be �1.5 kms�1. Figure3.5 ontains di�erent panels displaying the trends of the derived LTE abundanes with the
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Figure 3.4: E�etive temperatures derived from the Q-alibration ompared with othertemperatures published in the literature for Cep OB2 stars. The solid line representsperfet agreement.e�etive temperatures for all elements studied. The dashed line in eah panel indiates thesolar elemental abundane from Grevesse, Noels & Sauval (1996). Inspetion of this �gureindiates that the abundanes in Cep OB2 are generally below solar, showing a reasonablysmall satter for most elements studied; with no major trends of abundane with Teff .This is the ase, espeially, for oxygen, in whih the abundane is very at with Teff . Forarbon and iron we �nd a small variation of the abundanes with e�etive temperature inthe relatively small range spanned in Teff : a least squares �t of the points indiates thatthe arbon and iron abundanes are dereased by �0.2 dex as the temperature runs from21000 to 27000K. Note that in the ase of Fe, the small trend appears mostly beause of the



53derived Fe abundane for the oolest star in our sample, whih is somewhat higher than theaverage abundane for the other stars. For nitrogen and silion, we �nd trends of oppositesign: the abundanes seem to inrease with Teff , espeially when the two hottest stars inour sample are onsidered. The trend is more pronouned for Si: the Si abundane inreasesby �0.5 dex when the e�etive temperature runs from 21000 to 33000K, while the nitrogenabundane is inreased by �0.2 dex for nitrogen.The observed trends of LTE abundanes with e�etive temperature are the result ofsystemati unertainties in the analysis. They an be partially removed by adjustments ofthe Teff -sale, within its estimated unertainties: if we inrease the e�etive temperaturesby roughly 4% (whih is our estimated unertainty for our Teff -sale) for Teff >25000K, thesilion abundanes will be roughly 0.35 dex smaller, while the nitrogen abundanes will bedereased by about 0.2 dex; for Teff <25000K, the orretion for silion and nitrogen will bepositive and around 0.1 dex. For arbon and iron, if the same adjustment to the Teff -saleof 4% is adopted, the observed trend an also be partially removed. Non-LTE e�ets arealso partially responsible for the observed abundane trends with Teff and the behavior ofnon-LTE abundanes with e�etive temperature will be investigated in the next setion.Table 3.4: LTE Abundanes.Star �(km s�1) log �(C) n log �(N) n log �(O) n log �(Si) n log �(Fe) nHD205794 10 8.04�0.08 3 7.63�0.09 7 8.64�0.08 13 7.23�0.02 3 7.13�0.09 4HD206183 10 - - 7.70�0.21 5 8.47�0.12 11 7.46�0.10 3 - -HD206267D 8 - - 7.52�0.01 2 8.58�0.09 6 6.97�0.12 3 - -HD206327 10 8.21�0.10 3 7.53�0.12 7 8.41�0.11 11 6.97�0.06 3 7.20�0.10 5HD207538 10 - - 7.95�0.16 5 8.63�0.16 6 7.70�0.05 3 - -HD239724 12 8.04�0.10 3 7.65�0.10 6 8.73�0.15 7 7.76�0.20 3 7.14�0.22 4HD239742 8 8.13�0.04 3 7.57�0.07 8 8.45�0.06 12 7.00�0.04 3 7.09�0.14 5HD239743 10 8.27�0.01 3 7.59�0.06 5 8.63�0.16 10 7.17�0.21 3 7.43�0.11 4
3.3.5 Non-LTE AbundanesDepartures from LTE an a�et the strengths of the photospheri lines at the temperaturesand gravities of the studied stars. Several studies have investigated the magnitude of non-
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Figure 3.5: LTE C, N, O, Si and Fe abundanes as a funtion of Teff . The dashed line representsthe solar abundanes derived by Grevesse, Noels & Sauval (1996).



55LTE orretions of C II (Eber & Butler 1988), N II (Beker & Butler 1989), O II (Beker& Butler 1988a,b,) and Si III (Beker & Butler 1990) for temperatures and gravities orre-sponding to our target stars. However, these non-LTE orretions annot be diretly appliedto the LTE abundanes derived here beause they are based on a di�erent family of modelatmospheres (Gold, 1984) whih are not fully blanketed. Instead, new alulations wereperformed based on the model atmospheres used in this urrent analysis. The model atomsare those desribed in the original papers mentioned above. A newer version of the lineformation suite of programs DETAIL and SURFACE has been used (Butler, priv. omm.).The new versions use the ALI (aelerated lambda iteration, Werner & Husfeld 1985, Werner1988) sheme for the solution of the oupled integro-di�erential equations. While this newversion reprodues the previously published results it has proved to be more stable. It alsoallows more elaborate alulations to be performed whih require a signi�antly larger num-ber of frequeny points suh as the inlusion of millions of lines as bakground opaities toadequately desribe the UV radiation �eld. While tests have shown that suh a treatmentis important for silion in O stars, in our ase the temperatures are suÆiently low that theresults were not a�eted by the inlusion of the additional opaities.Thus, the grids are alulated in the same way as the published grids. The abundanerange is entered on the LTE result and a range of miroturbulent veloities has been overed.The O II lines were used to derive the mirotubulent veloities for the program stars in asimilar manner as used for the LTE analysis disussed previously. A omparison of themiroturbulent veloities derived from the LTE analysis (Table 3.4) with the ones derivedfrom non-LTE (Table 3.5) shows that the non-LTE values are, in general, smaller than theLTE ones. Sine the miroturbulene is a fator introdued in the analysis in order to fore anagreement between the strong and weak lines, the somewhat smaller values for this parameterindiates that the non-LTE line formation theory is an improved representation for thesestars. The trends of elemental abundanes with e�etive temperature are also improved,or unhanged, in the ase of the adoption of non-LTE: inspetion of Figure 3.6 (here againthe dashed line in eah panel depits the solar abundane) shows that the abundane trendswith Teff found espeially for nitrogen and marginally for silion are smaller than for LTE.Carbon and oxygen, on the other hand, remain approximately unhanged. However, thetrends are not ompletely removed in any ase. Additionally, the magnitude of the non-LTE



56 Table 3.5: Non-LTE Abundanes.Star �(km s�1) log �(C) log �(N) log �(O) log �(Si)HD205794 8 8.09�0.08 7.57�0.09 8.63�0.08 7.09�0.11HD206183 5 - 7.62�0.15 8.50�0.12 7.61�0.07HD206267D 5 - 7.49�0.08 8.66�0.15 6.90�0.21HD206327 8 8.23�0.14 7.58�0.16 8.50�0.12 6.92�0.12HD207538 10 - 7.82�0.12 8.55�0.09 7.49�0.10HD239724 12 8.08�0.11 7.62�0.08 8.74�0.12 7.51�0.05HD239742 5 8.15�0.01 7.59�0.10 8.57�0.05 7.00�0.16HD239743 8 8.30�0.02 7.65�0.07 8.75�0.21 7.17�0.32orretions are rather small; a omparison of the non-LTE abundanes in Table 3.5 with theLTE results (shown in Table 3.4) indiates that the non-LTE orretions are generally ofthe order of 0.1 dex or smaller and the dependane of the abundanes with Teff typiallyexeeds this number.3.3.6 Abundane UnertaintiesUnertainties in the stellar parameters, equivalent width measurements, gf -values and mi-roturbulent veloities ontribute to the abundane satter we observe from line to line.However, if the seleted lines of a partiular speies are all from the same multiplet, andfrom a similar exitation potential, the errors in the stellar parameters will roughly a�et allthe lines in a similar way and will not ontribute signi�antly to the satter of the individualline abundanes. The standard deviations of the mean abundanes are presented in Tables3.4 and 3.5: note that these are typially smaller than �0.1 dex, with only a few of thembeing larger or of the order of 0.2 dex. In order to investigate the magnitude of the totalunertainties in this anlysis, we re-omputed the abundanes for all stars in our sample bymeans of slightly di�erent model atmospheres, aording to the estimated unertainties inTeff , log g and �. (When one of these parameters was hanged, the others were kept on-stant). In Table 3.6 we present the resulting hanges in the LTE abundanes of C, N, O,Si and Fe when the parameters are hanged aording to our estimate of the errors of 4%
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Figure 3.6: Non-LTE abundanes derived for C, N, O and Si as funtion of e�etive temperature.The dashed line represents the solar abundanes derived by Grevesse, Noels & Sauval (1996).



58for Teff , 0.1 dex for log g, 1.5 kms�1 for the miroturbulene. The last line for eah elementin this table lists the total errors (Æt), whih were alulated assuming that all these errorsdisussed previously are independent. The total errors are, in general, smaller than �0.15dex for all elements, exept silion. These relatively larger errors for silion are essentiallydominated by the unertainties in Teff and miroturbulenes (the sample Si III lines arestrong ones).3.4 DisussionIn this spetrosopi study of the Cep OB2 assoiation we found that the average LTE Feabundane for our studied sample of B stars is roughly 0.3 dex below solar (log �(Fe)=7.24�0.14) and the average non-LTE abundanes of C, N, O, and Si are all subsolar byabout the same amount: log�(C)=8.17�0.09, log�(N)=7.62�0.10, log�(O)=8.61�0.10,log�(Si)=7.21�0.28. These results thus plae the Cep OB2 assoiation as being slightly metalpoor relative to the Sun, a fat that is in general agreement with abundane results fromstudies of other Galati B stars (e.g. Gies & Lambert 1992). A diret omparison of the B-star abundanes with the gas ontent of the H II region assoiated with the luster Trumpler37 (IC 1396) is presently not possible as IC 1396 has not been analyzed spetrosopiallyin order to derive its hemial omposition. However, nebular abundane studies generallyonlude that arbon, nitrogen and oxygen are lower than the solar value (Mathis 1995): thisondition of under-abundane relative to the Sun seems therefore to be a ommon property ofB stars and H II regions. (It should be noted that for the H II regions the abundanes dependupon the temperature struture of the nebulae.) The observation that these relatively youngpopulations have metal abundanes lower than the Sun (whih is � 4.5 billion years old)has been a puzzling result sine this would be ontrary to simple hemial evolution modelswhih predit that the overall metalliity inreases with time.
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Table 3.6: Abundane Unertainties.Speie Corretion HD205794 HD206183 HD206267D HD206327 HD207538 HD239724 HD239742 HD239743C II Æ(Teff ) +0.07 - - -0.01 - +0.07 +0.01 -0.03Æ(log g) -0.01 - - +0.01 - -0.02 +0.04 -0.01Æ(�) -0.01 - - -0.01 - -0.01 -0.02 -0.01Æt +0.09 - - +0.06 - +0.09 +0.05 +0.07N II Æ(Teff ) +0.06 +0.22 +0.05 -0.08 +0.20 +0.05 -0.07 -0.09Æ(log g) 0.00 -0.04 -0.01 +0.06 -0.03 -0.01 +0.01 +0.02Æ(�) -0.02 0.00 -0.02 -0.04 -0.01 -0.02 -0.01 -0.02Æt +0.09 +0.23 +0.08 +0.12 +0.23 +0.08 +0.09 +0.11O II Æ(Teff ) -0.03 +0.10 -0.07 -0.15 +0.13 -0.08 -0.15 -0.17Æ(log g) +0.02 -0.02 +0.05 +0.09 -0.03 +0.03 +0.08 +0.07Æ(�) -0.06 -0.01 -0.06 -0.07 -0.04 -0.06 -0.04 -0.06Æt +0.11 +0.13 +0.12 +0.20 +0.15 +0.14 +0.18 +0.20Si III Æ(Teff ) +0.06 +0.36 +0.02 -0.12 +0.35 -0.01 -0.12 -0.14Æ(log g) +0.01 -0.06 +0.02 +0.08 -0.06 +0.02 +0.07 +0.05Æ(�) -0.09 -0.03 -0.08 -0.13 -0.07 -0.11 -0.07 -0.10Æt +0.16 +0.38 +0.14 +0.23 +0.38 +0.19 +0.20 +0.20Fe III Æ(Teff ) +0.09 - - -0.08 - +0.11 -0.07 -0.10Æ(log g) +0.01 - - +0.05 - +0.02 +0.07 +0.05Æ(�) -0.01 - - -0.01 - -0.01 -0.01 -0.01Æt +0.08 - - +0.11 - +0.12 +0.09 +0.13



60 From our disussion of the abundane unertainties in Setion 3.6, it beame apparentthat the total abundane spread arising from the estimated errors in the analysis was typiallysmaller than 0.15 dex exept for silion whih has a muh larger unertainty: up to 0.38 dex.Although the small number of stars studied in Cep OB2 prevents us from performing furtherstatistial analyses, it an be stated here that the C, N, O, Si and Fe abundanes in thestudied B stars an be represented by a single abundane value with the observed distributiondesribed by a Gaussian distribution de�ned by the analysis errors. Sine it is a reasonablehypothesis to assume that these main-sequene stars have not undergone substantial internalmixing to modify their original omposition, the observed abundanes indiate that the gasthat formed these B stars in Cep OB2 was probably hemially homogeneous. In summary,from our studied sample of stars we �nd no evidene of self-enrihment in Cep OB2, inontrast to what was found from a previous study of 18 B stars in Ori OB1 (Cunha &Lambert 1994). There, a Monte Carlo simulation of the abundane spread arising from theestimated errors indiated that the oxygen abundane distribution in partiular, was likelyto reet an intrinsi abundane spread.The assoiations of Ori OB1 and Cep OB2 have distint histories: the large Orion asso-iation has 4 subgroups of di�erent ages with the age of its oldest subgroup being 12 millionyears, while its youngest subgroup is perhaps less than one million year old (Blaauw 1964).Cep OB2 may be younger (its oldest subgroup is 7-10 million years old; Simonson & vanSomeren Greve 1976 and Battinelli & Capuzzo-Doletta 1991) and star formation in this as-soiation seems to have been more onentrated in time, with its star formation happeningin two distint events probably separated by a few million years. The abundane patternobserved for oxygen in Ori OB1 suggests that the proess of self-enrihment may our ontime sales of a few million years, but the degree and extent of the self-enrihment dependsupon the density of the ontaining loud whih has to be large enough in order to entrainthe proessed material ejeted by SNII (see disussion in Cunha & Lambert 1992). In Orion,some (but not all) of the youngest B stars seem to be more enrihed in oxygen than thestars in the oldest subgroups. Furthermore, this signature of self-enrihment found for theB stars was on�rmed from a study of the muh ooler FG-star members of the assoiation,where a large spread in the derived oxygen abundanes was also observed and identi�ed asthe signature of SNII (Cunha, Smith & Lambert 1998). A simple omparison of the average



61oxygen abundanes from B stars in the two assoiations shows that Cep OB2 is slightlyoxygen poor when ompared to Orion; in our sample we did not observe any B stars withroughly solar or above solar oxygen abundanes as found for some stars in the youngestsubgroups of Orion. In fat, the highest oxygen abundane observed here is roughly 0.15dex below solar and mostly the oxygen abundane distribution is in the range between 8.50- 8.65. The simplest hemial evolution model whih predits that the younger assoiation(being Cep OB2) would have higher metalliity is inonsequential. Although both assoia-tions have a population of star subgroup members with similar ages, the Orion assoiationhas experiened a relatively longer star formation proess, whih might aount for the ob-served signature of self-enrihment. In addition, however, other variables ertainly play animportant role, as the number of massive stars (and assoiated stellar winds), the number ofstars that explode as SNII, as well as the density of the interstellar medium where suh explo-sions our. Our disussion of the results above reinfores the idea that the age-metalliityrelation has to take into aount the di�erent hemial histories of eah star forming region.This proess of self-enrihment ould aount for part of the abundane spread observed ata given metalliity.Another related issue in the ontext of Galati hemial evolution, is the existene,or lak thereof, of an abundane gradient in the young disk population (H II regions and Bstars) whih is still under debate. For the Galati B stars, in partiular, several spetrosopistudies �nd no abundane gradient (or a very small one) with Galatoentri distane (e.g. Fitzsimmons et al. 1990, 1992, Kilian-Montenbruk et al. 1994, Kaufer et al. 1994).However, the more reent and self-onsistent study by Gummersbah et al. (1998) �ndsgradients of metal abundanes with distane to the Galati enter. In their Figure 2.11they present the trends of C, N, O and Si for a sample of 16 main-sequene B stars withGalatoentri distanes between 5 and 14 kp. (We note that their study does not inludeany star in Cep OB2). Our Cep OB2 abundane results, as represented by the averageabundane of the sample stars, puts Cep OB2 right at the observed trend for all elementsanalyzed. For oxygen, for example, their abundane results suggest the existene of a steepgradient: �[O/H℄/�RGC= -0.07 � 0.02 dex/kp. Cep OB2 is roughly at 8.7 kp from theGalati enter and, in terms of oxygen ontent, sits right at the average abundane for itsGalatoentri distane. The Sun (RGC=8.5 kp), on the ontrary, has an oxygen abundane



62whih is among the highest for its Galatoentri distane. One possibility is that this ouldindiate that the Sun formed out of material whih has been self-enrihed, perhaps in anenvironment not unlike that found in the Orion assoiation.3.5 Conluding RemarksWe have presented LTE and non-LTE abundanes of C, N, O, Si and Fe in 8 main-sequene Bstars from Cep OB2. We found that the observed abundane dispersions are ompatible withour estimates of expeted errors in this analysis: the derived abundanes show no signi�antvariations with position or age aross the assoiation when ompared to the expeted errors.This result, although based on a small number of studied stars, ould suggest that thehemial omposition in the Cep OB2 assoiation is homogeneous, without signatures ofself-enrihment. Cep OB2 is under-abundant ompared to the Sun by roughly 0.3 dex,however, the stars in Cep OB2 have abundanes whih �t well the abundane gradient foundin the Galaxy by Gummersbah et al. (1998).



Cap��tulo 4Abundânias Qu��mias de Estrelas Bem Cino Assoia�~oes OB do DisoGal�atio 1
Resumo: Este ap��tulo �e dediado �a an�alise de abundânias qu��mias de 15 estrelas Bom baixas veloidades rotaionais projetadas pertenentes a ino assoia�~oes: Cyg OB3,Cyg OB7, La OB1, Vul OB1 e Cep OB3. Essas assoia�~oes enontram-se no diso Gal�atioem uma regi~ao limitada a �3 kp de distânia ao Sol. S~ao apresentadas as abundânias emETL de magn�esio, alum��nio, enxofre e ferro, al�em de abundânias em n~ao-ETL de arbono,nitrogênio, oxigênio e sil��io. Dentre os elementos estudados, as abundânias em n~ao-ETLde arbono, nitrogênio, oxigênio e sil��io, assim omo as abundânias em ETL de alum��nioe ferro s~ao, em geral, sub-solares em � 0.2-0.4 dex. As abundânias em ETL de magn�esioe enxofre est~ao mais pr�oximas dos valores solares nas ino assoia�~oes. As assoia�~oesestudadas aqui est~ao onentradas em uma regi~ao do diso pr�oxima do ��rulo solar e n~aoobrem um intervalo signi�ativo em distânias Galatoêntrias; as abundânias obtidas,entretanto, onordam om o padr~ao de abundânias esperado por estudos da distribui�~aode abundânias qu��mias em fun�~ao do raio Galatoêntrio.1Daon, S., Cunha, K., Beker, S. R. & Smith, V. V. (2001) The Astrophysial Journal,552, 309-320 (Paper II) 63



644.1 IntrodutionMeasuring the hemial abundanes in B stars provides key information on two fronts per-taining to Galati hemial evolution. On the �rst front, these stars are useful in de�ningthe overall hemial makeup of the Galaxy over somewhat large distane sales. Being ratherluminous (a typial B2V star has MV � -2), B stars are observable, down to some spei�limiting magnitude, over muh larger distanes and volumes than solar-type stars. Workingto V=12 at high spetrosopi resolution (possible now with 2m-lass telesopes), the above-mentioned B2V star ould be studied out to distanes of 6 kp from the Sun (negletingreddening). In this regard, these higher-mass main-sequene stars are exellent probes of theurrent hemial abundanes in the Galaxy over a sizable volume. They probe the urrentabundanes beause main-sequene B-stars are neessarily young objets (a B2V star withM �8{10M� will have a main-sequene lifetime of � 2{4 �107 yr), with ages muh less thana Galati rotation time, and their abundanes should reet, in general, the abundanes inthe interstellar gas from whih they formed.Examining Galati hemistry on global sales de�nes general hemial evolution andstar formation in the Milky Way over spae and time, and may even shed light on galatitype. Often, global abundane trends in spiral galaxies are haraterized as \abundanegradients": as noted in the review by Smartt (2000), non-barred spirals exhibit a pattern ofdereasing heavy-element abundanes (e.g. oxygen) with inreasing galatoentri distanes.Reently, Smartt & Rolleston (1997) and Gummersbah et al. (1998) have used samples ofB stars to probe the abundane gradients within the Milky Way disk.In addition to their usefulness in probing large-sale hemial patterns in the Galaxy,B stars may be involved in more loal aspets of hemial evolution. Most B stars areformed in OB assoiations, whih are omplexes of gas, dust, moleular louds, and stars.Some OB assoiations ontain distint stellar groups, whih represent di�erent epohs of starformation ourring over the lifetimes of the assoiations (typially � 107 yr { Blaauw 1991).The timesales of star formation and assoiation lifetime are suh that the most massive starsformed in an OB assoiation may have time to evolve to ore-ollapse supernovae of type II(SN II), exploding within an assoiation. Suh massive SN II are expeted to produe largeamounts of freshly synthesized heavy elements, espeially oxygen (a 25M� star produes 3M�of 16O, with a 20M� star produing 2M�, Woosley & Weaver 1995). If these enrihed SN II



65ejeta an signi�antly ontaminate interstellar gas within the assoiation from whih newgenerations of stars are being formed, measurable hanges in the O abundane might ouramongst di�erent stellar groups in an assoiation. This idea was �rst put forth by Reeves(1972, 1978), elaborated somewhat by Olive & Shramm (1982), and observationally studiedin the Orion assoiation by Cunha & Lambert (1992, 1994). Thus, there is the possibilitythat some OB assoiations may undergo hemial self-enrihment, leading to a spread inabundanes, probably prinipally oxygen, within an assoiation at a single Galatoentridistane.This paper is the seond in a study of a number of OB assoiations (Daon, Cunha,& Beker's (1999) paper on Cep OB2 was the �rst), with the purpose being to both laythe foundations for an eventual determination of the Galati abundane gradient, using anumber of elements, as well as to probe ertain individual assoiations for hemial unifor-mity, or lak thereof. We present hemial abundanes for �fteen stars belonging to �ve OBassoiations along the Galati disk: 3 stars in Cyg OB3, 2 in Cyg OB7, 3 in Cep OB3, 5 inLa OB1, and 2 in Vul OB1. Some harateristis of the studied assoiations are presentedin Table 4.1. The paper is organized as follows: Setion 2 has a disussion of the observa-tional data, while stellar e�etive temperatures and gravities are derived in Setion 3. Thehemial analyses are desribed in Setion 4, and results are disussed in Setion 5.4.2 ObservationsThe observations were arried out at the University of Texas' MDonald Observatory. High-resolution spetra (R=60,000) were obtained with the 2.1m Otto Struve telesope oupledto the Sandiford assegrain ehelle spetrometer and a CCD detetor. Spetra were taken intwo spetral regions overing wavelengths between 4225-4625 and 4855-5285 �A, respetively.Lower-resolution spetra (R=12,000) were also obtained in the region of H with the 2.7mHarlan J. Smith telesope plus a oud�e spetrometer and CCD detetor. H line-pro�leswere used to derive surfae gravities, as will be desribed in Setion 3.A total of 27 main-sequene stars belonging to the �ve OB assoiations listed in Table4.1 were observed. These target stars were seleted from the list of Garmany & Stenel(1992). Candidate stars for an equivalent-width abundane analysis were then seleted based



66 Table 4.1: Individual AssoiationsAssoiation Coordinates d�(kp) Age (Myr) Ref.VulOB1 59o < l < 61o 3.5 5 SJ81�1:o2 < b < �1:o5Cyg OB3 71o < l < 74o 2.29 8.3 BS85�1:o2 < b < +3:o4Cyg OB7 84:o0 < l < 96:0 0.83 13 BS85�4:o9 < b < +9:0La OB1 92o < l < 107o 0.368 16-25* Z99, B91�7o < b < �20oCep OB3 109:o4 < l < 112:o9 0.73 4-8* B642:o3 < b < 5:o2* Two subgroups. Referenes - SJ81: Sagar & Joshi (1981), BS85: Bohkarev & Sitnik(1985), Z99: de Zeeuw et al. (1999), B64: Blaauw (1964), B91: Blaauw (1991)
upon the riterion of a low projeted rotational veloity (v sin i) for whih features ould beidenti�ed in the spetra: high values of v sin i (� 70kms�1) broaden and blend the spetralfeatures to suh an extent, that well-de�ned equivalent widths annot be measured. Basedon this restrition, the �nal sample examined here for hemial analysis was limited to 15stars, while the atmospheri parameters Teff and log g were derived for all the stars. Theredution of spetra was done in a standard way (bias subtration, division by at-�eld,subtration of sattered light, extration and wavelength alibration) using IRAF routines.A sample spetrum in the region 4560-4620 �A for the program star HD 197512 is shownin Figure 4.1. In Table 4.2 we present the spetral types, V magnitudes and Q parametersfor the studied stars. The UBV photometry used to derive the Q-parameters listed in thetable has been taken from Garmany & Stenel (1992), Crampton (1971), Harris III (1955),Zelwanowa & Shoeneih (1971) and Golay (1958).



67Table 4.2: Sample StarsAssoiation Star MK V QVul OB1 BD+24Æ 3880 B0.5V 10.89 -0.851HD 344783 B0IV 9.75 -0.860Cyg OB3 BD+35Æ 3956 B0.5V 8.85 -0.757HD 191566 B0V 7.33 -0.802HD 227460 B1I V 9.51 -0.798HD 227586 B0.5V 8.90 -0.811HD 227696 B0.5V 8.29 -0.831HD 227757 O9.5V 9.20 -0.880HD 227877 B2V 9.04 -0.723HD 228199 B0.5V 9.25 -0.843Cyg OB7 HD 197512 B1V 8.55 -0.730HD 199579 O6V 5.96 -0.886HD 201666 B2V 7.66 -0.623HD 202163 B2V 8.62 -0.531HD 202253 B1.5IV 7.75 -0.711HD 202347 B1.5V 7.50 -0.724HD 203064 O7.5III 5.01 -0.928La OB1 HD 214167 B1V 5.73 -0.792HD 214680 O9V 4.87 -0.896HD 216916 B2IV 5.58 -0.729HD 217227 B2V 7.16 -0.567HD 217811 B2V 6.38 -0.580HD 218674 B3IV 6.73 -0.563Cep OB3 BD+62Æ 2125 B1.5V 8.95 -0.728BD+62Æ 2127 B2IV 10.16 -0.708HD 217657 B0.5V 8.14 -0.813HD 218342 B0IV 7.43 -0.8454.3 Stellar ParametersThe derivation of the primary stellar parameters, e�etive temperature and surfae gravity,followed the same proedure as desribed in Daon, Cunha & Beker (1999 - hereafter, Paper



68

4560 4580 4600 4620

0.7

0.8

0.9

1

Figure 4.1: Sample ehelle order in the region 4560-4620�A for the star HD 197512.I). The Teff 's were derived from a alibration obtained in Paper I. This alibration was basedupon the reddening-free Q-parameter and Teff 's derived iteratively from a ombination of theStr�omgren photometri indies (1, b-y and �), with �ts to the wings of H line-pro�les (thelatter is referred to as Titer, see Paper I for a disussion). In general, the iterative tehniqueis deemed a superior method, however, it requires Str�omgren photometry for target stars.Many stars in the OB assoiations do not have available Str�omgren photometry, but do haveJohnson UBV; this drove the need, in Paper I, to derive a alibration between the iterativeTeff -sale, and a sale based on the reddening-free Q index (derived from UBV).Surfae gravities for the program stars were obtained by �tting the line-wings of modelHpro�les to the observed ones. One a Teff was de�ned for a star, we interpolated in the gridof theoretial LTE H pro�les alulated by Kuruz (1979) and minimized the di�erenes



69between observed and model pro�les to hoose the best �t, ignoring the line-enter region of� 3�A, whih is strongly inuened by non-LTE e�ets. The adopted e�etive temperatures[T (Q)℄ and surfae gravities for the sample of 27 stars are listed in Table 4.3.
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Figure 4.2: The adopted Q�Teff relation (|) derived in Paper I for Orion and Cep OB2stars (solid irles). With the addition of 15 stars of the present sample (�) to the sampleanalyzed in Paper I, a new Q� Teff alibration an be obtained (....). The two di�erentQ� Teff relations are in agreement to about 2%. The relation from Paper I was used toderive the e�etive temperatures here, in order to assure onsisteny of the temperaturesale.For a subsample of 15 stars, Str�omgren photometry was available in the literature ande�etive temperatures ould also, in these ases, be derived by means of the iterative method.In Table 4.4 we list the stars' Str�omgren indies 1, b-y and � (Hauk & Mermilliod 1998;



70 Table 4.3: Adopted Stellar ParametersAssoiation Star Teff (K) log gVul OB1 BD+24Æ 3880 30410 4.57HD 344783 31010 4.26Cyg OB3 BD+35Æ 3956 24840 4.25HD 191566 27290 3.98HD 227460 27060 4.34HD 227586 27830 4.15HD 227696 29100 4.45HD 227757 32480 4.22HD 227877 23260 4.50HD 228199 29870 4.47Cyg OB7 HD 197512 23570 4.02HD 199579 32930 4.12HD 201666 19900 4.23HD 202163 18560 4.30HD 202253 22750 3.95HD 202347 23280 4.13HD 203064 36300 3.62La OB1 HD 214167 26720 5.00HD 214680 33690 4.27HD 216916 23520 4.00HD 217227 19000 4.20HD 217811 19070 3.92HD 218674 18840 3.75Cep OB3 BD+62Æ 2125 23480 4.05BD+62Æ 2127 22630 3.96HD 217657 27950 4.38HD 218342 30020 4.20Hauk & Mermilliod 1980), their olor exess E(B-V) (Garmany & Stenel 1992), as wellas the iterated e�etive temperatures and gravities. By adding the present sample of stars
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T(Q) (K)Figure 4.3: E�etive temperatures derived from the Q-parameter ompared with temper-atures from the literature for the studied stars. The di�erent symbols represent di�erentstudies in the literature and are identi�ed in the �gure. The diagonal line representsperfet agreement. Vertial lines onnet di�erent values of Teff for the same star.to the sample analyzed previously in Paper I, a new Q � Teff alibration was obtained.As a onsisteny hek, this new relation an be ompared to the alibration derived inPaper I in order to see if there are any signi�ant di�erenes. This omparison is shown inFigure 4.2: the solid line represents the alibration adopted in this study and the dottedline depits the relation derived for the ombined sample (Paper I + present sample). Notethat the two �ts are quite similar; the two di�erent Q � Teff relations are in agreementto within a few hundred degrees (about 1-2%). We elet to use the relation from Paper Ito derive the e�etive temperatures here, in order to assure onsisteny of the temperature



72sale with the study of OB stars in the Cep OB2 assoiation. The small di�erenes in thederived temperature sales, whih result from the use of the two di�erent samples of starsto alibrate Q X Teff , would have no signi�ant impat on the derived abundanes.Table 4.4: Teff and log g from Iterative Method.Assoiation Star 1 b� y � E(B-V) Teff (K) log gCyg OB3 BD+35Æ 3956 0.069 0.218 2.606 0.46 25770 4.26HD 227586 0.004 0.210 2.602 0.49 29190 4.35HD 227696 -0.004 0.212 2.590 0.49 29900 4.53Cyg OB7 HD 199579 -0.081 0.106 2.581 0.36 33650 4.24HD 201666 0.250 0.044 2.653 0.21 19320 3.96HD 202163 0.311 0.018 2.722 0.15 17910 4.03HD 202347 0.106 -0.013 2.629 0.19 22880 4.05HD 203064 -0.109 0.053 2.559 0.30 35990 4.37La OB1 HD 214167 0.024 -0.045 2.609 0.12 25590 4.65HD 214680 -0.110 -0.067 2.588 0.11 33720 4.42HD 216916 0.091 -0.047 2.630 0.12 23070 4.00HD 217811 0.288 0.039 2.661 0.21 18420 3.76Cep OB3 BD+62Æ 2125 0.166 0.532 2.635 0.91 24380 4.19HD 217657 0.063 0.410 2.612 0.78 28150 4.40HD 218342 0.008 0.368 2.595 0.71 31070 4.44
4.3.1 Unertainties in the Stellar ParametersAs disussed in Paper I, the unertainties in the derived Teff 's are inuened by the errorsin the UBV photometry and the resultant Q parameter. The typial unertainty in theadopted photometri indies is �0.01 mag and this imparts an error in Teff varying from 1%to 2.5% in the Teff interval spanned by the program stars. The intrinsi satter in �tting theQ-parameter to the e�etive temperature derived iteratively is Titer � T (Q) = +121� 754K;indiating that there is e�etively no zero-point o�set and that T (Q), from UBV photometry,an be �tted to Titer within, typially, �750 K. This intrinsi satter within the Titer�T (Q)



73sales { 4% at Teff=20,000 K and 2.5% at Teff=30,000 K { seems to be a fair estimate ofthe unertainties in assigning e�etive temperatures to the studied OB stars.As a further step in obtaining estimates of the unertainties in the adopted e�etivetemperatures, we ompare our results for Te� 's with values from the literature for stars inommon: this is shown in Figure 4.3. There is a large overlap with the study of Garmany& Stenel (1992), who used a photometri alibration of the intrinsi olor (B-V)o to derivee�etive temperatures for 25 stars in ommon with us. The mean di�erene between T (Q)and Garmany & Stenel's e�etive temperatures is -369�1327 K (disarding HD 199579, forwhih Garmany & Stenel list T=42660K and we obtain T=32930K). Another study thatderives a photometri alibration of the intrinsi olor (B-V)o is Gulati et al. (1989). For the7 stars in ommon with us there is a di�erene of +2200�3690K. The largest disrepaniesare found for HD 191566 and HD 202253. We note, however, that a smoother spetral type {Te� is derived with our temperatures. Westin (1985) also derived e�etive temperatures forsome of the stars belonging to our sample. He used a photometri alibration for the indexo from Davis & Shobbrook (1977) and his listed temperatures are systematially lower thanours by roughly 3% at 20,000 K and 8% at 30,000 K.Two stars in the Cep OB3 assoiation have been studied by Dufton et al. (1990).They determined e�etive temperatures from photometri alibrations of Str�omgren in-dies (T(Str�omgren)) and/or from silion (Si II/Si III/Si IV) ionization equilibrium (T(Si))and adopted the mean value of both temperatures as the e�etive temperature, when bothwere available. They listed T(Str�omgren)=23500K and T(Si)=26000K for star BD+62o2125, while the adopted (mean) temperature is 25000K. We obtained Titer=23480K andT(Q)=24380K for this star so we have exellent agreement. For the star HD 217657,they present only a silion temperature of 31000K, higher than ours (Titer=27950K andT(Q)=28150K). However, 3 stars in their sample have both T(Str�omgren) and T(Si), andfor two of them, T(Si) is 10-15% higher than T(Str�omgren), whih suggests that the temper-ature of 31000K for HD 217657 ould also be overestimated relative to their T(Str�omgren):lowering T(Si) for this star by 12% would yield Te�=27280K, in good agreement with ourTiter or T(Q).For 3 stars in our sample, stellar parameters have been determined by Morrison (1975)using two distint methods: omparison with syntheti olors from the non-LTE models of



74Mihalas (1972) and the spetrosopi temperature sale of Conti (1973). Her spetrosopitemperatures are always higher than the photometri ones by roughly 10%. The tempera-tures derived by Morrison (1975) are plotted in Figure 4.3 as solid pentagons and show, ingeneral, good agreement with our values. On the other hand, Herrero et al. (1992) deter-mined stellar parameters by �tting theoretial non-LTE pro�les of hydrogen and helium linesand �nd Teff 's higher by �10% for the two stars in ommon with Morrison (HD 214680 andHD 203064). Our adopted Teff 's for these stars are between the results for these studies. Wealso note the expeted good agreement of our Teff 's for stars HD 214680 and HD 216916,belonging to La OB1, and the temperatures derived by Gies & Lambert (1992) using theiterative method, whih onsists of a photometri alibration plus �tting the H pro�les, asdesribed above. These two points are represented by �lled triangles in Figure 4.3. Overall,exept for a few ases, the agreement between the various temperature determinations isgood.Surfae gravities were determined by �tting theoretial wing pro�les of H lines to theobserved ones. The unertainties in gravity determination ome mainly from e�etive tem-peratures and normalization of spetra in the region of �20 �A entered on the H line. Weestimate an error of �0.1 dex in the gravity determination, whih is the di�erene in log g forwhih one an distinguish between two di�erent theoretial pro�les. Morrison (1975) listedtwo values of gravity for the stars HD 214680 (log g=3.5 and 3.7) and HD 203064 (log g=3.5and 4.0), where we derive values of 4.27 and 3.62, respetively. The gravities derived byGies & Lambert are onsistent with our values within 0.1 dex. This agreement, within theunertainties, is also observed for the gravities derived by Howarth & Prinja (1989) andDufton et al. (1990).4.4 Abundane Analysis4.4.1 Line Seletion and Atomi DataThe seleted line sample onsists of unblended lines of arbon, nitrogen, oxygen, magnesium,aluminum, silion, sulfur and iron, for whih an abundane analysis based on equivalent-width measurements an be done. The list of lines is basially that adopted in Paper I andonsists of 3 C II lines, 8 N II lines, 15 lines of O II, 3 lines of Si III and 5 Fe III lines.



75Osillator strengths for the seleted multiplets have been taken from the Opaity Projet(TOPbase; Cunto & Mendonza 1992). The list of lines and the orresponding atomi data- transitions, exitation potentials and log(gf) - are presented in Table 2 of Paper I. In thispaper we have added one line of Mg II, 3 lines of Al III and 2 S III lines, whih are listed inTable 4.5. The equivalent widths of the seleted lines have been measured with tasks in theIRAF data pakage using gaussian �tting and/or numerial integration. By doing a numberof independent equivalent-width measurements, we obtain an error of �10% for weak linesand �5% for intermediate to relatively strong lines in the equivalent widths. Table 4.6 liststhe equivalent widths for the sample stars.Table 4.5: Atomi DataIon �(�A) Transition �(ev) log(gf)Mg II 4481.21 a 3d2D � 4f2F 8.86 0.82Al III 4479.93 b 4f2F o � 5g2G 20.78 1.114512.56 4p2P o � 4d2D 17.81 0.404529.19 17.81 0.66S III 4361.53 4s3P o - 4p3D 18.24 -0.754364.75 3d3Do - 4p3D 18.32 -0.85a blend of ��4481.13 �A and 4481.33 �A of Mg II.b blend of ��4479.88 �A and 4479.97 �A of Al III.4.4.2 LTE AbundanesLTE abundanes of C, N, O, Si, Fe, Mg, Al and S were derived using LTE model atmo-spheres and the WIDTH9 ode (Kuruz 1992). The atmospheri models were onstrutedfor the adopted e�etive temperatures and gravities (Table 4.3), assuming solar ompositionand a depth-independent miroturbulent veloity of 2 kms�1, by interpolation in a grid ofatmosphere models alulated by Kuruz (1992) with the ATLAS9 ode. LTE abundanesof the sample of O II lines were alulated for a range of miroturbulent veloities (varyingfrom 2 to 12 kms�1) to �nd an appropriate miroturbulene that produed abundanes in-dependent of equivalent widths. The derived LTE abundanes (on a sale where log �(H) =



76 Table 4.6: Measured Equivalent widthsIon �(�A) HD227460 HD227586 HD227757 HD214167 HD214680 HD216916 HD217227 HD217811C II 5143.5 27 13 - - - 34 15 195145.2 42 22 - - - 53 28 345151.1 - - - - - - - -N II 4236.9 54 18 - 29 7 45 18 164241.8 56 38 - 27 12 47 12 154607.1 58 17 b 26 - 43 15 184630.5 91: b b 53: - 79 29 324643.1 54 29 b 36 - 48 18 205005.1 81 66 - - - 65 27: 355007.3 47 28 - - - 33 - -5010.6 53 - - - - 36 29: 14O II 4414.9 175 129 85 68 44 100 36 384416.9 153 105 58 54 17: 83 33 294452.4 70 59 25 22 - 35 10: 134466.6 49 - 22 16 - - - -4591.0 130 103 70 47 30: 82 18 164609.4 67 b b 21 b 47 8 134638.9 105 106 97: 46 55: 69 22 244641.8 151 135 117: 65 77: 93 29 294649.1 170 170: b 84 b 119 43 404661.6 131 105 - 43 44 73 24 214890.8 36 - - - - 22 - -4906.8 64 65 - - 23 30 - -4941.1 66 55 28: - - 27 - -4943.0 90 66 51: - - 34 - -5190.6 - - - - - - - -Mg II 4481.2 134 85 94 146 81 139 204 190Al III 4479.9 37 - 17 35 13 52 20 204512.6 48 20 - 36 6: 43 23 244529.2 53 38 - 50 b 83 35 39Si III 4552.6 189 174 107 108 80 145 79 754567.8 158 131 84 82 62 125 56 544574.7 138 108 42 56 21: 91 31 32S III 4361.5 61 26 - 14: - 22 8: 8:4364.7 b b - 11: - 12 - -Fe III 4310.3 25 b - - - 23 13 95156.1 - - - - - - - -5243.3 32 - - - - 38 - 135276.5 24 - - - - 27 - -5282.3 31 - - - - 27 - -- absent; b blended; : unertain.



77Table 4.6: Measured Equivalent widths (ontinued)Ion �(�A) HD197512 HD202253 BD+62Æ 2125 HD217657 HD218342 BD+24Æ 3880 HD344783C II 5143.5 24 - - - - - -5145.2 30 - - - - - -5151.1 - - - - - - -N II 4236.9 69 55 - - - 53 -4241.8 64 50 - - - 59 204607.1 71 57 37 10: b 51 b4630.5 114 b 74 - - 86 b4643.1 77 b 35 27 b 51 b5005.1 92 - 48 21 12: 81 -5007.3 54 - 38 - - - -5010.6 67 - 31 - - - -O II 4414.9 97 103 130 135 172 157 934416.9 89 89 118 97 139 133 844452.4 40 45 47 42 44 70 234466.6 29 b b 33 - 46: -4591.0 64 85 76 87 100 113 90:4609.4 39: b 56 48 b 53 b4638.9 69 b 82 93 110 101 50:4641.8 96 b 104 123 b b b4649.1 120 b 118 151 b 174 b4661.6 86 85 95 91 115 107 964890.8 - - - - - - -4906.8 25 - 32 26 62 67: -4941.1 33 - 36 55 51 - -4943.0 39 - 51 62 70 - 505190.6 - - - - - - -Mg II 4481.2 133 - 111 84 108: 125 82Al III 4479.9 35 48 b 16 b 31 184512.6 41 - - 20 - 29 194529.2 56 24 51 38: 27 54 -Si III 4552.6 137 139 137 147 190 187 1224567.8 113 133 128 132 144 163 1164574.7 91 92 95 86 84 109 65S III 4361.5 21 - - 26 - 40 24:4364.7 15 - - - - 41 -Fe III 4310.3 24 - - 27 - 21: -5156.1 - - - - - - -5243.3 44 - - - - - -5276.5 20 - - - - - -5282.3 21 - 30 - - - -- absent; b blended; : unertain.



7812), adopted miroturbulenes and number of lines onsidered in the alulation of the meanabundanes are listed in Table 4.7.In Figures 4.4 and 4.5 we present the LTE abundanes as a funtion of e�etive temper-ature. The dotted line depits the solar abundane for eah element, as listed by Grevesse,Noels & Sauval (1996). Inspetion of these �gures shows that the LTE elemental abundanesfor the OB stars in our sample are generally subsolar, exept for sulfur and magnesium, anddo not show signi�ant trends with temperature. The largest trend with temperature isobserved for silion, where there is a slight inrease in the silion abundane of 0.15 dex asthe e�etive temperature inreases from 20000K to 30000K.4.4.3 Non-LTE AbundanesNon-LTE syntheti pro�les have been alulated from the same grid of LTE model atmo-spheres, plus model atoms from Eber & Butler (1988 { C II), Beker & Butler (1989 { N II),Beker & Butler (1988a, 1988b { O II) and Beker & Butler (1988, 1990 { Si III). The solu-tions of the equations of statistial equilibrium and transfer are obtained with the programDETAIL assuming LS-oupling; the line pro�les are omputed with Voigt pro�le funtionsusing the program SURFACE. The equivalent widths for the syntheti pro�les have beenmeasured using the same proedure as for the observed lines. The O II lines were used toderive the miroturbulent veloities for the program stars in a similar manner as done forthe LTE analysis, i.e., we hose the miroturbulene that produed an oxygen abundaneindependent of the equivalent width.The non-LTE abundanes derived for the program stars are presented in Table 4.8. Thesame line sample was used to derive mean LTE and non-LTE abundanes. Our derivedNon-LTE miroturbulent veloities vary between 5 and 11 kms�1 and the mean value is7.7�1.7 kms�1. This is slightly less than our mean LTE miroturbulene (8.9�1.7 kms�1).Our results are in line with Gies & Lambert (1992), who derived < �LTE >= 6:2� 2:7kms�1and < �Non�LTE >= 5:0� 3:3kms�1 for their studied sample of �eld main sequene B stars.The non-LTE miroturbulenes obtained by Gummersbah et al. (1998) are also in roughagreement with our derived values, when the unertainties are onsidered. Their values rangefrom 1 to 13 kms�1 with a mean value of 5:6� 4:1 kms�1. Our adopted unertainty for themiroturbulent veloity is �1.5 kms�1, whih is approximately the interval of �-values that



79Table 4.7: LTE AbundanesStar �(km s�1) log �(C)[n℄ log �(N)[n℄ log �(O)[n℄ log �(Si)[n℄BD+24Æ 3880 9.0 - 8.07�0.09 [5℄ 8.76�0.04 [7℄ 7.70�0.03 [3℄HD 344783 8.0 - 7.66* [1℄ 8.52�0.11 [6℄ 7.59�0.06 [3℄HD 227460 10.0 8.28�0.08 [2℄ 7.86�0.10 [7℄ 8.76�0.08 [12℄ 7.41�0.14 [3℄HD 227586 10.0 8.01�0.07 [2℄ 7.64�0.08 [5℄ 8.52�0.08 [9℄ 7.24�0.11 [3℄HD 227757 9.0 - - 8.54�0.07 [7℄ 7.54�0.05 [3℄HD 197512 8.0 8.02�0.14 [2℄ 8.01�0.07 [7℄ 8.57�0.08 [11℄ 7.21�0.10 [3℄HD 202253 8.0 - 7.89�0.07 [3℄ 8.82�0.10 [5℄ 7.38�0.07 [3℄HD 214167 7.0 - 7.60�0.09 [5℄ 8.49�0.07 [9℄ 7.14�0.05 [3℄HD 214680 11.0 - 7.55* [1℄ 8.64�0.10 [4℄ 7.53�0.04 [3℄HD 216916 8.0 8.27�0.07 [2℄ 7.72�0.08 [8℄ 8.57�0.10 [11℄ 7.30�0.04 [3℄HD 217227 7.0 8.26�0.03 [2℄ 7.78�0.09 [5℄ 8.82�0.07 [9℄ 7.47�0.07 [3℄HD 217811 6.0 8.26�0.03 [2℄ 7.72�0.13 [7℄ 8.62�0.09 [8℄ 7.30�0.06 [3℄BD+62Æ 2125 12.0 - 7.63�0.08 [5℄ 8.63�0.09 [11℄ 7.05�0.14 [3℄HD 217657 10.0 - 7.62* [1℄ 8.51�0.10 [11℄ 7.23�0.07 [3℄HD 218342 11.0 - - 8.66�0.09 [9℄ 7.41�0.05 [3℄* Unertain
presents onsistent abundanes for strong and weak oxygen lines.The non-LTE abundanes versus Te� are shown in Figure 4.6. Overall, the non-LTEabundanes for C, N, O, and Si are not hanged signi�antly with respet to LTE: themagnitude of the non-LTE orretions (LTE - non-LTE abundanes) are typially �0.2 dex.The \non-LTE orretions" themselves, in the form of (LTE - non-LTE), are illustrated inFigure 4.7 plotted versus the e�etive temperatures. Inluded in Figure 4.7 are the non-LTE orretions for the sample of Cep OB2 stars from Paper I (�lled triangles) whih wereobtained with the same set of spetral lines, model atoms, and atmospheres as in the presentpaper.



80 Table 4.7: LTE Abundanes (ontinued)Star �(km s�1) log �(Mg)[n℄ log �(Al)[n℄ log �(S)[n℄ log �(Fe)[n℄BD+24Æ 3880 9.0 7.87 [1℄ 6.30�0.04 [1℄ 7.45�0.06 [2℄ 7.36* [1℄HD 344783 8.0 7.74 [1℄ 6.27�0.09 [1℄ 7.32 [1℄ -HD 227460 10.0 7.71 [1℄ 6.20�0.09 [3℄ 7.56 [1℄ 7.33�0.12 [4℄HD 227586 10.0 7.37 [1℄ 6.00�0.15 [3℄ 7.01 [1℄ -HD 227757 9.0 7.83 [1℄ 6.25 [1℄ - -HD 197512 8.0 7.55 [1℄ 6.05�0.02 [3℄ 7.08�0.03 [2℄ 7.34�0.09 [4℄HD 202253 8.0 - 6.15 [1℄ - -HD 214167 7.0 7.70 [1℄ 6.14�0.02 [3℄ 7.17�0.01 [2℄ -HD 214680 11.0 7.86 [1℄ 6.15�0.07 [2℄ - -HD 216916 8.0 7.57 [1℄ 6.25�0.10 [3℄ 7.05�0.11 [2℄ 7.39�0.10 [4℄HD 217227 7.0 7.78 [1℄ 6.32�0.02 [3℄ 7.58 [1℄ -HD 217811 6.0 7.86 [1℄ 6.22�0.05 [3℄ 7.36 [1℄ 7.35�0.01 [2℄BD+62Æ 2125 12.0 7.14 [1℄ 5.92 [1℄ - -HD 217657 10.0 7.41 [1℄ 5.92�0.10 [3℄ 7.07 [1℄ 7.33* [1℄HD 218342 11.0 7.69 [1℄ 6.10 [1℄ - -* Unertain4.4.4 Abundane UnertaintiesAbundane determinations are subjet to unertainties in stellar parameters, equivalent-width measurements, gf -values and miroturbulent veloities. Eah of these soures ofunertainty ontributes to the dispersions around the mean abundanes listed in Table 4.7and 4.8, where we present LTE and non-LTE abundanes, respetively. Most of the line-to-line dispersion for LTE abundanes are smaller than 0.1 dex, with maximum satter of 0.15dex. Non-LTE abundanes show roughly the same satter, exept for the silion abundanes,for whih we �nd four stars with standard deviations of about 0.2 dex. Silion abundanes arestrongly inuened by the miroturbulent veloity beause the Si III lines used in this studyhave fairly large equivalent widths. The dependene on miroturbulene is more pronounedwhen the LTE approximation is adopted, but it does not vanish for non-LTE alulations.Therefore the derived silion abundanes have a higher unertainty, when ompared to other



81elements, and depend more strongly on the hoie of miroturbulene.In Table 6 of Paper I we present the total errors (Æt) expeted in our abundane analysisfor arbon, nitrogen, oxygen, silion and iron. The total errors are, in general, smaller than�0.15 dex for all elements, exept silion. In this paper we investigate the sensitivity of thederived abundanes of Mg, Al and S by reomputing the LTE abundanes for four stars withrepresentative e�etive temperatures, onsidering errors of 4% for Teff , 0.1 dex for log g and1.5 kms�1 for the miroturbulene. The resulting hanges in the LTE abundanes of Mg, Aland S for eah parameter, and the total errors derived, are presented in Table 4.9. The totalerrors for Al and S are typially smaller than 0.2 dex, but for Mg they an be of the orderof 0.3 dex for the oolest stars in the sample.4.5 DisussionThe �nal non-LTE abundanes of arbon, nitrogen, oxygen, and silion are typially sub-solarand quite uniform: average values for all stars are [C/H℄=-0.31�0.17, [N/H℄=-0.28�0.18,[O/H℄=-0.27�0.18, and [Si/H℄=-0.30�0.19. These modest underabundanes of many el-ements in solar-neighborhood B-stars, relative to the Sun, are well-known (e.g., Gies &Lambert 1992), and have been observed also in the Cep OB2 assoiation (Paper I). The LTEresults for Fe and Al are also sub-solar by roughly 0.15 and 0.30 dex, respetively. However,our LTE magnesium and sulfur results are sattered around solar values. Beause the mag-nesium abundanes are derived from one rather strong Mg II line, for whih the non-LTEe�ets on line formation need to be investigated, the systematially larger Mg abundanesfound are not onsidered signi�ant at the present stage.The sulfur abundanes, on the other hand, are harder to ignore. Non-LTE alulations forS II and S III have been done by Vranken, Butler & Beker (1996), using model atmospheresof Kuruz (1992). They show that S III lines are little inuened by non-LTE e�ets for thetemperatures found in B stars, whih suggests that LTE results from the S III lines shouldyield good estimates for the sulfur abundane. It remains to be seen if the somewhat high(�solar) abundanes of sulfur, when ompared to the other elements, arise from unertaintiesinvolved in the abundane analysis, or are a real and signi�ant result that needs to beexplained.



82 Table 4.8: Non-LTE AbundanesStar �(km s�1) log �(C)[n℄ log �(N)[n℄ log �(O)[n℄ log �(Si)[n℄BD+24Æ 3880 8.0 - 8.01�0.08 8.64�0.06 7.50�0.10HD 344783 9.0 - 7.54* 8.29�0.06 7.39�0.09HD 227460 8.0 8.32�0.07 7.82�0.12 8.70�0.09 7.30�0.20HD 227586 8.0 7.99�0.07 7.55�0.10 8.49�0.09 7.14�0.17HD 227757 8.0 - - 8.42�0.12 7.50�0.03HD 197512 6.0 8.05�0.14 8.01�0.09 8.61�0.10 7.07�0.17HD 202253 6.0 - 7.95�0.05 8.92�0.06 7.24�0.14HD 214167 6.0 - 7.59�0.09 8.50�0.08 7.01�0.09HD 214680 11.0 - 7.55* 8.58�0.12 7.53�0.03HD 216916 6.0 8.38�0.04 7.70�0.12 8.65�0.08 7.19�0.13HD 217227 7.0 8.34�0.01 7.82�0.08 8.92�0.08 7.38�0.04HD 217811 5.0 8.35�0.01 7.73�0.09 8.72�0.11 7.21�0.04BD+62Æ 2125 10.0 - 7.60�0.11 8.67�0.08 6.94�0.19HD 217657 8.0 - 7.52* 8.40�0.09 7.04�0.12HD 218342 9.0 - - 8.54�0.11 7.29�0.07* UnertainIn the present study we have analyzed only a small number of targets in eah OB as-soiation and did not �nd any individual stellar abundane result that was very disrepantfrom the mean abundane value for eah assoiation. Note that in some ases, there wasonly one star studied for a given element in some assoiations. Therefore, we simply adoptthe mean abundanes as representative of eah assoiation and are not in a position to dis-uss questions related to hemial inhomogeneities and self-enrihment. Table 4.10 lists themean abundane results for eah assoiation together with the standard deviations. Solarabundanes from Grevesse Noels & Sauval (1996) are also presented for omparison. Theombination of LTE and non-LTE abundanes are summarized graphially in Figure 4.8,where the average assoiation abundanes, as [X/H℄, are plotted versus atomi number. Thedashed horizontal lines represent solar abundanes ([X/H℄=0.0), while the solid horizontallines show the average C, N, O, Al, Si, and Fe abundanes for eah assoiation. The general



83Table 4.9: Abundane Unertainties.Ion orretion HD 217811 HD 216916 HD 227460 BD+24Æ 3880Al III Æ(Teff ) -0.13 0.00 +0.08 +0.13Æ(log g) +0.03 +0.02 -0.01 -0.01Æ(�) -0.05 -0.04 -0.06 -0.01Æt 0.15 0.05 0.10 0.13S III Æ(Teff ) -0.17 -0.12 -0.08 -0.13Æ(log g) +0.05 +0.03 +0.03 0.00Æ(�) -0.04 -0.01 -0.03 -0.01Æt 0.19 0.12 0.09 0.13Mg II Æ(Teff ) +0.10 +0.15 +0.08 +0.12Æ(log g) -0.03 +0.01 -0.03 -0.01Æ(�) -0.25 -0.11 -0.08 -0.07Æt 0.28 0.19 0.12 0.14subsolar abundanes found for eah assoiation stand out, as well as the general agreementin the amount of the underabundane for eah element, exept for Mg and S.Table 4.10: Mean AbundanesElement Vul OB1 Cyg OB3 Cyg OB7 La OB1 Cep OB3 SunC - 8.15�0.23 8.05** 8.36�0.02 - 8.55N 7.77�0.33 7.68�0.19 7.98�0.04 7.68�0.11 7.56�0.06 7.97O 8.46�0.25 8.54�0.14 8.76�0.22 8.67�0.16 8.54�0.13 8.87Mg* 7.80�0.09 7.63�0.24 7.55** 7.75�0.12 7.41�0.27 7.58Al* 6.28�0.02 6.15�0.13 6.10�0.07 6.22�0.07 5.98�0.10 6.47Si 7.44�0.08 7.22�0.11 7.15�0.12 7.26�0.20 7.09�0.18 7.55S* 7.38�0.09 7.28�0.39 7.08** 7.29�0.23 7.07** 7.33Fe* 7.36** 7.33** 7.34** 7.37�0.03 7.33** 7.50� LTE abundanes; �� only one star.Comparisons to other reent studies of B stars, whih investigate Galati abundanes



84on large sales, an be made to see if the assoiations studied here �t onto derived Galatiabundane gradients. Gummersbah et al. (1998) studied 16 B stars and derived radialgradients with slopes equal to -0.03, -0.08, -0.07, -0.08, -0.04, and -0.11 dex/kp, for arbon,nitrogen, oxygen, magnesium, aluminum and silion, respetively. Smartt & Rolleston (1997)derived a radial gradient of -0.07 dex/kp for oxygen. The �ve OB assoiations investigated inthis study are distributed in a relatively small region around the Sun, from 7.4 to 8.8 kp fromthe enter of the Galaxy (adopting the Galatoentri distane for the Sun as 8.5 kp) andspan too small a range in distane to establish an independent radial gradient. In Figure 4.9we plot the abundanes taken fromGummersbah (C, N, O, Mg, Al and Si - represented by�)and Smartt & Rolleston (only oxygen - represented by squares) as a funtion of Galatoentridistane. Inspetion of this �gure indiates that the hemial abundanes derived for theassoiations studied in this paper are onsistent with the abundanes expeted, as preditedby the various abundane gradients, given the respetive distanes of the OB assoiationsfrom the Galati Center.Overall, the results obtained by the various reent analyses of the B stars are onsistent,with eah element appearing to exhibit a total satter of roughly �0.5 dex at the solarGalatoentri distane (or at any distane, but we have now added more data near the Sun).Some of this satter must be due to the analysis, with perhaps some intrinsi abundanesatter in the real gradients. If the various studies impart an analysis satter of, say, �0.3dex, it would still leave room for �0.4 dex satter in the urrent abundanes at the solarGalatoentri distane. It is also worth noting that in all elements studied, exept for Mgand S, the Sun is near the high end of the abundane satter at Rg= 8.5 kp.4.6 ConlusionWe present LTE abundanes of Mg, Al, S and Fe and non-LTE abundanes of C, N, O andSi for a sample of 15 slowly rotating B-stars belonging to OB assoiations of the Galatidisk, namely Cyg OB3, Cyg OB7, La OB1, Vul OB1 and Cep OB3. We veri�ed that thederived abundanes for the sample stars are onsistent with the predited abundanes fortheir respetive positions in the Galati disk, aording to abundane gradients establishedfrom previous studies.
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Figure 4.4: LTE C, N, O and Si abundanes as a funtion of Teff . The dashed lines representthe solar abundanes from Grevesse, Noels, & Sauval (1996). LTE elemental abundanes for theOB stars are generally subsolar and do not show signi�ant trends with temperature: the largesttrend with temperature is observed for silion. Di�erent symbols are used to represent the starsbelonging to eah OB assoiation.
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Figure 4.5: LTE Fe, Mg, Al and S abundanes as a funtion of Teff . The dashed lines representthe solar abundanes from Grevesse, Noels & Sauval (1996). LTE abundane of iron and aluminumare, in general, subsolar, while sulfur and magnesium show some spread around the solar value.Di�erent symbols are used to represent the stars belonging to eah OB assoiation.
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Figure 4.6: Non-LTE C, N, O and Si abundanes as a funtion of Teff . The dashedlines represent the solar abundanes from Grevesse, Noels & Sauval (1996). The trends ofnon-LTE abundanes with Teff do not present signi�ant hanges with respet to LTE.Di�erent symbols are used to represent the stars belonging to eah OB assoiation.



88
Cep OB2
Vul OB1
Cyg OB7
Lac OB1
Cep OB3
Cyg OB3

-.4

-.2

0

.2

.4
Carbon (C II)

-.4

-.2

0

.2

.4
Nitrogen (N II)

-.4

-.2

0

.2

.4
Oxygen (O II)

18000 20000 22000 24000 26000 28000 30000 32000 34000

-.4

-.2

0

.2

.4
Silicon (Si III)

Figure 4.7: LTE - non-LTE di�erenes for the studied stars (open symbols) as a funtionof Teff , inluding results from Paper I (solid triangles. The non-LTE orretions generallyshow a small positive orrelation with Teff , espeially for nitrogen and oxygen. The resultsfor silion show non-LTE orretions of about +0.15 dex. Carbon presents orretions from0 to -0.15dex and nitrogen, �0.07dex. The orretion for oxygen varies from -0.1 dex atTeff � 20000K to +0.15 dex at Teff � 30000K.



89
-.5

0

.5

[X
/H

]

Vul OB1

-.5

0

.5

[X
/H

]

Cyg OB3

-.5

0

.5

[X
/H

]

C

N

O

Mg

Al
Si

S Fe

Cyg OB7

-.5

0

.5

[X
/H

]

Lac OB1

0 5 10 15 20 25 30

-.5

0

.5

[X
/H

]

Cep OB3

Atomic Number (Z)

Figure 4.8: Summary of mean assoiation abundanes, in [X/H℄ notation, versus atomi number. Plottedvalues are non-LTE abundanes for C, N, O, and Si, and LTE abundanes for Mg, Al, S, and Fe. The dashedhorizontal lines in eah panel show the solar abundane, i.e. [X/H℄=0.0, while the solid horizontal linesrepresent the assoiation means for C, N, O, Al, Si, and Fe. The general subsolar assoiation abundanes areemphasized in the plot, as well as the fat that no drastially non-solar abundane ratios are apparent. Notethat the Mg and S abundanes are onsistently larger than those of the other elements: the signi�ane, orlak thereof, of these di�erenes are disussed in the text.



90
Gummersbach et al. 1998

Smartt et al. 1997

Cep OB2
This study

7.5

8

8.5

9

8

8.5

9

9.5

7

7.5

8

8.5

6 8 10 12 14 16 18

6.5

7

7.5

8

8.5
6.5

7

7.5

8

5.5

6

6.5

7
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Cap��tulo 5Abundânias Qu��mias de Estrelas Bom Altas Veloidades RotaionaisProjetadas 1
Resumo: Abundânias de C, N, O, Al, Mg, Si e S foram obtidas para uma amostra de12 estrelas B om altas veloidades rotaionais projetadas (v sin i > 60kms�1), pertenentes �asassoia�~oes de Cep OB2, Cyg OB3 e Cyg OB7. As abundânias foram obtidas atrav�es da s��nteseespetral, usando �alulos em ETL e n~ao-ETL. As abundânias m�edias s~ao ligeiramente sub-solaresem 0.1�0.3 dex. No aso do oxigênio, mesmo onsiderando os reentes - e mais baixos - valoresde abundânias solares, as abundânias das estrelas B s~ao menores que as solares. As abundâniasobtidas para 9 estrelas de Cep OB2 dessa amostra podem ser ombinadas om resultados anterioresobtidos para estrelas dessa assoia�~ao om baixo v sin i, produzindo o mais ompleto estudo deabundânias qu��mias de Cep OB2 at�e o momento. Dois sub-grupos om idades distintas s~aoidenti�ados em Cep OB2, om uma distribui�~ao de abundânias bastante uniforme. Duas estrelasdo sub-grupo mais velho, om est�agios evolutivos mais avan�ados, apresentam uma alta raz~aoN/O, al�em de estarem entre as estrelas om maiores massas e maiores v sin i da assoia�~ao. Estasarater��stias est~ao de aordo om as modi�a�~oes nas abundânias super�iais induzidas pelarota�~ao, previstas por modelos de estrelas massivas om altos v sin i.1Daon, S., Cunha, K., Butler, K. & Smith, V. V. (2001) The Astrophysial Journal, 563,325-333 (Paper III) 91



925.1 IntrodutionThe determination of the hemial abundane distributions in stars often requires the identi-�ation and isolation of a suitable set of absorption lines whose individual line strengths, orequivalent widths, are well-de�ned and an be measured. These equivalent widths beomethe primary datasets upon whih the abundane analyses of the stars are based. For early-type stars that have small values of v sin i, de�ning a set of spetral lines whose equivalentwidths an be measured aurately is usually a straightforward task, beause their spetraare relatively free of blending lines. As rotational veloity inreases and spetral line-widthsbroaden, however, a point is reahed beyond whih it beomes impossible to �nd adequatesets of unblended spetral lines on whih to anhor a detailed abundane analysis. Thedistribution of projeted rotational veloity, v sin i, as a funtion of spetral type inreasesfrom F-G stars, where v sin i almost vanishes, to OB stars that typially rotate rapidly.Wol� et al. (1982) studied the distribution of rotational veloities in early-type stars andobserved that, among hot stars, early B-type stars show the lowest rotational veloities;< v sin i >= 110kms�1. However, even at the low end, these values of v sin i are high enoughto blend the absorption lines to suh an extent that prevents line identi�ation and individ-ual equivalent-width measurements. In this ase, spetrum synthesis an be used to modelthe blended line pro�les and extrat elemental abundanes.Our previous studies of hemial abundanes in OB stars - Daon, Cunha & Beker(1999) and Daon et al. (2001), hereafter Papers I and II, respetively - analyzed onlythose observed targets with sharp lines (v sin i < 60kms�1) as the method adopted to deriveelemental abundanes was based on equivalent-width measurements. Due to this restrition,the �nal list of OB stars analyzed in these previous papers onsisted of about 25% of thetotal number of observed targets for this projet. However, many of the observed stars withrelatively high v sin i still have onspiuous features in their spetra that an be omparedwith broadened syntheti line-pro�les and thus provide information about their hemialompositions. This paper fouses on a subset of the observed sample OB stars having v sin ibetween roughly 60 and 140 kms�1 with the intent being to derive stellar parameters andhemial abundanes. Four stars are inluded from Paper I (HD 205948, HD 207951, HD209339 and HD 239729 of the Cep OB2 assoiation) and 3 stars from Paper II (HD 227696and HD 228199 of Cyg OB3 and HD 202347 of Cyg OB7) for whih stellar parameters were



93already derived but an abundane analysis was not done. In addition to these 7 stars, 5other stars belonging to the Cep OB2 assoiation are analyzed here. The addition of this setof rapidly rotating stars to those with lower projeted rotational veloities analyzed already,enlarges our sample of observations for the urrent study of hemial abundanes of OBstars in the Galati disk as muh as possible. In partiular, this ompletes the samplefor the study of the abundane distribution and investigation of possible inhomogeneities inthe hemial omposition of the gas that formed the main-sequene members (with spetraltypes between O9 and B3 and for whih an abundane analysis an be done) of the Cep OB2assoiation.In addition to their usefulness as probes of the general abundane distributions foundin the Galati disk and in OB assoiations, rapidly rotating B-stars an have their surfaeabundanes altered by rotationally indued mixing. In a reent study, Heger & Langer(2000) have presented surfae abundane preditions for elements sensitive to mixing, suhas boron, arbon, or nitrogen, in a set of stellar models of di�ering mass, rotational veloity,and age. The members of a typial OB assoiation are all formed in the same plae, butat slightly di�erent times (with age di�erenes of �105{107 yrs), with di�ering masses androtation veloities. Mass, age, and rotation are all variables that play a role in the degreeof stellar mixing expeted. In this paper ertain elements sensitive to mixing, suh as, C,N, and O, are analyzed in Cep OB2 and the results an be used to test the rotating stellarmodels.5.2 Observations and Stellar ParametersThe observations and data redution are desribed in Papers I and II, however, a brief sum-mary of the instruments follows. The data onsist of spetra with a resolution of R� 60,000,high signal-to-noise (S/N �150), overing the spetral range from 4225{5285�A and obtainedwith the 2.1m Otto M. Struve telesope plus Cassegrain Sandiford ehelle spetrometer at theMDonald Observatory of the University of Texas. Additional spetra were obtained withthe 2.7m Harlan J. Smith telesope, also at MDonald Observatory, and Coud�e spetrometerhaving R=12,000 and entered on the region of H (4340�A).In Paper I, an e�etive temperature sale for OB stars was derived using the reddening-



94free Q parameter from UBV photometry. The Te� -Q alibration, when ombined with ananalysis of the H line-pro�les, has been found to be adequate for the derivation of thefundamental stellar parameters, Te� and log g, needed to ondut an abundane analysisfor the main-sequene OB stars. The adopted stellar parameters for the studied stars areolleted in Table 5.1. Most of these are from Papers I and II and in this study we add thedeterminations for 5 rapidly rotating stellar members of the Cep OB2 assoiation: HD235618,HD239681, HD239710, HD239745 and HD239748. All of the additional stellar parameterspresented here were derived following the same approah adopted in Paper I. (See that paperfor a more detailed disussion of the method). LTE plane-parallel model atmospheres werethen alulated with the ATLAS9 ode (Kuruz, 1992) for solar metalliity and a onstantmiroturbulene veloity of 2kms�1. These model atmospheres were adopted for both theLTE and non-LTE abundane analyses.
Table 5.1: Atmospheri ParametersStar Assoiation Te�(K) log gHD 202347 Cyg OB7 23280 b 4.13 bHD 205948 Cep OB2 24350 a 4.25 aHD 207951 Cep OB2 20650 a 3.88 aHD 209339 Cep OB2 31250 a 4.28 aHD 227696 Cyg OB3 29100 b 4.45 bHD 228199 Cyg OB3 29870 b 4.45 bHD 235618 Cep OB2 27180 3.75HD 239681 Cep OB2 26830 3.70HD 239710 Cep OB2 21900 4.50HD 239729 Cep OB2 28450 a 4.22 aHD 239745 Cep OB2 27340 4.45HD 239748 Cep OB2 27480 4.42a: Paper I; b: Paper II.



955.3 AnalysisAs a matter of onsisteny with our previous studies, we tried as muh as possible to usethe same sets of transitions of C, N, O, Si, Mg and Al seleted in Papers I and II. However,beause of the high rotational veloity of the target stars this was not always possible. Inpartiular, the weak lines of C II, S III and Fe III beome too shallow in stars with relativelyhigh v sin i. As a result of this, sulfur and iron abundanes were not derived in this study.Beause of the lak of C II lines, an attempt was made to derive arbon abundanes using CIII lines, as we are interested in omplementing the sample for arbon as muh as possible.The only possibility was to use the 3 strong C III lines in the region entered on 4650�A,whih were not used in our previous papers beause these strong lines are very lose to a setof O II transitions and are generally blended, even for stars that appear to rotate slowly. Theseleted spetral regions for this abundane study are gathered in Table 5.2 where, in the�rst olumn, we indiate the speies that is dominant and whose abundane was adjustedin that partiular region. Spetral lines used to onstrut linelists for the syntheses weretaken from the Kuruz website (URL faku5.harvard.edu/) and the line gf-values were takenfrom the Opaity Projet (OP), but also from Kuruz, when the atomi data needed wasnot available in the OP database.5.3.1 LTE AbundanesLTE abundanes of arbon, nitrogen, oxygen, magnesium, aluminum, and silion were deter-mined by �tting syntheti spetra alulated with the program LINFOR (originally developedby H. Holweger, M. Ste�en, & W. Steenbok) to the observed spetral regions ontainingthe seleted individual transitions. The syntheti pro�les were then broadened for v sin i andlimb darkening using a linear limb darkening oeÆient interpolated from the values fromtable 2 in Wade & Ruinski (1985). In addition, the syntheti spetra were broadened bythe instrumental pro�le, while the maroturbulent veloity was set to zero (as suggested byEbbets 1979 for main-sequene B-stars). As done in the abundane analyses of the sampleof stars with low v sin i, the O II transitions were used to derive miroturbulent veloitiesas these lines are the most numerous in the sample and, most importantly, span a range inline-strength adequate to onstrain the miroturbulene. As a �rst step in this analysis, the



96O II line pro�les were alulated for various values of miroturbulene. The v sin i s in eahase were allowed to vary and the best �t oxygen abundane for eah pro�le was determinedby means of a �2-minimization. Figure 5.1 illustrates the type of diagram onstruted inorder to estimate the miroturbulent veloity: this �gure displays the behavior of the OII lines for the sample star HD239745, where best �t oxygen abundanes (orrespondingto seven spetral regions ontaining O II lines) are alulated for miroturbulent veloitiesranging from 2 to 10 kms�1i.Suh a diagram is the equivalent of the usual `abundane versusequivalent width' plot, where a solution is found when zero slope is obtained. By de�nition,the solution in Figure 5.1 will be the miroturbulene value that yields approximately thesame abundane for strong and weak lines: for this star a region of oinidene is foundaround a miroturbulent veloity of 8.0 kms�1.One a value for the miroturbulene was established for eah star, LTE syntheti spetrawere alulated for all of the spetral regions listed in Table 5.2. Here again the v sin i s wereleft as free parameters and adjusted in eah spetral synthesis and an individual projetedrotational veloity was derived from eah �t. The derived values for v sin i for the individual�ts did not, as expeted, di�er signi�antly and the average values are presented in the thirdolumn of Table 5.3. The average LTE abundanes for the studied elements, their standarddeviations and the number [n℄ of �tted lines orresponding to eah speies are also foundin Table 5.3. We stress that the arbon results in this table are for C III, while those inPapers I and II are from C II. For one star in the sample (the Cep OB2 member HD239745),however, it was possible to ompare the C II and C III abundanes as, for this star, the CII lines at �5143.50�A, 5145.17�A, and 5151.08�A were strong enough to be �tted: a arbonabundane of 8.22 provides a good �t for the 3 C II lines, as well as the C III line whoseabundane is listed in Table 5.3. Suh an agreement between C II and C III abundanes isnot always ahieved. In the literature, a few studies have pointed out that the C III linesat 4650�A usually provide abundanes higher than the C II lines (e.g. Smartt et al. 1996,Rolleston et al. 1993). A disrepany is also found from inspetion of the results given inGies & Lambert (1992). In order to investigate systemati di�erenes between C II and CIII abundanes, we deided to pursue an analysis of the C III lines in the stars analyzedpreviously in Papers I and II and for whih we published C II abundanes. The results ofthe omparison will be disussed in Setion 5.4.1.



97Table 5.2: LinelistsWavelength interval �(�A) Speies �(eV) log(gf)4234-4244 4236.93 N II 23.24 0.39N II 4237.05 N II 23.24 0.564237.94 O II 28.83 -0.994239.48 O III 33.15 -2.044241.75 N II 23.24 0.224241.79 N II 23.25 0.724242.50 N II 23.25 -0.344412-4419 4413.11 O II 28.94 -0.73O II 4414.88 O II 23.44 0.224416.97 O II 23.42 -0.044417.10 N II 23.42 -0.344418.84 S III 18.24 -1.924448-4455 4448.34 O II 28.36 0.07O II 4452.38 O II 23.44 -0.734476-4484 4479.88 Al III 20.78 0.90Mg II, Al III 4479.97 Al III 20.78 1.024481.13 Mg II 8.86 0.744481.15 Mg II 8.86 -0.564481.33 Mg II 8.86 0.594550-4554 4552.41 S II 15.07 -0.10Si III 4552.62 Si III 19.02 0.284565-4570 4567.84 Si III 19.02 0.06Si III 4569.06 Ne II 34.93 0.144569.26 O III 46.00 0.074572-4576 4574.42 Ne II 34.84 -0.16Si III 4574.76 Si III 19.02 -0.424589-4593 4591.01 O II 25.66 0.32O II4605-4614 4607.15 N II 18.46 -0.48N II, O II 4608.08 N II 23.48 -0.254609.37 O II 29.07 0.71



98 Table 5.2: Linelists (ontinued)Wavelength interval �(�A) Speies �(eV) log(gf)4605-4614 4610.17 O II 29.06 -0.17N II, O II 4610.61 O III 45.94 0.024613.10 O II 29.07 -0.594628-4632 4629.97 C II 24.79 0.50N II 4630.54 N II 18.48 0.094631.27 Si IV 36.42 0.854631.27 Si IV 36.42 -0.584631.27 Si IV 36.42 0.964637-4545 4638.28 Si III 28.07 -0.44N II, O II 4638.86 O II 22.97 -0.354640.64 N III 30.46 0.144641.83 O II 22.98 0.054641.85 N III 30.46 -0.814643.09 N II 18.48 -0.394647-4651 4647.42 C III 29.54 0.06C III, O II 4647.59 O II 29.06 -0.644649.14 O II 23.00 0.334650.25 C III 29.54 -0.154650.85 O II 23.00 -0.354651.02 C III 38.22 -0.474651.47 C III 29.54 -0.634658-4664 4659.06 C III 38.22 -0.69O II 4661.64 O II 22.98 -0.254663.64 C III 38.22 -0.574665.86 C III 38.22 0.014904-4908 4904.78 N III 39.40 -0.26O II 4906.82 O II 26.30 -0.054939-4945 4941.10 O II 26.55 0.07O II 4943.00 O II 26.56 0.335003-5012 5005.15 N II 20.67 0.61N II 5007.33 N II 20.94 0.175010.62 N II 18.47 -0.61



99

Figure 5.1: Variation of LTE oxygen abundane with the miroturbulene veloity forthe sample star HD 239745. The adopted solution is � = 8kms�1 that orresponds tolog �(O) = 8:57 � 0:05.The LTE abundanes obtained follow trends found previously, namely that the elementalabundanes in OB stars are, in general, sub-solar. However, a more detailed disussion mustawait results that take into aount non-LTE e�ets. Non-LTE alulations for C, N, O andSi have already been presented in Papers I and II and the e�ets has proven to be smallfor the e�etive temperature and surfae gravity range enompassed by the sample stars.Non-LTE syntheti pro�les were alulated for eah observed pro�le, and, in this study, newnon-LTE alulations were added for two additional elements: Mg and Al.



100Table 5.3: LTE AbundanesStar � v sin i log �(C) log �(N) log �(O) log �(Mg) log �(Al) log �(Si)(kms�1) (kms�1)HD 202347 7.5 121�7 - 7.67�0.10 [3℄ 8.62�0.11 [5℄ 7.15 [1℄ 6.30 [1℄ 7.28�0.04 [3℄HD 205948 7 146�12 8.27 [1℄ 7.53�0.09 [2℄ 8.47�0.10 [4℄ 6.98 [1℄ 6.20 [1℄ 7.13�0.13 [3℄HD 207951 6.5 84�2 8.53 [1℄ 7.76�0.03 [3℄ 8.75�0.09 [5℄ - - 7.18�0.06 [3℄HD 209339 7 101�9 - 7.47�0.13 [3℄ 8.55�0.14 [5℄ 7.32 [1℄ 6.10 [1℄ 7.63�0.13 [3℄HD 227696 12 120�5 - 7.58�0.09 [2℄ 8.62�0.11 [5℄ - - 7.61�0.14 [3℄HD 228199 8 105�5 8.44 [1℄ 7.64�0.09 [3℄ 8.77�0.14 [5℄ 7.54 [1℄ 6.10 [1℄ 7.62�0.01 [3℄HD 235618 12 101�2 8.60 [1℄ 7.90 [1℄ 8.67�0.11 [4℄ 7.33 [1℄ 6.00 [1℄ 7.95�0.14 [2℄HD 239681 10 140�10 8.08 [1℄ 7.73�0.15 [3℄ 8.61�0.09 [5℄ 7.70 [1℄ 6.40 [1℄ 7.83�0.18 [2℄HD 239710 8 63�6 8.40 [1℄ 7.62�0.07 [3℄ 8.63�0.09 [5℄ 7.44 [1℄ 5.95 [1℄ 7.88�0.20 [3℄HD 239729 6 100�7 - 7.44�0.11 [3℄ 8.49�0.20 [7℄ 7.19 [1℄ 5.90 [1℄ 7.07�0.02 [3℄HD 239745 8 61�3 8.22 [1℄ 7.58�0.07 [3℄ 8.57�0.05 [7℄ 7.20 [1℄ 5.80 [1℄ 7.16�0.12 [3℄HD 239748 6 66�3 8.25 [1℄ 7.68�0.09 [4℄ 8.63�0.09 [7℄ 7.35 [1℄ 5.97 [1℄ 7.31�0.06 [3℄Note: [n℄ indiates the number of �tted lines orrespondig to eah speies.



1015.3.2 Non-LTE abundanesNon-LTE syntheti pro�les were alulated using model atoms by Eber (1987 { C III), Beker& Butler (1989 { N II), Beker & Butler (1988 { O II), Dufton et al. (1986 { Al III), Przybillaet al. (2001{ Mg II) and Beker & Butler (1990 { Si III). The adopted model atoms ontainmost of the energy levels belonging to the main ionization stages with the addition of thelower levels of the adjaent stages with relevant populations in this temperature range. Theompleteness of the adopted model atoms is essential to guarantee an aurate ionizationbalane and the orret alulation of the level populations. The models inlude a numberof permitted bound-bound transitions expliitly alulated, as well as transitions from levels�xed in LTE.The level populations were omputed with the program DETAIL, assuming LS-ouplingto �nd the solution for the equations of statistial equilibrium and transfer; the line pro�leswere omputed with Voigt pro�le funtions using the program SURFACE. As a �rst stephere, non-LTE syntheti pro�les were �tted to the observed O II lines in order to determinethe miroturbulent veloity in a similar manner as done for the LTE analysis and disussedin Setion 3.1. The miroturbulene derived from O II lines for eah star was then adoptedto alulate the syntheti pro�les for the speies of the other studied elements.The left panels in Figure 5.2 show syntheti spetra alulated for the region between�4412 and 4419�A for HD239748. In this spetral region, the main ontributions to theobserved pro�les orrespond to the O II lines at �4414�A and 4416�A. In the top left panel�ve syntheti pro�les are shown for di�erent oxygen abundanes of log �(O) = 8.22, 8.37,8.42, 8.47 and 8.62 and for v sin i of 65 km�1 (as indiated from the �2-minimization shownin the bottom right panel.) The best �t oxygen abundane is represented by the synthetipro�le with a solid line. It was derived via a �2-minimization whih is shown in the top rightpanel of this same �gure. The bottom panel illustrates the sensitivity of the pro�les to thevariation of the projeted rotational veloities, v sin i, ranging, in this example, between 50and 80 kms�1.Similarly to what was done in the LTE analysis, a best �t non-LTE abundane andv sin i value were obtained for eah individually synthesized pro�le and Table 5.4 lists theaverage abundanes and v sin i s for eah target star. These are the �nal abundane resultsfor C, N, O, Mg, Al and Si obtained in this study. The derived v sin i values had a small
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Figure 5.2: Comparison between observed and non-LTE syntheti pro�les for one ofthe spetral regions ontaining O II lines. The observed spetrum is for the target starHD239748 and the syntheti pro�les were alulated for di�erent sets of parameters. Top:on the left panel we show syntheti pro�les alulated for �ve values of oxygen abundanes(indiated in the �gure). The best �t oxygen abundane is derived for log �(O)=8.42(represented by the solid line). In the right panel we present the variation of �2 as afuntion of oxygen abundane. Bottom: same for di�erent values of v sin i varying from50 to 80 kms�1.variation from �t-to-�t with standard deviations typially smaller than 10kms�1. Moreover,these v sin i s are very onsistent with the v sin i s derived from the LTE syntheses. In orderto investigate possible spurious trends due to systemati errors in the adopted Te� sale,the non-LTE abundanes obtained are plotted as a funtion of the e�etive temperatures



103in Figure 5.3: no major trends are found. The derived miroturbulenes in non-LTE are inall ases smaller than those derived in LTE, with the average being 2 km s�1 less. Sinethe miroturbulene is an adho parameter needed in order to obtain an agreement betweenthe abundanes of strong and weak lines, it might be expeted that a more realisti non-LTE treatment would redue the need for miroturbulene. This seems to be the ase, butjust slightly, as the derived miroturbulenes are still signi�ant. However, this abundaneanalysis is based upon one dimensional plane-parallel model atmospheres in LTE and assumea onstant miroturbulent veloity. These models are still far from being able to representthe atmospheres of early-type stars perfetly and the miroturbulene remains a requiredparameter in these alulations.Table 5.4: Non-LTE AbundanesStar � v sin i log �(C) log �(N) log �(O) log �(Mg) log �(Al) log �(Si)(kms�1) (kms�1)HD 202347 6 119�6 - 7.54�0.04 8.54�0.12 7.35 6.28 7.13�0.06HD 205948 5 144�11 8.35 7.35�0.05 8.29�0.03 7.05 6.18 6.95�0.13HD 207951 5 87�2 8.47 7.65�0.05 8.72�0.10 - - 7.05�0.07HD 209339 3.5 98�9 - 7.34�0.03 8.36�0.12 7.38 6.07 7.44�0.03HD 227696 10 120�5 - 7.49�0.06 8.60�0.16 - - 7.41�0.16HD 228199 5 104�6 8.55 7.56�0.16 8.67�0.16 7.78 6.13 7.57�0.03HD 235618 9 100�3 8.54 7.81 8.47�0.15 7.55 5.94 7.73�0.02HD 239681 9 142�11 8.10 7.70�0.16 8.48�0.17 7.82 6.48 7.55�0.03HD 239710 8 64�5 8.50 7.57�0.08 8.60�0.13 7.63 5.96 7.71�0.05HD 239729 5 99�8 - 7.33�0.05 8.28�0.10 7.26 5.86 6.86�0.07HD 239745 6 61�2 8.38 7.51�0.13 8.46�0.09 7.25 5.77 7.08�0.19HD 239748 5 68�4 8.27 7.55�0.07 8.54�0.08 7.42 5.95 7.13�0.135.3.3 UnertaintiesThe unertainties in the adopted e�etive temperatures and surfae gravities have beendisussed in some detail in Paper I, with estimated errors of 4% in Te� and of 0.1 dex inlog g. The unertainty in the miroturbulent veloity is assigned to be about�1:5kms�1. The�nal abundanes are the non-LTE results and it is the non-LTE alulations that were used
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Figure 5.3: Non-LTE abundanes as a funtion of adopted e�etive temperatures. Thederived abundanes show almost no trend with e�etive temperature and are, in general,sub-solar. There are some stars that have solar, and in some ases, above solar abundanesof C, O, Mg, Al, and Si. The referene solar abundanes (dotted lines) are from Grevesse,Noels & Sauval (1996) for all elements exept for oxygen for whih we adopt an averageabundane value between the reent studies by Allende Prieto et al. (2001) and Holweger(2001).



105to investigate the �nal abundane unertainties. Non-LTE syntheti pro�les were alulatedfor new model atmospheres generated by adding the unertainties to the adopted parametersfor two stars in the sample. The elemental abundanes derived from pro�le �tting are alsosubjet to unertainties in the ontinuum loation as well as the hoie of the projetedrotational veloity. Based on the the variation of �2 as a funtion of v sin i, as shownon the bottom panel of Figure 5.3, an error of 7% is adopted due to v sin i and 5% dueto ontinuum loation. We note that variations in the linear limb darkening oeÆienthave negligible e�ets on both the derived values of v sin i and abundanes. The resultingabundane unertainties, as well as the total expeted error (Æt), are listed in Table 5.5. Thetotal errors are� 0:10�0:25 dex, exept for C III, whih has a slightly larger error of�0.3 dexthat is dominated by the unertainty in the e�etive temperature. The abundanes of silionand magnesium, based on strong lines, are very sensitive to the hoie of the miroturbulentveloity.Previous abundanes presented in Papers I and II were derived from equivalent widthmeasurements. In order to investigate any systemati di�erenes between abundanes basedon syntheses ompared to those based on equivalent widths, all stars analyzed in both PapersI and II were re-analyzed using the synthesis tehniques presented here. No signi�ant o�setsin the abundanes were found, with di�erenes typially less than 0.05 dex: both equivalentwidth and synthesis based abundanes an be ompared diretly.5.4 Disussion5.4.1 The General Abundane TrendsIt is usual to ompare stellar abundane results with the abundanes derived from the solarphotosphere and meteorites. The Sun has been a referene point for obvious reasons. In thisrespet, several abundane studies of OB stars in the Galati disk have noted the subsolarabundane values obtained for these early-type stars. With regard to this omparison, thenon-LTE abundane results here indiate the same general pattern. For nitrogen and oxy-gen the derived target abundanes are, in general, below the solar value. Some ommentsshould be made onerning the aepted solar oxygen abundane. Two reent studies derivesigni�antly lower solar O abundanes than generally aepted earlier values, with Allende



106 Table 5.5: Abundane Unertainties.Ion orretion HD 239710 HD 239745C III Æ(Teff ) -0.25 -0.28Æ(log g) +0.07 +0.08Æ(�) 0.00 -0.06Æ(v sin i) +0.03 +0.03Æ(ontinuum) +0.02 +0.04Æt +0.26 +0.30N II Æ(Teff ) -0.10 +0.05Æ(log g) +0.03 -0.01Æ(�) -0.05 -0.01Æ(v sin i) +0.02 +0.01Æ(ontinuum) +0.02 +0.03Æt +0.12 +0.06O II Æ(Teff ) -0.15 -0.05Æ(log g) +0.03 +0.05Æ(�) -0.07 -0.10Æ(v sin i) +0.02 +0.01Æ(ontinuum) +0.03 +0.03Æt +0.17 +0.13Mg II Æ(Teff ) +0.13 +0.12Æ(log g) -0.07 -0.07Æ(�) -0.16 -0.07Æ(v sin i) +0.05 +0.04Æ(ontinuum) +0.03 +0.05Æt +0.22 +0.17Al III Æ(Teff ) -0.01 +0.03Æ(log g) +0.02 +0.03Æ(�) -0.04 -0.04Æ(v sin i) +0.01 +0.01Æ(ontinuum) +0.01 +0.02Æt +0.05 +0.06Si III Æ(Teff ) -0.17 +0.04Æ(log g) +0.04 -0.02Æ(�) -0.17 -0.14Æ(v sin i) +0.02 +0.02Æ(ontinuum) +0.02 +0.03Æt +0.24 +0.15



107Prieto, Lambert & Asplund (2001) �nding log �(O) = 8.69 and Holweger (2001) deriving8.74. For the time being, we simply average these reent determinations and use log � (O)=8.72 as the referene solar value. This new O abundane for the Sun also brings it loserto O abundanes found in the ISM, with log � (O) = 8.43 being the gas phase abundane asquoted by So�a & Meyer (2001): gas phase ISM abundanes for many elements are expetedto be lower than stellar abundanes for gas and stars from similar populations as some ma-terial in the ISM is in the form of grains. The lower solar abundanes also result in betteragreement with B stars in general, although these stars still fall below even this lower abun-dane. Subsolar abundanes are also found for Al, with the exeption of one star for whih asolar Al abundane was derived. For Mg and Si, it is found that four stars are above, or at,the solar abundane level, while the other stars lie below the solar abundane line. Figure5.4 shows the non-LTE orretions for Mg II represented by �(LTE - non-LTE). These arealways negative and an be as large as 0.25 dex. On the other hand, the LTE results wouldrepresent a very good approximation for aluminum, where the di�erenes between LTE andnon-LTE Al III abundanes satter around zero, with absolute values smaller than 0.08 dex(Figure 5.4). The orretions for nitrogen, oxygen and silion are positive for all studiedstars and typially smaller than 0.2 dex.For arbon the abundane results are lose to the solar value but these abundanes needfurther disussion: for the 8 stars for whih it was possible to obtain C abundanes (derivedin all ases solely from C III), 4 of them have arbon abundanes that are very lose (within0.05 dex) to the solar value. We note that the derived arbon abundanes here are ingeneral loser to the solar abundane than other results in the literature, inluding our ownin Papers I and II. This may be a systemati e�et due to the hoie of di�erent lines and,in partiular, di�erent ionization stages: here strong C III lines and in Papers I and II theweaker C II transitions. Non-LTE C III orretions with respet to LTE abundanes are notvery large and range between �0:16 to +0.06 dex. These orretions, shown in Figure 5.4,are not able to bring the C II and C III into agreement. The non-LTE orretions for CII are typially smaller than 0.1 dex. A omparison of the C III and C II abundanes waspossible for 8 stars from Papers I and II. The derived results indiate that the LTE C IIIabundanes are higher. For two stars we see very large disrepanies between the C III andC II results (both in LTE and non-LTE) of the order of 0.7{0.9 dex. Clearly further work is
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Figure 5.4: The non-LTE orretion �(LTE - non-LTE) as a funtion of e�etive tem-perature.



109needed to larify the situation and this is in progress.Taken together, the mean non-LTE abundanes for this sample of B stars still point toa general pattern of sub-solar abundanes. Average abundanes are [C/H℄= �0:15�0.15,[N/H℄= �0:44�0.15, [O/H℄= �0:22�0.14, [Mg/H℄= �0:13�0.24, [Al/H℄= �0:41�0.21, and[Si/H℄= �0:25�0.30. The overall average abundane for all 6 elements, relative to solar,is [m/H℄= �0:27�0.13, or about a fator of 2 lower in metalliity than the Sun. Althoughsubsolar, these abundanes are still larger than most of the gas phase ISM abundanes assummarized reently by So�a & Meyer (2001). Two elements, N and Si, are found to bebelow the gas phase ISM abundanes. We note, however, that even for N in the Sun thisseems to be marginally the ase as well, while Si has large abundane unertainties, as notedearlier.5.4.2 Cep OB2Nine stars of this sample belong to the Cep OB2 assoiation, whih has already been analyzedhemially in Paper I by means of equivalent-width measurements of spetral lines in sharplined stars. The mean non-LTE abundanes for a sample of 8 low v sin i stars are log �(C)=8.17�0.09, log � (N)=7.62�0.10, log � (O)=8.61�0.10 and log � (Si)=7.21�0.28. Thisstudy may now be omplemented with the present sample, for whih it is found to havemean non-LTE abundanes of 8.37�0.15 for arbon, 7.53�0.17 for nitrogen, 8.47�0.14 foroxygen and 7.28�0.33 for silion. The average abundanes derived from both samples agreequite well for N, O and Si, despite the somewhat higher dispersions obtained for the sampleof high v sin i stars. Carbon abundanes are somewhat larger in this sample than in PaperI. However, as disussed before, arbon results in this paper are based on C III, instead ofC II (as in Paper I): part of this di�erene may thus reside in systemati e�ets between CII and C III. If both samples are ombined, then the entire set onsists of 17 stars belongingto the Cep OB2 assoiation and this represents � 30 perent of all the stars formed in theCep OB2 assoiation with spetral types between O9 and B3. These average abundanesare then, relative to solar, [C/H℄= �0:26, [N/H℄= �0:40, [O/H℄= �0:18, and [Si/H℄=�0:30:all underabundant by roughly the same amount. The mean abundanes on�rm the resultsof Cep OB2 being slightly metal poor relative to the Sun by about 0.2-0.3 dex (the averageunderabundane of the four elements disussed here is �0:28).



110With the addition of the sample of high v sin i stars, the number of Cep OB2 stars is twieas large as the number presented in Paper I and provides tighter onstraints on the hemialdistribution in the assoiation. Cep OB2 is believed to be divided into two subgroups ofdi�erent ages: Cep OB2a, with an estimated age of 7�106 years, extending over a large areawithin the assoiation, and Cep OB2b, with an estimated age of 3 � 106 years, assoiatedwith the open luster Trumpler 37 (Tr 37). It might be assumed that those stars assignedas members of Tr 37 by Garmany & Stenel (1992) belong to the younger subgroup (HD s205794, 206183, 206267D, 207538, 239724, 205948, 239729, and 239748), while the rest of thesample (HD s 206327, 239742, 239743, 207951, 209339, 235618, 239681, 239710 and 239745)belongs to the older subgroup, Cep OB2a.This assumption an be tested by using the derived stellar parameters to onstrut avariation of an HR-diagram for Cep OB2. The surfae gravity (as log g) is plotted versuslog Te� and this is shown in the top panel of Figure 5.5 for all 17 Cep OB2 members inthe sample. The open symbols orrespond to members assigned to Tr 37 (and would beexpeted to be the younger stars of Cep OB2b), while the �lled symbols are the other CepOB2 stars. Stellar model traks from Shaller et al. (1992) are shown as solid urves forM= 7M�, 9M�, 12M�, 15M�, and 20M� models (with solar heavy-element abundanes),while the dashed line shows the zero-age main sequene (ZAMS). It is lear from this formof an HR-diagram that the Cep OB2 members in this sample do generally segregate intotwo evolutionary groups, with a set of 10 stars falling very near the ZAMS, and a seond,somewhat evolved group of 7 stars. The earlier assumption of assigning age status basedon Tr 37 membership is a reasonable one: 7 of 8 stars identi�ed as Tr 37 members fall onthe ZAMS. Using the HR-diagram as the disriminator, 7 stars should be put into the oldergroup (Cep OB2a: HD s 206327, 207951, 235618, 239681, 239724, 239742, and 239743), and10 stars into the younger group (Cep OB2b: HD s 205794, 205948, 206183, 206267D, 207538,209339, 239710, 239729, 239745, and 239748).Abundanes an be ompared between the two subgroups of Cep OB2 (again using onlythe non-LTE abundanes). Average abundanes for Cep OB2a (the older subgroup) are log �(C)= 8.27�0.20, log � (N)= 7.66�0.08, log � (O)= 8.60�0.13, and log � (Si)= 7.28�0.32 (Mgand Al are not inluded in the subgroup omparison as non-LTE results are not available fromPaper I). The orresponding average abundanes for Cep OB2b are log � (C)= 8.32�0.15,
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Figure 5.5: The derived stellar parameters Te� and log g are plotted in the top panel to form a modi�edHR-diagram for Cep OB2 stars. Members of the young luster Tr 37 are plotted as the open irles, and allother assoiation members are plotted as �lled irles. The Tr 37 members should be generally younger andthis is found to be the ase. Solid urves are stellar models from Shaller et al. (1992) for 7, 9, 12, 15 and20M� models, with the dashed line denoting the ZAMS. Two fairly well-de�ned, di�ering age subgroups areidenti�ed (based upon the Shaller et al. models, the age di�erene is �2{5 Myr). The middle panel showslog(N/O) abundane ratios versus surfae gravity, as the surfae gravity of a star will initially derease as itevolves o� of the main sequene. Note that the two highest N/O-ratio stars have the lowest surfae gravities(these two are the most highly evolved of the �15M� stars). The dotted line is the average log(N/O)=�0:99of the other Cep OB2 stars. The bottom panel plots log(N/O) versus v sin i and shows that the two N-rihevolved stars are also two of the most rapidly rotating ones: rotationally indued mixing of CN-yle materialto the surfae is one viable explanation for the inreased N/O ratios.



112log � (N)= 7.52�0.15, log � (O)= 8.49�0.14, and log � (Si)= 7.23�0.31. The two subgroupshave similar average abundanes onsidering the abundane unertainties, and this on�rmsthe onlusions from Paper I that Cep OB2 is rather hemially homogeneous.The behavior of the N/O abundane ratios are investigated more arefully in the bottomtwo panels of Figure 5.5, where the log(N/O) abundanes are plotted versus log g (middlepanel) and v sin i (bottom panel). The abundane ratio of N/O is shown, as the ratio issomewhat less sensitive to stellar parameter unertainties, while surfae gravity is used asa measure of evolutionary state (see the top panel of Figure 5.5), and projeted rotationalveloity is used to test for rotationally-indued mixing (Heger & Langer 2000). In general,the N/O ratios of stars in both subgroups display small satter, with log(N/O)=�0:96�0.13,however, two N-rih stars do stand out, espeially in the middle panel as having lower valuesof log g (and are thus more evolved). These two stars are HD235618 and HD239681 andare Cep OB2a members. In the top panel of Figure 5.5, these N-rih stars are the twomost evolved stars falling nearly on the 15M� model trak and also have two of the largestprojeted rotational veloities (bottom panel of Figure 5.5). It should be remembered, ofourse, that stars with low v sin i ould also be rapid rotators viewed nearly pole-on, but starswith high v sin i values are rapid rotators, thus HD235618 and HD239681 are rotating rapidly.This suggests that rotation in fairly massive stars has led to mixing of CN-proessed materialto the surfae. Nitrogen enhanements of nearly a fator of two are indiated. In a simplemixing sheme of only CN-proessing, the sum of C plus N nulei will be onserved; withan assumed starting abundane of log � (C)= 8.35 and log � (N)= 7.55, then an inrease tolog � (N)= 7.80 (as observed), would result in a arbon abundane hange of only �0:08 dex:suh a hange in C would be lost in the noise of the C-abundane unertainties (espeiallyin view of the possible di�erenes between C II and C III abundanes).Heger & Langer (2000) have omputed models of rotating massive stars (M= 8{20M�)that inlude surfae abundane hanges aused by rotationally indued mixing. They �ndthat surfae 14N-abundanes an inrease by about a fator of 2 (as observed in two of theCep OB2 members), in 12{20M� stars that have rotational veloities greater than about200 km s�1 and ages of �2{5 Myr. The two Cep OB2 stars with N-abundanes enhanedby about +0.3 dex have masses lose to 15M�, and ages of a few Myr. With projetedrotational veloities of 100 and 140 km s�1, respetively, these two stars ould easily have



113true rotational veloities of 200 km s�1 or larger. A test of the mixing hypothesis ould befailitated by a omparison of boron abundanes in a sample of these stars.5.5 ConlusionsBoth the LTE and non-LTE abundanes of C, N, O, Mg, Al, and Si derived here ontinueto indiate that young O and B stars in this part of the Galaxy have slightly subsolar abun-danes. The inlusion of C III lines in this analysis does, however, yield arbon abundanesthat are somewhat loser to solar than those abundanes derived from C II lines.With 9 Cep OB2 members in this sample, plus 8 members with low values of v sin istudied previously (Paper I), the hemial abundanes in this assoiation are now betterde�ned and we have probed the hemial omposition of the gas that formed the OB starsof this assoiation with stellar masses roughly between 7{15 M� as muh possible. Twodistint age subgroups within Cep OB2 an be identi�ed based upon the stellar parametersderived here, with both subgroups having similar elemental abundanes. Two N-rih starsare identi�ed in the older subgroup, however, and these two stars are both rapidly rotating(v sin i � 100 km s�1) and rather massive (M� 15 M�). Their nitrogen overabundanesompare well to those predited from stellar models by Heger & Langer (2000) that inludesurfae abundane hanges brought about by rotationally indued mixing.
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Cap��tulo 6Abundânias Qu��mias de EstrelasOB de Assoia�~oes OB, AglomeradosAbertos e Regi~oes H II 1
Resumo: Abundânias qu��mias de arbono, nitrogênio, oxigênio, alum��nio, magn�esio,sil��io e enxofre, determinadas a partir de s��ntese espetral, s~ao apresentadas neste ap��tulopara uma amostra de estrelas OB distribu��das no diso Gal�atio. Os per�s sint�etios foramobtidos a partir de onsidera�~oes fora do ETL no �alulo da forma�~ao das linhas. Os resul-tados deste estudo podem ser ombinados om abundânias de estrelas OB em assoia�~oespr�oximas do Sol apresentadas nos ap��tulos anteriores, a �m de ompor uma base homogêneade dados de abundânias qu��mias de estrelas OB que possibilite a an�alise de gradiente ra-diais de metaliidade no diso da Gal�axia. Tal base de dados homogênea �e essenial paraa investiga�~ao detalhada dos padr~oes de abundânias no diso. De modo geral, as dis-tribui�~oes de abundânias estelares obtidas apresentam dispers~oes que devem ser analisadasonsiderando-se as posi�~oes relativas das estrelas no diso Gal�atio. As abundânias solares,omumente adotadas omo referênia, est~ao pr�oximas do limite superior das distribui�~oes deabundânias de oxigênio, magn�esio, sil��io e enxofre obtidas para as estrelas OB da amostra;as abundânias de arbono, nitrogênio e alum��nio s~ao menores do que as abundânias solares.1Daon, S., Cunha, K. & Butler, K. (2002a) a ser submetido (Paper IV)115



1166.1 IntrodutionMassive OB stars are exellent indiators of the hemial omposition of the interstellarmedium: they are young, so their photospheri abundanes should represent the originalomposition of the gas from whih they formed. Besides that, they are, in priniple, not farfrom their plae of birth. Based on this assumption, OB stars are good andidates in order totrae the distribution of the hemial omposition in the Galati disk. Other young objetslike H II regions an also be used to study the variations of the hemial abundanes alongthe Galati radius. The hemial analyses of H II regions show that the radial gradients ofmetalliity exist, but their magnitudes are still a matter of debate. The most well-sampledelement in H II regions is oxygen and the radial gradients derived for this element variesfrom �0:07 dex kp�1 (Shaver et al. 1983) to �0:04 dex kp�1 (Deharveng et al. 2000).In the ase of B stars, the �rst studies of the radial abundane gradients overed a restritregion within 2.5 kp from the Sun, and found almost null gradients (e.g., Fitzsimmonset al. 1992, Kaufer et al. 1994). More reent stellar analyses presented steeper gradients(Gummersbah et al. 1998, Rolleston et al. 2000), ompatible with the results obtained fromthe gas. We note, however, that even the most reent work on the radial gradient of stellarabundane present weak points: they are either based upon small samples of stars (the aseof Gummersbah et al. 1998, with 16 B stars) or the abundane analysis is based on LTE(the ase of Rolleston et al. 2000).The homogeneity of the abundane data is of ourse relevant to address the variations onthe hemial omposition of the Galati disk, one systemati errors in the hemial analysisould in priniple reate spurious abundane patterns. Rolleston et al. (2000), however, laimthat an LTE approah is enough in order to de�ne the magnitude of the radial gradients.This may be true (or not) to de�ne the inlination of a linear �t of the hemial abundanesas a funtion of Galatoentri distanes, but it is not valid to suessfuly represent thedistribution of the hemial omposition in the Galati disk: for this, orret absoluteabundanes are essential.In previous papers (Daon, Cunha & Beker 1999, Daon et al. 2001a, Daon et al.2001b), we presented hemial abundanes obtained from the �tting of syntheti non-LTEline pro�les for a sample of OB stars members of OB assoiations lose to the Sun, withd < 2:0 kp. The spetral syntheses were done with a non-LTE approah and the derived



117abundanes are therefore based on more realisti alulations. At the same time, the �ttingof syntheti pro�les instead of equivalent width measurements makes it possible to deter-mine the hemial omposition of stars with high projeted rotational veloities, whih isvery ommon among OB stars. In this study we add to the onstrution of a homogeneousbase of stellar abundane data, derived from the �tting of non-LTE theoretial pro�les tohigh resolution spetra. We present non-LTE abundanes of arbon, nitrogen, oxygen, mag-nesium, aluminum, silion and sulfur for main-sequene OB stars members of open lusters,OB assoiations and H II regions of the Galati disk.6.2 ObservationsThe present sample was hosen in order to provide abundane information for an ongoingstudy of the abundane pattern of the Galati Disk. For this purpose, we seleted starsloated in di�erent positions in the Disk, based on preliminary distane determinations fromthe literature. We attempted to observe whenever possible more than one star per openluster and OB assoiation; some observed spetra, however, were disarded due to the starbeing a spetrosopi binary, mislassi�ed as a B star or also for being a very rapidly rotatingstar for whih an abundane analysis ould not be done. In the outer part of the disk thelak of information about open lusters and OB assoiations led us to seek for target starsin distant H II regions.The observational data onsists of high resolution spetra obtained with the ESO 1.52mtelesope at La Silla, Chile, oupled to FEROS (Fiber fed Extended Range Optial Spetro-graph) and a 2048�4096 CCD detetor. The omplete overage is 3600-9200 �A distributed in39 orders, with resolution �=��=48,000 or 2.2 pixels per �� (Kaufer et al. 1999). The dataredution was done online with MIDAS pakage and onsisted of at �elding, extration,wavelength alibration, orretion of the baryentri veloity and merging of the orders intoa 1-D spetrum.Our previous studies of stellar abundanes (Paper I, II and III) are based on high resolu-tion spetra olleted at the M Donald Observatory, University of Texas, Austin. Two starsof Paper II (HD 344783 and BD+24Æ3880 of the Vul OB1 assoiation) were also observedwith the ESO 1.52m telesope so that a omparison between the stellar spetra ould reveal



118any possible systemati di�erenes between them. This was done by diretly omparing theequivalent widths measured in both spetra: the equivalent widths measured in the spetraobtained at ESO and M Donald show good agreement and present no systemati di�erenes.The sample stars have spetral types O9-B2, V=8-12 mag and are mainly on the main-sequene. The exposure times were hosen as to give a minimum signal-to-noise ratio of ahundred at �4650 �A. In Table 6.1 we list the sample stars and as well as their assoiatedopen luster, OB assoiation or H II region, their spetral type, V magnitudes, dates ofobservation, exposure time in minutes and S/N ratios at 4650 �A. In Figure 6.1 we present asample spetrum in the region ��4625�4670�A with the typial signal-to-noise of our sample(S/N�120) for the star BD-00Æ1491, also listed in the literature as Sh2 285-6.
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Figure 6.1: A sample spetrum in the region 4625-4670 �A with S/N=120 for the sharp-lined star BD-00Æ1491=Sh2 285-6.



119Table 6.1: Observational DataStar Cluster MK V date texp S/NS2R3N09 NGC 1893 B1.5III 11.7 02/03/2001 105 80S2R2N43 NGC 1893 B1III 11.5 02/08/2001 120 70LS 404 NGC 2414 B1V 11.8 11/28/1999 95 90LS 428 NGC 2414 B0.5V 11.8 11/28/1999 90 100CPD-59Æ 4532 NGC 4755 B1V 10.2 02/29/2000 60 140CPD-59Æ 4535 NGC 4755 B1V 10.2 04/09/2000 60 130CPD-59Æ 4544 NGC 4755 B2V 10.2 04/09/2000 60 100CPD-59Æ 4560 NGC 4755 B1.5V 9.6 04/08/2000 60 150LS 3719 NGC 6204 B1III 9.6 04/11/2000 60 180CPD-41Æ 7723 NGC 6231 B1V 9.5 06/13/2000 50 110CPD-41Æ 7730 NGC 6231 B1V 9.3 06/13/2000 50 150HD 326332 NGC 6231 B0.5V 9.7 06/13/2000 60 110HD 326364 NGC 6231 B0IV 9.6 06/13/2000 60 90BD-12Æ 4978 NGC 6604 B1V 10.4 07/23/2000 60 100BD-12Æ 5074 NGC 6611 B1V 10.3 06/23/1999 60 130BD-13Æ 4921 NGC 6611 B0.5V 9.9 06/23/1999 50 120BD-13Æ 4930 NGC 6611 O9.5V 9.4 06/23/1999 40 140BD-13Æ 4934 NGC 6611 B1V 9.5 06/23/1999 50 130HD 308810 IC 2944 B1V 9.6 02/19/2000 60 120HD 308817 IC 2944 B1.5V 10.7 02/19/2000 60 100CPD-61Æ 3579 Stok 16 B2V 10.5 07/22/2000 60 80LS 4257 Trumpler 27 B0V 11.5 07/23/2000 90 110LS 4271 Trumpler 27 O9III 10.7 07/23/2000 80 100HD 166033 Sh2 32 B1V 9.9 06/13/2000 40 90HD 314031 Sh2 32 B0.5V 9.9 07/23/2000 60 160Sh2 47-3 Sh2 47 B0V 10.3 04/09/2000 70 140Sh2 247-1 Sh2 247 O9V 11.1 02/20/2000 90 80LS 45 Sh2 253 B1.5V 12.6 11/26/1999 120 80HD 48691 Sh2 284 B0.5IV 7.8 11/25/1999 30 300BD-00Æ 1491 Sh2 285 B0V 12.0 11/25/1999 105 120CPD-48Æ 8705 Ara OB1 B0V 8.5 06/23/1999 30 170HD 149065 Ara OB1 B2V 8.4 06/23/1999 30 150HD 46202 Mon OB2 O9V 8.2 11/28/1999 30 200HD 172427 St OB2 B1IV 9.5 04/11/2000 50 140HD 172488 St OB2 B0.5III 7.6 04/11/2000 25 170



1206.3 Analysis6.3.1 E�etive Temperatures and GravitiesStellar parameters were derived with a photometri alibration plus the �tting of the wings ofH, using the same methodology presented and disussed in Daon, Cunha & Beker (1999).E�etive temperatures are determined using a 2-order alibration for the reddening-freeparameter Q=(U-B)-0.72(B-V). This photometri alibration is anhored on a temperaturesale based on a iterative proedure ombining photometri alibration for the Str�omgrenindies and the �tting of the wings of H. The Q-parameter was �rst adopted in PaperI as a temperature indiator, instead of this iterative proedure itself, basially due to thelak of Str�omgren photometry for the majority of the stars of that sample listed in theliterature. As the main objet of the present study is to onstrut a homogeneous databaseof stellar abundanes, we adopt the same alibration to preserve the onsisteny of ourtemperature sale. One we �xed the e�etive temperature, we �tted LTE syntheti wingsof H (Kuruz, 1979) to the observed pro�les to obtain the surfae gravity (log g). Thephotometri alibration provides e�etive temperatures with an unertainty of roughly 4%, asdisussed in Paper I, onsidering an error of 0.01 mag in the measurements of the photometriindies. We estimate an error of 0.1 dex in the determination of the surfae gravity, primarilyimparted by the plaement of the ontinuum. The stellar parameters of the studied targetsare distributed within the range between 21000 to 33000 K for e�etive temperature and3.6-4.6 for gravity. In Table 6.2 we list the Q-parameters, the adopted e�etive temperatureand gravity.As a onsisteny hek, we investigated the relative strength of metalli lines as a funtionof temperature. We ompared, for example, the relative intensities of O II lines and C IIIlines in the region of 4650 �A, N III lines at 4634, 4641 �A and line ratios of He I/He II as theseare sensitive to Te� for the hotter stars. For three stars listed in Table 6.2 (marked with\*") we onsider that the e�etive temperatures derived from the photometri alibrationdo not agree with their observed spetra; the Te� s derived for these stars are among thehighest temperatures in our sample. In the following we disuss eah star in turn: (i) LS4271 presents only one measurement of UBV photometry (Mo�at et al. 1977) whih givesQ=-0.859. For this value we derived initially Te�=30950 K. However, the intensity of He



121Table 6.2: Stellar ParametersStar Q Te� log gS2R3N09 -0.794 26830 3.98S2R2N43 -0.782 26160 3.91LS 404 -0.723 23270 4.32LS 428 -0.816 28140 4.56CPD-59Æ 4532 -0.730 23550 4.30CPD-59Æ 4535 -0.715 22920 4.23CPD-59Æ 4544 -0.739 23980 4.08CPD-59Æ 4560 -0.724 23300 3.95LS 3719 -0.742 24120 3.60CPD-41Æ 7723 -0.751 24550 4.07CPD-41Æ 7730 -0.748 24350 4.15HD 326332 -0.803 27350 4.00HD 326364 -0.839 29610 4.15BD-12Æ 4978 -0.810 27750 4.25BD-12Æ 5074 -0.783 26210 4.37BD-13Æ 4921 -0.816 28100 4.10BD-13Æ 4930 -0.857 30830 4.40BD-13Æ 4934 -0.859 30950 4.48HD 308810 -0.789 27040 4.32HD 308817 -0.715 22910 4.28CPD-61Æ 3579 -0.811 27840 4.38LS 4257 -0.837 29460 4.10LS 4271 -0.859 32190* 3.85HD 166033 -0.804 27410 4.26HD 314031 -0.784 26270 4.36Sh2 47-3 -0.843 29870 4.10Sh2 247-1 -0.896 32430* 4.26LS 45 -0.713 22830 4.04HD 48691 -0.829 28940 4.20BD-00Æ 1491 -0.837 29480 3.95CPD-48Æ 8705 -0.841 30930* 4.56HD 149065 -0.666 21090 4.24HD 46202 -0.870 31720 4.08HD 172427 -0.786 26360 3.94HD 172488 -0.789 26530 3.65



122II lines at �� 4200, 4542 and 4686 �A suggest a higher temperature for this star. We thenorreted the derived temperature by +4% and obtained Te�=32190 K, whih is the adoptedtemperature. Massey et al. (2001) listed log T=4.553 (Teff=35730 K) based on their MKlassi�ation for this star, whih is O8.5 III. (ii) The same orretion was applied for the starCPD-48Æ 8705. Four di�erent sets of photometri indies are listed in the literature for thisstar and the possible temperatures derived vary from 26490 to 29740 K, whih orrespondsto a di�erene of more than 10%. However, even the highest temperature was not ompatiblewith relative strength of He II and C III lines present in the star's spetra. So, we applieda orretion of +4% for its highest temperature and adopted Te�=30930 K for this star.No other e�etive temperature is listed in the literature for CPD-48Æ 8705. (iii) For Sh2247-1, we initially derived Te�=33730 K from the photometry listed in Haug (1970), theonly soure available. This temperature, however, seems to be very high to aount for theobserved ratios between He I and He II lines and the intensity of the He II line at 4542�A.In this ase, we lowered the e�etive temperature by 4% and adopted the value of Te�=32430 K for this star. This star was studied by Gummersbah et al. (1998), who derivedTeff=30800 from Balmer lines ombined to the ionization equilibrium of Si II/Si III/Si IVlines.6.3.2 Non-LTE AbundanesChemial abundanes are derived from the �tting of non-LTE theoretial pro�les to theobserved spetral lines. The model atmospheres are fully-blanketed, plane-parallel LTEmodels alulated with ATLAS9 ode (Kuruz, 1992) for a onstant miroturbulene veloityof � = 2kms�1 and solar omposition. Departures from LTE are onsidered in the lineformation alulations; the program DETAIL is used to solve the equations of statistialequilibrium and transfer. These alulations are strongly dependent on the ompleteness ofthe adopted model atom and require the desription of an appropriate number of levels andtransitions to yield aurate level populations. The model atoms used in this analysis aredesribed in Eber & Butler (1988 - C II), Beker & Butler (1989 - N II), Beker & Butler(1988 - O II), Beker & Butler (1990 - Si III), Przybilla et al. (2001 - Mg II), Dufton etal. (1986 - Al III) and Vranken et al. (1996 - S III). The line pro�les are alulated withode SURFACE, assuming Voigt pro�le funtions. Atomi lines in the neighborhood of �3�A



123around the lines of interest were onsidered in order to onstrut a linelist for eah spetralregion. For onsisteny, we use the same linelists of Paper III. In this paper, however, weinlude some spetral regions ontaining weak lines (these were not analyzed in the spetra ofthe high v sin i B stars of Paper III). The seleted transitions and atomi data for the inludedspetral regions are listed in Table 6.3, with the wavelength, exitation potential and log(gf)for eah element present in the region. The gf-values ome mainly from TOPbase and, whennot available in this database, from the Kuruz web site (URL fau5.harvard.edu/).Table 6.3: LinelistsWavelength interval �(�A) Speies �(eV) log(gf)4359-4367 4361.53 S III 18.24 -0.75S III 4364.75 S III 18.32 -0.854366.91 O II 23.01 -0.244464-4469 4465.44 O II 30.43 0.34O II 4466.60 O II 28.94 0.244467.76 S III 18.31 -1.104467.95 O II 30.43 0.224510-4515 4510.88 N III 35.67 -0.45Al III 4512.56 Al III 17.81 0.404514.85 N III 35.70 0.234526-4531 4527.86 N III 38.49 -0.24Al III 4529.19 Al III 17.81 0.664530.41 N II 23.49 0.674888-4892 4890.85 O II 26.30 -0.35O II5141-5153 5143.50 C II 20.70 -0.21C II 5145.17 C II 20.71 0.195151.05 Al III 23.54 0.255151.08 C II 20.71 -0.185188-5192 5190.57 O II 26.55 -0.46O IIWe derived non-LTE abundanes, miroturbulene veloities and projeted rotationalveloities following the proedure disussed in Paper III. Some examples of pro�le �tting areshown in Figure 6.2 for the star BD-00Æ 1491. The adopted miroturbulene is � = 6kms�1;



124in these examples, the values of the projeted rotational veloity are between 9.5 and 12kms�1. The mean projeted rotational veloity for the star is the average of the v sin iobtained from the �tting of the individual lines of all the element. The miroturbuleneveloities, projeted rotational veloities and mean elemental abundanes plus dispersionsare presented in Table 6.4. The abundanes listed in Table 6.4 represent the mean abundanefor all the �tted lines of the same speie and a standard deviation whih is the line-to-linesatter of the abundanes.
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Figure 6.2: Some examples of line syntheti pro�les �tted to the observed spetra of thestar BD-00Æ1491 for � = 6kms�1. The N III line at 4641�A is alulated in LTE; all theother pro�les are from non-LTE alulations. The values of v sin i needed for these �tsvary between 9.5 and 12 kms�1.
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Table 6.4: Non-LTE Abundanes� v sin iStar (kms�1) log �(C) log �(N) log �(O) log �(Mg) log �(Al) log �(Si) log �(S) (kms�1)S2R3N09 7 8.00�0.11 7.31�0.14 8.46�0.12 7.18 5.81�0.08 6.81�0.15 7.06�0.16 11�3S2R2N43 7 - 7.32�0.12 8.27�0.13 - - 6.73�0.03 - 54�5LS 428 5 - 7.21�0.15 8.06�0.07 7.08 - 6.58�0.19 - 32�5LS 404 8 8.12 7.40�0.12 8.37�0.10 - 6.05 6.87 - 33�3CPD-59Æ 4532 6 8.25 7.58�0.08 8.48�0.06 7.13 - 7.01�0.16 7.35 71�2CPD-59Æ 4535 4 8.21�0.08 7.53�0.05 8.58�0.13 7.58 6.04 7.00�0.10 7.20 68�4CPD-59Æ 4544 4 8.32�0.12 - 8.61�0.09 7.55 6.25 7.11�0.02 7.25 69�5CPD-59Æ 4560 9 - 7.74�0.06 8.65�0.12 7.78 - 7.16�0.06 - 192�12LS 3719 11 8.12 7.72�0.13 8.68�0.11 7.32 6.10 7.57�0.04 - 77�6CPD-41Æ 7723 5 8.11�0.07 7.47�0.11 8.50�0.11 - 5.98�0.04 6.91�0.12 7.20�0.20 26�2CPD-41Æ 7730 3 8.10�0.11 7.53�0.15 8.53�0.09 7.04 5.77�0.02 6.92�0.14 7.20�0.24 12�1HD 326332 7 8.20�0.06 7.56�0.08 8.50�0.15 7.43 5.95�0.04 7.12�0.13 7.15�0.25 23�3HD 326364 10 8.38�0.17 7.93�0.12 8.48�0.13 7.48 6.20�0.17 7.45�0.12 7.23�0.19 19�4BD-12Æ 4978 3 - 7.55�0.07 8.53�0.11 7.57 6.10 7.20�0.20 - 61�4BD-12Æ 5074 2 - 7.50�0.14 8.45�0.09 7.21 5.83 6.86�0.15 7.11�0.05 19�3BD-13Æ 4921 7 8.35 7.57�0.12 8.61�0.17 7.35 - 7.07�0.18 - 86�7BD-13Æ 4930 7 8.11 7.62�0.14 8.54�0.17 7.48 6.30�0.07 7.18�0.05 7.29 20�3BD-13Æ 4934 6.5 - 7.76�0.06 8.67�0.13 7.52 6.18�0.11 7.42�0.20 7.24 80�6HD 308810 5 8.28 7.41�0.11 8.45�0.12 7.30 5.81 7.03�0.09 7.42 51�4HD 308817 5 - 7.51�0.15 8.60�0.13 7.53 6.21�0.09 7.14�0.14 - 57�4CPD-61Æ 3579 6.5 8.50 7.77�0.06 8.48�0.10 7.25 6.12 7.08�0.05 7.30 78�6LS 4257 10 8.45 7.81�0.13 8.58�0.17 7.80 6.30 7.53�0.02 7.47 88�4LS 4271 8 - - 8.52�0.20 - - 7.44�0.03 - 61�10HD 166033 4 - 7.69�0.02 8.73�0.07 - - 7.38�0.15 - 73�4HD 314031 5 8.20 7.71�0.09 8.60�0.14 7.50 6.27 7.14�0.09 7.25 94�3Sh2 47-3 6.5 8.21�0.01 7.53�0.09 8.52�0.14 7.48 6.32�0.13 7.40�0.08 7.15 16�2Sh2 247-1 12 - 7.48 8.21�0.15 7.25 - 7.43�0.02 - 23�5LS 45 7 8.00 7.36�0.09 8.46�0.15 6.99 5.85�0.21 6.96�0.12 - 22�4HD 48691 8 8.01�0.03 7.44�0.14 8.47�0.09 7.42 5.68 6.87�0.03 7.08�0.04 53�6BD-00Æ 1491 6 8.10�0.03 7.45�0.12 8.45�0.13 7.34 6.06�0.24 7.27�0.12 6.95�0.24 12�2CPD-48Æ 8705 6 - 7.62�0.11 8.40�0.10 7.28 - 7.06�0.08 7.25 65�5HD 149065 4 8.29�0.04 7.61�0.05 8.52�0.09 7.52 6.12�0.13 7.17�0.06 7.23 24�1HD 46202 9 - 7.22�0.05 8.11�0.12 6.87 5.92�0.23 7.14�0.03 6.94 24�3HD 172427 8 8.26�0.14 7.52�0.12 8.51�0.16 7.70 6.23�0.12 7.75�0.09 7.45 53�5HD 172488 11 8.35 7.66�0.07 8.58�0.17 7.76 6.43�0.19 7.69�0.12 - 100�7



126In this Setion we also present Mg, Al, and S abundanes for those stars studied inPapers I and II. In the �rst paper, we derived non-LTE abundanes of arbon, nitrogen andoxygen and silion for 8 stars with low projeted rotational veloity belonging to the CepOB2 assoiation. The sample was later extend to inlude 15 stars belonging to �ve otherOB assoiations (Paper II). The observational data onsists of high resolution, high signal-to-noise spetra of main sequene B stars belonging to OB assoiations and are disussed inPapers I and II. The sample stars are listed in Table 6.5, with the orresponding assoiations.The theoretial pro�les of Mg II, Al III and S III were broadened and �tted to the observedpro�les. The �nal non-LTE abundanes of magnesium, aluminum and sulfur are listed inolumns 3, 4 and 5 of Table 6.5 for eah star. The elemental abundanes are represented bythe average of the individual line abundanes and the respetive dispersions. In this analysiswe disarded star HD 202253 of Cyg OB 7 assoiation beause for this star there was onlyone spetral region suitable for �tting, entered on 4480 �A, but it was lose to a region ofpiket-fene and the normalization of the ontinuum in this region was very inaurate. Wethus deided not to analyse this star.
The overall piture of the di�erenes between LTE and non-LTE abundanes are disussedin Paper I, II and III. The non-LTE orretions (LTE�Non-LTE abundanes) of arbon,nitrogen and oxygen are typially smaller than 0.1 dex. Silion and magnesium presentlarger orretions that may be of the order of 0.25 dex; aluminum, on the other hand,present non-LTE orretions < 0:08 dex sattered around zero. The sulfur abundanes forthe stars in our sample were analyzed only onsidering the LTE approah in Paper II. There,we found � solar abundanes for sulfur, but a more omplete analysis, based on non-LTEabundanes, was needed to verify if this result is real or arise from the analysis unertainties.The derived Non-LTE abundanes of sulfur an be ompared with these LTE results, and we�nd non-LTE orretions sattered around zero within �0.2 dex. Considering the 10 stars inPaper II for whih we derived LTE sulfur abundanes we obtain < log �(S) >LTE= 7:29�0:26and < log �(S) >Non�LTE= 7:22� 0:10, that is, the non-LTE sulfur abundanes are slightlylowered but is still omparable with the sulfur abundane in the Sun within the unertainties.



127Table 6.5: Mg, Al and S AbundanesAssoiation Star log �(Mg) log �(Al) log �(S)Cep OB2 HD 205794 7.33 5.93 7.34HD 206183 7.36 6.17�0.06 7.05HD 206267 7.21 5.70 7.28HD 206327 7.27 5.98�0.05 7.17�0.05HD 207538 7.42 6.15�0.29 -HD 239724 7.48 6.02 7.16�0.16HD 239742 7.81 6.00 7.19HD 239743 7.33 6.01�0.03 -Vul OB1 BD 24Æ 3880 7.59 6.24�0.19 7.28�0.08HD 344783 7.31 6.25 7.13�0.03Cyg OB3 HD 227460 7.46 6.11�0.17 7.22HD 227586 7.21 5.87 7.21HD 227757 7.39 6.29�0.23 7.34Cyg OB7 HD 197512 7.38 5.98�0.07 7.11�0.19La OB1 HD 214167 - - 7.07HD 214680 7.47 6.12�0.25 -HD 216916 7.52 6.18�0.16 7.29HD 217227 7.52 6.09 7.28HD 217811 - 6.01 7.15�0.18Cep OB3 BD 62Æ 2125 7.03 5.84�0.02 7.20�0.21HD 217657 7.12 5.71�0.11 7.17HD 218342 7.44 5.99�0.01 7.06�0.086.3.3 Abundane UnertaintiesAbundane analyses are subjet to errors in the determination of the stellar parameters andthe �tting of the line pro�les. The unertainties in the determination of the temperature andgravity are of 4% and 0.1 dex, respetively (we refer to Paper I for a detailed disussion onthis subjet); The miroturbulene veloity an be determined within an error of �1:5km s�1,from the log �(O) vs. � plot. Besides these soures of unertainties, the �tting of line pro�les



128is also subjet to errors in the plaement of the ontinuum of the observed spetra and thehoie of the projeted rotational veloity. We assume an error of 5% due to the ontinuumand 7% in the hoie of v sin i, based on the �2-minimization to �nd a best �t. We onsideredthese unertainties independent to ompute the hanges in the elemental abundanes foreah parameter variation: one parameter was hanged at a time, while the others were keptonstant, and a new theoretial pro�le was �tted. This study was proeeded for N II, O II,Mg II, Al III and Si III in Paper III. In general, the total errors for N and Al are smallerthan 0.15 dex. Oxygen, magnesium and silion present larger errors of the order of 0.20 dex,whih are mainly dominated by the unertainties in the e�etive temperature. Magnesium isespeially sensitive to miroturbulene in the lower end of our temperature sale, where theseleted Mg II line is stronger; the three silion lines are all intermediate to strong lines in thespetra of the main sequene stars and are also dependent on the hoie of miroturbulene.In this paper we present the hanges imparted on the abundanes of C II and S III by theunertainties. The total errors ((P Æ2i )1=2, where Æi are the individual errors) are listed inTable 6.6 for two stars of our samples with temperatures lose to 20,000 K and 30,000 K. Theerrors for arbon abundanes derived from C II lines are smaller than 0.1 dex for range oftemperatures of the studied stars. For S III, the e�etive temperatures are the main soureof unertainties in the determination of sulfur abundanes.6.4 Disussion of the Results6.4.1 The Abundane PatternThe non-LTE abundanes of C, N, O and Si, as a funtion of e�etive temperature, areshown in Figure 6.3. In the Figure 6.4 we present the non-LTE abundanes of Mg, Al andS as a funtion of Te� for all the stars, inluding those stars members of OB assoiationslisted in the Table 6.5. In general, the non-LTE elemental distributions show no trend withtemperature, whih suggest that our abundane analyses are not subjet to major systematiunertainties. In the following we disuss eah studied element separately:Carbon - The mean arbon abundane for the whole sample is 8:21� 0:14. In the Figure6.3 we adopt the arbon abundane suggested by Holweger (2001), whih is 8:592 � 0:108.The di�erene between our mean abundane and the solar abundane is -0.38 dex. This result



129Table 6.6: Abundane UnertaintiesIon Corretion HD 149065 BD-13Æ 4930C II Æ(Te� ) �0.03 +0.08Æ(log g) 0.00 �0.01Æ(�) �0.01 0.00Æ(v sin i) +0.01 +0.01Æ(ontinuum) +0.02 +0.02(P Æ2i )1=2 +0.04 +0.08S III Æ(Te� ) �0.12 �0.09Æ(log g) +0.03 0.00Æ(�) �0.03 �0.01Æ(v sin i) +0.01 +0.01Æ(ontinuum) +0.02 +0.02(P Æ2i )1=2 +0.13 +0.09is onsistent with the underabundane of arbon, relative to the Sun, derived in Papers Iand II using the same C II lines. In paper III we attempted to derive non-LTE arbonabundanes for a sample of high v sin i B stars using the strong C III lines at 4647-4651�A. The average arbon abundanes for 8 stars was 8:39 � 0:15 and three stars presentedlog �(CIII) � 8.50. The disrepany between C II and C III non-LTE abundanes was notremoved if the temperature sale was adjusted whithin the unertainties and it was stressedthat this point still deserves some e�ort to be lari�ed.Nitrogen - The solar nitrogen abundane listed by Holweger and Grevesse & Sauval showa very good agreement - 7:931�0:111 and 7:92�0:06, respetively - and are 0.38 dex higherthan the mean abundane for this sample, whih is 7:55�0:17. Only one star in our sample,HD 326364, presents a solar abundane of nitrogen (log �(N) = 7:93� 0:12). No orrelationbetween nitrogen abundanes and e�etive temperatures is observed.Oxygen - The reent analyses of the oxygen abundane in the Sun bring it down to8:736 � 0:078 (Holweger 2001) and even 8:69 � 0:05 (Allende Prieto, Lambert & Asplund2001). We onsider the average between these two values, log �(O)=8.72, as a referene forthe solar oxygen. Although some stars in our sample have oxygen abundanes very lose



130or even higher than the Sun, the bulk of the distribution is sub-solar by roughly 0.2 dex.The mean oxygen abundane for the sample stars is 8:49� 0:15. Oxygen abundanes showa slight dependene with the e�etive temperature and a linear �t to the abundane pointshas a slope of -1.4�10�5. This dependene is determined by the stars LS 428, Sh2 247-1 andHD 46202, whih present oxygen abundanes lower than 8.21 dex. If these stars are removedfrom the �tting, the slope hanges to -1.9�10�6 and the oxygen dereases only 0.02 dex asthe Te� runs from 20,000 to 30,000 K. The lower abundanes presented by these stars arepossibly due to their loation in outer parts of the Galati Disk and we thus onsider theoxygen abundanes are essentially independent of the e�etive temperature.Magnesium - The abundanes of magnesium presented in the Figure 6.4 inlude the starslisted in the Tables 6.4 and 6.5. The distribution of log �(Mg) shows a large spread; thelowest and the highest magnesium abundanes are, respetively, 6.87 and 7.81, with �1 dexof di�erene between them. Magnesium abundane is derived from the triplet of Mg II at 4481�A, blended in one single pro�le. This is a strong pro�le for the stars with Te� � 25000, thatreahes its maximum intensity at late-B/A stars. Consequently, the magnesium abundanesfor the stars with lower temperatures are more sensitive to the hoie of miroturbulene. Theline strength dereases onsiderably for higher Te� and so does the dependene of magnesiumabundanes on the miroturbulene.The magnesium abundane in the Sun suggested by Holweger (2001) is 7:538 � 0:060.This value is in the high end of the Mg abundane distribution for B stars in the Figure 6.4.The di�erene between the magnesium abundane in the Sun and the mean value for B starsis -0.168.Aluminum - The abundanes obtained for the stars listed in Tables 6.4 and 6.5 arepresented in the Figure 6.4. The di�erene between the mean abundane for the B-stars(< log �(AlB) >= 6:05�0:18), and the solar abundane derived by Grevesse & Sauval (1998)(log �(Al)�=6.47) is -0.42 dex. The aluminum abundanes show a slight orrelation withtemperature as the abundanes are inreased by 0.11 dex as the temperatures run from20,000 to 30,000K. This di�erene, however, is roughly of the same magnitude of the totalerrors estimated in the abundane analysis.Silion - Silion presents the largest spread (< log �(Si) >= 7:16 � 0:29) among theelements studied here. The solar value assigned by Holweger (2001) is 7.536�0.049; although
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Figure 6.3: Elemental abundanes of arbon, nitrogen, oxygen and silion as a funtion ofTe� , for the stars listed in Table 6.4. Dotted lines represent the solar abundanes listed byHolweger (2001): 8.592, 7.931, 8.736 and 7.536 for C, N, O and Si, respetively. The dashedline represents the oxygen abundane (8.69�0.05) derived by Allende Prieto, Lambert &Asplund (2001). Carbon, nitrogen and oxygen show no orrelation with temperature;silion presents a slight dependene on Te� . Carbon and nitrogen abundanes are sub-solar, sattered within � 0:5 and � 0:7 dex, respetively. The oxygen abundane in theSun represents the upper limit of the distribution of oxygen abundanes, with a satterof � 0:7 dex; silion presents a large dispersion and the bulk of stars present sub-solarabundanes, although some stars are sattered around the solar value.four stars in our sample present silion abundanes higher than 7.50 dex, the mean abundanefor the B-stars is subsolar by -0.376 dex. In this analysis, silion abundanes ome from the



132�tting of three lines of the same multiplet, all of them with intermediate intensity. Thisintrodues a dependene of the silion abundanes on the hoie of the miroturbuleneveloity, even in a non-LTE analysis like ours. This may be the soure of the orrelationbetween silion abundanes on e�etive temperature, whih shows a slope of +2:64� 10�5,representing a hange of +0.26 dex in the silion abundane in the temperature range 20,000-30,000K.Sulfur - Sulfur abundanes are based on two weak lines of S III (�� 4361 and 4364 �A)whih are on the edge of the wing of H. For this reason, we renormalized both the observedand the theoretial pro�les taking the wing of H as the ontinuum. Sulfur abundanes arequite independent of Te� and the mean abundane obtained for this sample is 7:21 � 0:12;this is 0.12 dex lower than the sulfur abundane in the Sun, 7:33�0:11, reported by Grevesse& Sauval (1998). About 60% of the stars in our sample present sulfur abundane �solar,onsidering the unertainties in our analysis and in the solar value.6.4.2 Miroturbulene VeloityThe distributions of miroturbulene veloities derived here are shown in the Figure 6.5as a funtion of stellar parameters. In the top panel we plot � as a funtion of e�etivetemperature. The average of the �-values for the stars with Te� � 25000K (11 stars) is< �old >= 5:9�2:5kms�1; on the other hand, the < �hot > for the 6 stars with Te� � 30000Kis 8:1�2:2kms�1. Gies & Lambert (1992) also report a similar result for their nonsupergiantstars, with mean miroturbulenes of 4 and 6 kms�1 at Te� = 17000K and Te� = 30000K,respetively.High miroturbulene veloities are usually assoiated with the evolutionary stage. Forexample, Vranken et al. (2000) report � = 12kms�1 (derived from the ionization balane ofsilion) for the two supergiants in their sample and � = 9kms�1 for the stars with luminositylass II and III. Their miroturbulenes derived from the oxygen lines are even higher: 13kms�1 for nonsuperginats and 21 kms�1 for supergiants. In the spei� ase of supergiants,Lamers & Ahmad (1994) onlude that the veloity �elds resultant of mass loss ontributefor an overestimate of the miroturbulene veloity in these evolved stars. In our sample, themajority of the targets are main sequene or subgiants stars. The lowest surfae gravity is3.60. Nevertheless, we observe an inreasing of the �-value as the log g dereases toward the
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Figure 6.4: Elemental abundanes of magnesium, aluminum and sulfur as a funtionof Te� , for the stars listed in Tables 6.4 and 6.5. The dotted lines represent the solarabundanes listed by Holweger (2001 - magnesium: 7.538) and Grevesse & Sauval (1998- aluminum: 6.47 and sulfur: 7.33). The abundanes are independent of the e�etivetemperature. Magnesium shows the largest satter (�1 dex) and many stars presentabundanes equal or higher than solar. Aluminum abundanes are all sub-solar, exeptfor one star, whih presents log �(Al) very lose to the solar value. Sulfur abundanes areless dispersed, with the Sun oupying the upper limit of the distribution.end of the main sequene. The < � > for the stars with log g > 4:0 is 6:1� 2:4kms�1 while< � >= 8:4 � 1:8kms�1 for the stars with log g � 4:0. Only one star in the \low-gravity"group is also present in the \high-temperature" group (LS 4271). The other stars withlog g � 4:0 present temperatures varying from 23300 to 29480 K. Therefore, the observed



134trend of miroturbulene with temperature is not purely a reetion of evolutionary e�ets.In our analysis, however, the miroturbulene is introdued as a requirement for the derivedabundanes be independent of the line strength, with a lassial approah. Moreover, thepro�le �tting is generally better, espeially in the wings, for a non-zero miroturbulene.6.4.3 Nebular and Stellar AbundanesFor some H II regions assoiated with target stars in our sample we an �nd abundanes ofN, O and S based on analyses of the hemial omposition of the gas. These values fromthe literature are gathered in Table 6.7 and ompared with the stellar abundanes of thesame elements derived here. For the H II regions Sh2 284 and Sh2 285 and the open lusterNGC 6604, whih is assoiated with the H II region Sh2 54, we list the abundanes of theindividual stars (as we have one star per H II region/luster, namely HD 46891, BD-00Æ1491and BD-12Æ4978, respetively). For NGC 6611, we list the mean abundane for the 4 starsof our sample belonging to this open luster. Below, we summarize the main harateristisof eah nebular work inluded in the omparison.Shaver et al. (1983) used radio reombination lines to derive eletron temperatures and,subsequently, abundanes of N, O, S, Ne and Ar, based on optial spetra of the H II regionsNGC 6604, NGC 6611 and SH2 284. Their derived oxygen abundanes are aurate within< 25%. Deharveng et al. (2000) derived eletron temperatures and oxygen abundanes fromoxygen emission line ratios. NGC 6604 and NGC 6611 were studied by the authors andthey quote an unertainty smaller than 0.08 dex for the abundanes that are listed in thetable. For omparison, they realulated the oxygen abundanes from line ratios given inthe literature; the reomputed abundanes of NGC 6604 and Sh2 284 are based on Shaver'sline ratios. Fih & Silkey (1991) estimated the abundanes of He, N, O, S and Ar in 18 HII regions at the edge of the Galaxy by ombining optial spetra and radio reombinationlines. The unertainties in their abundane determinations for Sh2 285 are of the order of0.10-0.14 dex.From inspetion of Table 6.7, we note that oxygen abundane in the stellar ontent ofNGC 6611 is smaller than in the gas by �0.19 dex, if we onsider the abundanes of Shaveret al. (1983) for M 16. However, if we take into aount the oxygen abundane obtained byDeharveng et al. (2000) for M 16, the di�erene � = log �star� log �gas hanges to +0.04 dex.
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Figure 6.5: Miroturbulene veloity as a funtion of e�etive temperature (top panel)and gravity (bottom panel). The mean value of � inreases for higher temperatures andlower gravities, in the diretion of the end of the main sequene.The nebular abundanes of oxygen are supposed to be lower than the stellar abundanesas � 20 � 5% of the oxygen is expeted to be trapped in grains (Meyer et al., 1998) andnot aessible in the gaseous abundanes. In this sense, Deharveng's oxygen abundane



136for NGC 6611 is in better agreement with our stellar abundane determination for thisH II region. We note that Gummersbah et al. (1998) derived non-LTE oxygen abundaneof 8.63�0.10 for one star in NGC 6611, whih agrees with our determination within theunertainties. For nitrogen, there is a good agreement between stellar and nebular abundaneresults, within the unertainties. The nitrogen abundanes derived by the analyses of thestars and the gas show good agreement.In the ase of NGC 6604, the di�erene between the oxygen abundane of the stars and thegas is �=-0.19, onsidering Shaver's results; �=-0.07 and -0.11 if we adopt the two di�erentoxygen abundanes obtained by Deharveng et al. (2000), using their data or Shaver's data,respetively. For the latter, there is a marginal agreement within the unertainties. Theassoiation between Sh2 54 and NGC 6604, however, is questioned by Caplan et al. (2000),who noted that these objets seem spatially disonneted.The oxygen abundanes in the gas of Sh2 284 obtained by Shaver et al. (1983) andDeharveng et al. (2000) are larger than our stellar abundane (log �(O)=8.47�0.09 for thestar HD 48691) by 0.11 and 0.19 dex, respetively. This is onsistent with the expetedoxygen depletion within the errors. On the other hand, the nitrogen abundane in thestellar photosphere is 0.29 dex higher than in the gas, exeeding the unertainties. Thehemial omposition of the gas in H II region Sh2 285 was studied by Fih & Silkey (1991),who �nd log �(N) = 7:26+0:11�0:10 and log �(S) = 6:33+0:14�0:13 (they do not list oxygen abundane forSh2 285). The nitrogen abundane show marginal agreement, onsidering the unertainties.The sulfur abundanes, however, show a large di�erene star�gas (�=+0.62 dex) that ouldnot be explained by the errors involved in the hemial analyses.6.5 Summary and ConlusionsWe present a homogeneous database of hemial abundanes of B stars onstruted by meansof non-LTE syntheses. The temperature sale and the surfae gravity are derived from aphotometri alibration for the reddening-free indie Q oupled to the �tting of broadenedwings of H. Miroturbulenes are obtained by requiring that the O II lines yield abundanesindependent of the line strength. The non-LTE abundanes of arbon, nitrogen, oxygen,magnesium, aluminum, silion and sulfur are derived from the �tting of non-LTE syntheti



137pro�les to the observed spetra. The pattern of the elemental abundanes with respet to thedistribution in the Galati Disk will be explored in a future work: in the present we attemptto derive the absolute abundanes using a onsistent methodology in order to minimize thepossible systemati errors arising from the abundane analysis. The main onlusions of thispaper are:1) The mean elemental abundanes, relative to the Sun, show di�erenes that vary from-0.10 dex, as for sulfur, to -0.46 dex, as for aluminum. Although some stars present so-lar abundanes, the bulk of the abundane distributions are sub-solar, even onsidering thenewest (and lowest) solar abundanes in the literature. The abundane distributions presenta onsiderable satter star-to-star; the larger spread is observed for magnesium and silion,whih present also the larger abundane unertainties. This satter will be further investi-gated in terms of the relative stellar positions in the Galati Disk.2) The miroturbulene veloities derived from the non-LTE analysis show a positiveorrelation with e�etive temperature. A negative orrelation between surfae gravity andmiroturbulene is also found, with the more evolved stars having larger miroturbulene.This trend with temperature, however, annot be totally attributed to evolutionary e�ets.3) A omparison between nebular and stellar abundane is possible for some objets in oursample: for two of them (NGC 6611 and Sh2 284), our stellar oxygen abundanes are lowerthan the nebular by roughly the same amount expeted by the depletion of oxygen into grains,onsidering the unertainites. The abundanes obtained here for NGC 6604 are inonsistentwith the nebular abundanes listed in the literature for Sh2 54; the onnetion betweenthese two objets, however, is not ertain. Nitrogen abundanes in the stellar photospheresshow large disrepanies relative to the gaseous omponents and the di�erenes generallyexeed the unertainty in the analysis. The observed disrepanies may be introdued bythe systemati di�erenes in the methods adopted in the hemial analysis of the stellarphotospheres and nebulae.
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Table 6.7: Stellar and Nebular AbundanesStellar (This Study) NebularObjet log �(N) log �(O) log �(S) log �(N) log �(O) log �(S) SoureNGC 6611 7.61 8.57 7.21 7.65 8.76 - Shaver et al. (1983)(M 16) �0.11 �0.09 �0.09 - 8.53 - Deharveng et al. (2000)NGC 6604 7.55 8.53 - 7.75 8.72 - Shaver et al. (1983)(Sh2 54) �0.07 �0.11 - 8.64 - Deharveng et al. (2000) (Shaver's data)- 8.60 - Deharveng et al. (2000)Sh2 284 7.44 8.47 7.08 7.15 8.36 - Shaver et al. (1983)�0.14 �0.09 �0.04 - 8.28 - Deharveng et al. (2000) (Shaver's data)Sh2 285 7.45 8.45 6.95 7.26 - 6.33 Fih & Silkey (1991)�0.12 �0.13 �0.24 +0:11�0:10 - +0:14�0:13



Cap��tulo 7Os Gradientes Radiais deAbundânias no Diso Gal�atio 1
Resumo: O objetivo prinipal deste trabalho �e a onstru�~ao de uma base de dados deabundânias estelares homogênea e onsistente, que possibilite a an�alise da distribui�~ao das abun-dânias de estrelas OB ao longo do diso Gal�atio. Os ap��tulos anteriores apresentam a desri�~aoda metodologia apliada na onstru�~ao dessa base de dados, al�em de disuss~oes a respeito dospadr~oes loais de abundânias. Este ap��tulo �e dediado �a an�alise da distribui�~ao de abundâniasno ontexto mais geral do diso Gal�atio, foalizando espeialmente os gradientes radiais de me-taliidade. A amostra analisada obre uma regi~ao ompreendida entre 4.4 e 12.9 kp do en-tro da Gal�axia, onsiderando que o Sol se enontra a 7.6 kp do entro Gal�atio. De maneirageral, os gradientes determinados aqui s~ao menos aentuados do que os resultados obtidos pelostrabalhos mais reentes sobre gradientes radiais de abundânias estelares: para o oxigênio, queapresenta o resultado mais robusto dentre os elementos analisados, foi obtido um gradiente de�0:031 dex kp�1. A nossa amostra foi ampliada om a inlus~ao de 10 estrelas loalizadas nasregi~oes interna (2:7 < Rg < 3:8 kp) e externa (10:1 < Rg < 15:7 kp) do diso, om base em dadosespetros�opios da literatura (as temperaturas efetivas e abundânias em n~ao-ETL foram alu-ladas de aordo om as nossas esalas). O gradiente de oxigênio para a amostra estendida �e maisinlinado (�0:043 dex kp�1), sendo que a modi�a�~ao na magnitude do gradiente foi introduzidaprinipalmente pela inlus~ao das estrelas mais pr�oximas do entro Gal�atio.1Daon, S. & Cunha, K. (2002b) a ser submetido (Paper V)139



1407.1 IntrodutionChemial evolution models of the Galaxy desribe the history of its hemial omposition.These models basially put together stellar evolution and nuleosynthesis, the stellar initialmass funtion and the star formation rate with assumed initial onditions, and derive solu-tions to the di�erential equations that desribe the reyling of the gas. The end produtsof the models must reprodue and explain ertain observational onstraints, suh as theage-metalliity relation, the metalliity gradients in the Galati disk and the hemial om-position of the Sun. Reliable observational data are thus ruial in onstraining the hoieof adopted assumptions in the onstrution of the hemial evolution models.One very important observational onstraint for the hemial evolution models is thedistribution of the abundanes in the Galati disk as a funtion of the distane to theGalati enter: the radial metalliity gradients. Besides the Milky Way, radial gradientsare ommonly observed in external spiral and elliptial galaxies (Henry & Worthey, 1999). Inthese ases, individual objets are not resolved and the metalliity is traed by photometriproperties. In our Galaxy, suh gradients may be determined by the analysis of the hem-ial omposition of ionized gas or stellar photospheres; the exat values of these gradients,however, still remain somewhat unertain.Consider oxygen, for example; the radial gradient of oxygen based on the analysis of HII regions derived by Shaver et al. (1983) is -0.07 dex kp�1. The same gradient is obtainedfor oxygen by Maiel & K�oppen (1994) based on planetary nebulae abundanes. Meanwhile,the analyses of young stars of that time (e.g., Fitzsimmons et al. 1990, Kaufer et al. 1994)suggested an almost null gradient. De�nite onlusions onerning the stellar data, however,are limited by two points in these abundane analyses: (i) non-homogeneous abundanedata are derived with the assumption of LTE, introduing systemati errors in abundanedetermination, and, (ii) the stellar samples are rather small. Reently, Gummersbah etal. (1998) and Rolleston et al. (2000) reanalyzed the hemial ompositions of B stars inthe Galati disk and obtained gradients of the order of -0.07 dex kp�1 for oxygen. Theomprehensive study of Gummersbah et al. was based on non-LTE abundanes, however,it was restrited to a small sample of 16 B stars. Rolleston et al. (2000) extended the stellarsample to 77 B stars of the disk. They adopted LTE line formation, although this approah isnot neessarily a good one in early-type stars analyses, sine the magnitude of the non-LTE



141orretions is a funtion of Teff and log g and their study was based on a sample of stars witha relatively large interval of Teff 's, from 17500 to 33500 K. Conerning the value of slopeitself, an agreement between nebular and stellar abundanes gradients was ahieved. NewdiÆulties arise, however, when the most reent works on the nebular gradients of oxygenare onsidered, whih tend now to �nd atter gradients: Deharveng et al. (2000) obtaineda gradient of �0:039 dex kp�1 for oxygen in H II regions; Martins & Viegas (2001) �nd agradient of �0:054 dex kp�1 for planetary nebulae. This inonsisteny is observed also fornitrogen. For the other elements, arbon, magnesium, aluminum and silion, abundanes areobtained only in stellar photospheres, whereas so far systemati studies of sulfur abundaneswere only restrited to the gas (we note that in this study we present for the �rst time alarge database of non-LTE abundanes of sulfur in OB stars).Clearly, the magnitudes of the radial abundane gradients are still poorly established.Conerning the OB stars, an analysis of the radial gradients that is based on a homogeneousand self-onsistent abundane database, using non-LTE alulations, is still needed to disussin detail the abundane patterns in the Galati disk. In Papers I through IV we havepresented and disussed a methodology based on the �tting of syntheti non-LTE pro�lesto high resolution observed spetra, whih was applied to a sample of OB stars in order toonstrut a homogeneous database of stellar abundanes. Here, this set of abundane datais analyzed in terms of radial gradients in the Galati disk.7.2 The Observational DataThis study is based on non-LTE abundanes obtained in a series of Papers (Paper I � IV)of late-O to early-B type stars members of OB assoiations, open lusters, and H II regionsalong the Galati disk. The observational data used in the abundane analysis onsist ofhigh resolution spetra obtained at MDonald Observatory, University of Texas, Austin,USA and the European Southern Observatory, La Silla, Chile (ESO). The spetra fromMDonald are of high resolution (R=60,000) and high signal-to-noise (S/N�150) obtainedwith the 2.1 m telesope oupled to the Sandiford ehelle spetrograph. Spetra with lowerresolution (R�12,000), entered on H, were also obtained with the 2.7 m telesope. Thesample observed at MDonald is basially of OB assoiations within 2.5 kp from the Sun.



142High resolution (R�48,000) spetra were also obtained with the 1.52 m telesope at ESO;the sample stars observed in the South are distributed along the Galati disk, ranging from4.4 to 12.9 kp in Galatoentri distane. Together, the samples observed at MDonald andESO ontain 70 OB-star members of 25 OB assoiations, open lusters, and H II regions(hereafter, these objets will be referred to as \lusters", for simpliity).7.2.1 The Non-LTE AbundanesHomogeneity of the hemial data is an important part of any analysis of the distributionof the hemial abundanes in the Galati disk. The use of di�erent methodologies (e.g.,LTE and non-LTE abundane determinations) may introdue systemati di�erenes in theabundane results and a�et the magnitudes of the radial gradients. For this reason, weadopted one unique methodology throughout the analyses of OB stars in Papers I-IV, pro-duing homogeneous sales of e�etive temperature, gravity, and abundanes. The hemialabundanes of C, N, O, Mg, Al, Si and S for the individual stars were derived from the �ttingof theoretial pro�les to the observed spetra; non-LTE e�ets were onsidered in the lineformation.One assumption made in the alulation of the gradient was to onsider that the lusterabundanes are represented by the average of the abundane of its studied stellar members.For all of the studied lusters we analyzed a number of stars that varied from 1 to 5 members,(exeption being the Cep OB2 assoiation, for whih we analyzed 17 OB stars). The meanelemental abundanes adopted for eah luster are listed in Table 7.1, together with thenumber of stars studied in eah luster. In this table we also list the non-LTE abundanesof C, N, O and Si derived by Cunha & Lambert (1994) for the Ori OB1 assoiation; we notethat the stellar parameters and abundanes derived for Ori OB1 are in the same sale of therest of our sample and thus may be diretly ompared.
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Table 7.1: Cluster AbundanesObjet log �(C)[n℄ log �(N)[n℄ log �(O)[n℄ log �(Mg)[n℄ log �(Al)[n℄ log �(Si)[n℄ log �(S)[n℄Sh2 47 8.21[1℄ 7.53[1℄ 8.52[1℄ 7.48[1℄ 6.32[1℄ 7.40[1℄ 7.15[1℄Ser OB1 8:23� 0:17[2℄ 7:61� 0:11[4℄ 8:57� 0:09[4℄ 7:39� 0:14[4℄ 6:10� 0:24[3℄ 7:13� 0:23[4℄ 7:21� 0:09[3℄Sh2 32 8.20[1℄ 7:70� 0:01[2℄ 8:66� 0:09[2℄ 7.50[1℄ 6.27[1℄ 7:26� 0:17[2℄ 7.25[1℄NGC 6204 8.12[1℄ 7.72[1℄ 8.68[1℄ 7.32[1℄ 6.10[1℄ 7.57[1℄ �Trumpler 27 8.45[1℄ 7.81[1℄ 8:55� 0:04[2℄ 7.80[1℄ 6.30[1℄ 7:48� 0:06[2℄ 7.47[1℄NGC 6231 8:20� 0:13[4℄ 7:62� 0:21[4℄ 8:50� 0:02[4℄ 7:32� 0:24[3℄ 5:97� 0:18[4℄ 7:10� 0:25[4℄ 7:19� 0:03[4℄NGC 6604 � 7.55[1℄ 8.53[1℄ 7.57[1℄ 6.10[1℄ 7.20[1℄ �Ara OB1 8.29[1℄ 7:62� 0:01[2℄ 8:46� 0:08[2℄ 7:40� 0:17[2℄ 6.19[1℄ 7:11� 0:08[2℄ 7:24� 0:02[2℄Vul OB1 � 7:77� 0:33[2℄ 8:46� 0:25[2℄ 7:45� 0:20[2℄ 6:25� 0:20[2℄ 7:44� 0:08[2℄ 7:20� 0:11[2℄Stok 16 8.50[1℄ 7.77[1℄ 8.48[1℄ 7.25[1℄ 6.12[1℄ 7.08[1℄ 7.30[1℄St OB2 8:30� 0:06[2℄ 7:61� 0:07[2℄ 8:54� 0:05[2℄ 7:73� 0:04[2℄ 6:33� 0:14[2℄ 7:72� 0:04[2℄ 7.45[1℄NGC 4755 8:26� 0:06[3℄ 7:62� 0:11[3℄ 8:58� 0:07[4℄ 7:51� 0:27[4℄ 6:14� 0:15[2℄ 7:07� 0:08[4℄ 7:27� 0:08[3℄IC 2944 8.20[1℄ 7:46� 0:07[2℄ 8:52� 0:11[2℄ 7:41� 0:16[2℄ 6:01� 0:28[2℄ 7:08� 0:08[2℄ 7.42[1℄Cyg OB3 8:15� 0:23[2℄ 7:60� 0:15[4℄ 8:58� 0:12[5℄ 7:46� 0:24[4℄ 6:10� 0:17[4℄ 7:38� 0:17[5℄ 7:26� 0:07[3℄Cyg OB7 8.05[1℄ 7:83� 0:25[3℄ 8:69� 0:20[3℄ 7:36� 0:02[2℄ 6:13� 0:21[2℄ 7:15� 0:09[3℄ 7.11[1℄La OB1 8:36� 0:02[3℄ 7:68� 0:11[5℄ 8:67� 0:16[5℄ 7:50� 0:03[3℄ 6:10� 0:07[4℄ 7:26� 0:20[5℄ 7:20� 0:11[4℄Cep OB2 8:17� 0:09[5℄ 7:57� 0:14[17℄ 8:53� 0:14[17℄ 7:41� 0:21[16℄ 6:01� 0:18[16℄ 7:25� 0:30[17℄ 7:20� 0:10[6℄Cep OB3 � 7:56� 0:06[2℄ 8:54� 0:13[3℄ 7:20� 0:21[3℄ 5:85� 0:14[3℄ 7:09� 0:18[3℄ 7:14� 0:07[3℄Ori OB1* 8:39� 0:11[15℄ 7:76� 0:13[15℄ 8:72� 0:13[18℄ � � 7:13� 0:13[18℄ �Mon OB2 � 7.22[1℄ 8.11[1℄ 6.87[1℄ 5.92[1℄ 7.14[1℄ 6.94[1℄Sh2 247 � 7.48[1℄ 8.21[1℄ 7.25[1℄ � 7.43[1℄ �NGC 2414 8.12[1℄ 7:30� 0:13[2℄ 8:21� 0:22[2℄ 7.08[1℄ 6.05[1℄ 6.72[1℄ �Sh2 253/Bo 1 8.00[1℄ 7.36[1℄ 8.46[1℄ 6.99[1℄ 5.85[1℄ 6.96[1℄ �NGC 1893 8.00[1℄ 7:32� 0:01[2℄ 8:36� 0:13[2℄ 7.18[1℄ 5.81[1℄ 6:77� 0:06[2℄ 7.06[1℄Sh2 284/Do 25 8.01[1℄ 7.44[1℄ 8.47[1℄ 7.42[1℄ 5.68[1℄ 6.87[1℄ 7.08[1℄Sh2 285 8.10[1℄ 7.45[1℄ 8.45[1℄ 7.34[1℄ 6.06[1℄ 7.27[1℄ 6.95[1℄* non-LTE abundanes from Cunha & Lambert (1994)



1447.2.2 The DistanesThe Galatoentri distanes Rg, projeted onto the Galati plane, are alulated fromR2g = R2� + (d os b)2 � 2R�d os l os b;where R� is the Galatoentri distane of the Sun, d is the distane between the objet andthe Sun and l; b are the Galati longitude and latitude of the objet, respetively.In this study, the distane of the Sun to the Galati enter is taken to be 7.6 kp.This value was de�ned by Maiel (1993) based on the spae distribution of globular lusters,assuming that the lusters are spherially distributed around the Galati enter. Similarvalues for the Galatoentri distane of the Sun have been reently derived. Dambis et al.(1995) derived the parameters of the Galati rotation urve from kinemati data of lassialCepheids, obtaining R�=7.1�0.5. Glushkova et al. (1998) obtained R� = 7:3�0.3 kp, usingkinemati data for a ombined sample inluding open lusters, red supergiants and Cepheidsto derive rotation-urve parameters for the Galaxy. The newest values of R�, in general,tend to be smaller than 8 kp, whih is smaller than the values frequently used in the pastthat were as large as 10 kp.The distanes to the Sun for the objets in our sample ome from the literature. Ingeneral, the distanes to the open lusters and OB assoiations are derived from a olor-magnitude diagram or from spetral type vs. intrinsi olor alibrations; the typial error ofthe distanes from the Sun are inferred to be of the order of 10% in these ases. An inspetionof di�erent literature values for a given luster, however, indiates that the disrepanyamong the listed values may be higher than the assigned unertainties in the individualstudies. For the nearest objets in our sample, the OB assoiations Ori OB1, La OB1 andCep OB2, distanes based on HIPPARCOS data for member stars (de Zeeuw et al. 1999) areavailable. When more than one distane determination for a given luster was available in theliterature, we adopted a mean value as the luster distane. In Table 7.2 we list the Galatioordinates and the di�erent distanes to the Sun for the studied lusters. Also listed are theadopted mean distane with the orresponding dispersion and the Galatoentri distanederived. In general, the dispersions are � 20%; however, 8 objets, namely NGC 6204,NGC 6604, NGC 4755, Vul OB1, Cep OB2, Sh2 247, NGC 1893 and Sh2 285, present largerdispersions (20% - 50%).



145The distanes of the H II regions are more ritial; these are the most distant objetsin our sample, both in the diretion of the Galati enter (Sh2 47) and in the antienterdiretion (Sh2 247, Sh2 253, Sh2 284 and Sh2 285). Most of these distanes are based on theanalyses of few stars, or even one star. However, published distanes for Sh2 47, Sh2 253 andSh2 284 show little disrepany and are onsistent within the expeted errors. On the otherhand, the distanes listed for the H II region Sh2 285 are quite disrepant: Lahulla (1987)onsidered 5 stars and obtained a spetrosopi distane of 6.4 kp. Mo�at et al. (1979)derived d=6.9 kp based on UBV photometry and spetral types of two stars; the samedistane was obtained by Turbide & Mo�at (1993) from the �tting of theoretial isohronesfor eight stars. Rolleston et al. (1994) derived a smaller distane of d=4.3 kp, based ontheoretial evolutionary traks, for two members of Sh2 285. Here, we adopt the meandistane of 5:9 � 1:4 kp, whih puts Sh2 285 at a distane of 12.9 kp from the Galatienter. Sh2 247 is at 2.2 kp from the Sun, aording to Lahulla (1987), while Mo�at etal. (1979) put this H II region at d=3.5 kp; the adopted distane for Sh2 247 is 2:8� 0:9,orresponding to Rg=10.4 kp. Also ritial is the distane of the open luster NGC 1893,whih varies from 3.6 kp (Cu�ey, 1973) to 6.02 kp (Maro et al. , 2001). Here we adopted< d >= 4:5� 1:0 kp for this luster, from whih we derive Rg=12.5 kp.In Figure 7.1 we show the positions of the lusters of our sample projeted onto a setionof the Galati plane. The inlined lines superposed to the points represent the range ofGalatoentri distanes de�ned by the smallest and largest distanes for a given luster.The dotted lines depit onentri irles with Galatoentri distanes of 5, 10 and 15 kp.The dashed line onnets the Sun to the Galati enter and represents the diretion ofl = 0Æ; 180Æ.7.3 The Radial Gradients7.3.1 Our ResultsRadial Gradients an be obtained from a linear �t of the form a + bx to the non-LTEabundanes as a funtion of Galatoentri distane; the radial gradients for eah elementare represented by the oeÆient b. The oeÆients of the best �ts, a � �a and b � �b,and orrelation oeÆients R are listed in Table 7.3 for eah element studied, together with



146 Table 7.2: Cluster DistanesCluster l(Æ) b(Æ) d�(kp) < d� >(kp) Rg(kp)Sh2 47 15.3 0.1 3:71; 3:12 3.4�0.4 4.4Ser OB1 17.0 0.8 2:193; 2:54; 2:65; 1:686 2.2�0.4 5.5Sh2 32 7.3 �2.0 1:88; 2:29 2.0�0.3 5.6NGC 6204 338.3 �1.1 2:513; 2:64; 1:326; 1:947 2.1�0.6 5.7Trumpler 27 355.1 �0.7 2:05; 1:6511; 2:132 1.9�0.2 5.7NGC 6231 343.5 1.2 1:84; 1:65; 1:776; 2:010 1.8�0.2 5.9NGC 6604 18.3 1.7 0:704; 2:15; 1:6412 1.5�0.7 6.2Ara OB1 336.3 �1.4 1:383; 1:46; 1:597; 1:113 1.4�0.2 6.3Vul OB1 59.4 �0.1 2:03; 2:547; 3:517 2.7�0.7 6.6Stok 16 306.1 0.1 1:95; 2:014 1.9�0.1 6.7St OB2 39.0 7.6 1:03; 1:1715 1.1�0.1 6.8NGC 4755 303.2 2.5 2:344; 1:036; 1:916 1.8�0.7 6.8IC 2944 294.6 �1.4 2:14; 2:05; 1:956; 2:218 2.1�0.1 7.0Cyg OB3 73.5 2.0 2:293; 1:95; 2:317 2.2�0.2 7.3Cyg OB7 90.0 2.0 0:833 0.83 7.6La OB1 96.8 �16.1 0:63; 0:637; 0:36819 0.6�0.1 7.7Cep OB2 99.2 3.8 0:833; 0:955; 0:967; 0:61519 0.8�0.2 7.8Cep OB3 110.4 2.8 0:873; 0:7256; 0:847 0.8�0.1 7.9Ori OB1 205.0 �17.4 0:53; 0:434; 0:567; 0:43819 0.5�0.1 8.0Mon OB2 206.5 �2.1 1:513; 1:626; 1:637; 1:6720 1.6�0.1 9.1Sh2 247 188.9 0.8 3:523; 2:224 2.8�0.9 10.4NGC 2414 231.0 2.0 3:9821; 4:222 4.1�0.1 10.7Sh2 253/Bo 1 192.4 3.2 4:423; 4:827; 4:0629 4.4�0.4 11.9NGC 1893 173.6 �1.7 3:76; 3:625; 4:326; 4:827; 6:0228 4.5�1.0 12.1Sh2 284/Do 25 211.9 �1.3 5:223; 5:630; 5:533 5.4�0.2 12.5Sh2 285 213.9 �0.6 6:923;30; 4:331; 6:424 5.9�1.4 12.91: Crampton et al. (1978), 2: Lahulla (1985), 3: Humphreys (1978), 4: Alter et al. (1970), 5: Feinstein (1994), 6: Beker &Fenkart (1971), 7: Mel'nik & Efremov (1985), 8: Blitz et al. (1982), 9: Vogt & Mo�at (1975), 10: Crampton et al. (1971),11: van der Huht et al. (1980), 12: Mo�at & Vogt (1975a), 13: Kaltheva & Georgiev (1992), 14: Crampton (1971), 15: Reihenet al. (1990), 16: Shobbrook (1984), 17: Sagar & Joshi (1981), 18: Tovmassian et al. (1998), 19: de Zeeuw et al. (1999),20: P�erez (1991), 21: Humphreys & MElroy (1984), 22: Fitzgerald & Mo�at (1980),23: Mo�at et al. (1979), 24: Lahulla (1987),25: Cu�ey (1973), 26: Tapia et al. (1991), 27: Fitzsimmons (1993), 28: Maro et al. (2001), 29: Mo�at &Vogt (1975b), 30: Turbide & Mo�at (1993), 31: Rolleston (1994), 32: Mo�at et al. (1977), 33: Lennon et al. (1990).
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Figure 7.1: The distribution of the observed objets projeted onto a setion of theGalati Plane. The Sun is represented at R�=7.6 kp. The dashed line onnets theSun to the Galati enter and represents the diretion l = 0; 180Æ; onentri irles atthe distanes of 5, 10 and 15 kp of the Galati enter are depited by dotted lines. Theinlined lines superposed to the points show the range of Rg alulated from di�erentdistanes in the literature.



148the number, n, of objets used in eah �t. The gradients of the seven elements studied areshown in Figure 7.2: the points represent the mean abundanes omputed for the lusters(Table 7.1) and the straight lines represent the gradients obtained from linear �ts. The radialgradients for all the elements studied ould be represented by a single slope of �0:041�0:007.The Sun is shown at a Galatoentri distane of 7.6 kp. The standard solar abundanesadopted here as a referene are C: 8:592 � 0:108, N: 7:931 � 0:111, Mg: 7:538 � 0:060 andSi: 7:536� 0:049, from Holweger (2001); Al: 6:47� 0:07 and S: 7:33� 0:11, from Grevesse& Sauval (1998). The oxygen abundane adopted for the Sun is 8:72 � 0:03, representingthe average between the solar oxygen abundanes quoted by Holweger (2001: 8:736� 0:078)and Allende Prieto et al. (2001: 8:69 � 0:05). In general, the solar abundanes of oxygen,magnesium, silion and sulfur are at the upper envelope of the stellar abundane distributionsobtained for these elements at Rg = 7:6 kp. Magnesium and silion exhibit large satters,but we note that these speies show the largest abundane unertainties among the studiedelements. The abundane distribution of arbon, nitrogen and aluminum are below the solarvalues by roughly 0.3 dex. The abundanes of arbon and sulfur, derived from weak lines,are not aessible in the stars with high projeted rotational veloities and, thus, are notmeasured in all the objets of our sample.
Table 7.3: Radial Gradients of Elemental Abundanes (a+ bx)log(X/H) a �a b �b n RC 8.466 0.085 -0.033 0.010 21 -0.64N 7.916 0.087 -0.043 0.011 26 -0.68O 8.745 0.086 -0.031 0.010 26 -0.58Mg 7.714 0.126 -0.044 0.015 25 -0.55Al 6.448 0.086 -0.048 0.011 24 -0.72Si 7.580 0.148 -0.049 0.018 26 -0.60S 7.488 0.098 -0.037 0.012 20 -0.62
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Figure 7.2: The elemental gradients in the Galati disk derived for C, N, O, Mg, Al, Si and S. Theabundanes are represented by the mean value for eah luster listed in Table 7.1. The Sun is at Rg�=7.6kp;solar abundanes are from Holweger (2001 - C, N, Mg and Si) and Grevesse & Sauval (1998 - Al and S). Theadopted oxygen abundane for the Sun, whih is 8.72, is the average between Holweger (2001) and AllendePrieto et al. (2001).



1507.3.2 UnertaintiesThe derived gradients are subjet to unertainties imparted by both the determination ofnon-LTE abundanes and adopted distanes for the studied lusters. It is important toaddress the impat of these errors on the derived magnitude of the abundane gradient. Atypial unertainty in the derived abundanes is 0.15 dex and 10% is the adopted error inthe distane determinations.In order to quantify these e�ets, we take oxygen, for example, and for eah param-eter (distanes and oxygen abundanes), separately, we applied random orretions witha maximum value equal to the respetive unertainty. A new gradient was then alu-lated onsidering the perturbed distanes and abundanes. This proedure was repeated5,000 times and the average of the 5,000 new gradients was taken. A mean gradient of�0:030� 0:001 dex kp�1 was obtained for the random orretions applied to the distanesand �0:030� 0:005 dex kp�1 in the ase of the abundanes. If the random orretions areapplied simultaneously to the distanes and oxygen abundanes, the mean perturbed gradi-ent is �0:030�0:007 dex kp�1. The distribution of the perturbed gradients are shown in thehistograms of the Figure 7.3. The dotted line represents the distribution of the oxygen gra-dients obtained for the random orretions in the oxygen abundanes; the solid line refers tothe gradients for the distanes orreted by 10% and the dashed line shows the distribution ofperturbed gradients obtained when the distanes and abundanes are orreted at the sametime. However, based on the disussion of the distanes to the most distant objets, onereognizes that the distane unertainty is probably being underestimated. If the distaneunertainty is inreased to 20%, the average gradient obtained for the perturbed distanesis �0:030� 0:002 dex kp�1; in the ase of the gradients obtained when both parameters areorreted, the average gradient is not hanged. For both parameters, distanes and abun-danes, random errors produe a normal distribution of perturbed gradients, as expeted,but the errors in the abundanes impart a larger dispersion around the mean gradient.NGC 1893, Sh2 247 and Sh2 285 are among the most distant objets in our sampleand deserve speial attention regarding their distane determinations. Due to their largeGalatoentri radii, they are espeially important in de�ning the abundane gradients. Thedistanes listed in the literature for these objets show di�erenes of 35-40% relative to theiradopted distanes to the Sun. Here we used the mean distanes of 4:5�1:0 kp for NGC 1893,
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Radial GradientFigure 7.3: The distribution of perturbed radial gradients of oxygen obtained for randomorretions applied separately on the distanes (�10%, solid line) and oxygen abundanes(�0:15 dex, dotted line). The dashed histogram represents the distribution of perturbedgradients when both parameters are orreted simultaneously.2:8� 0:9 kp for Sh2 247, and 5:9� 1:4 kp for Sh2 285. However, if smaller distanes weretaken to these objets (3.6 kp (Cu�ey 1973), 2.2 kp (Lahulla 1987) and 4.3 kp (Rollestonet al. 1994), respetively), the oxygen gradient would be �0:036� 0:011 dex kp�1. On theother hand, the oxygen gradient would atten to �0:028�0:010 dex kp�1 if we had adoptedd=6.02 kp (Maro et al. 2001) for NGC 1893. We note that these values are, however,within the unertainty in the oxygen gradient in the Table 7.4 (0.010 dex).The adopted distane of the Sun to the Galati enter (R�=7.6 kp - Maiel, 1993) issmaller than the values frequently used, whih are 10 and 8.5 kp; however, the use of larger



152values of R� translates a maximum di�erene of 0.03 kp in the Galatoentri distanes ofthe lusters and will not hange signi�antly the radial gradient.7.4 Disussion7.4.1 Comparison With the LiteratureIn order to enlarge this study as muh as possible, we attempted to inlude a sample ofstars loated out of our interval of Galatoentri distanes and not in our sample, thathad been analyzed in previous studies of the Galati metalliity gradients using stellarabundanes. This was only possible for oxygen, as other for the elements only a smallnumber of measured lines in ommon with our analysis ould be found in the literature. Thestellar abundanes of targets were not diretly taken from the literature, but were analyzedas follows: we used the Q-alibration, adopted throughout our abundane study, in orderto derive a new e�etive temperature for the star and adopted its surfae gravity from theliterature. We then alulated non-LTE pro�les of O II lines that reprodued the publishedequivalent widths. The Galatoentri distanes were also realulated for R� = 7:6kp,using the mean distanes from the literature, when more than one distane determinationwas available. The adopted distanes and derived non-LTE abundanes are listed in Table7.4.From Gummersbah et al. (1998) we reanalyzed Sh2 217-3, the farthest star and withthe lowest abundane in their sample. Our non-LTE oxygen abundane for this star islog �(O) = 7:95� 0:11, while Gummersbah et al. derived 7:89� 0:10. With this star addedto our sample we obtained a gradient of oxygen of �0:041 � 0:011 dex kp�1, whih agreesmarginally with our original result, within the unertainties. We also reanalyzed the stars inthe outer part of the disk studied by Rolleston et al. (2000). We seleted the most distantstars in the Rolleston et al. that we had not observed: RLWT 13, RLWT 41, Sh2 208-6,Sh2 289-2, Sh2 289-4 and Sh2 283-2. The equivalent widths for these stars are from Smartt etal. (1996b), the same soure of spetrosopi data adopted by Rolleston et al. The new oxygenabundane gradient obtained, with the addition of these six stars, is�0:032�0:009 dex kp�1,in exellent agreement with our standard value. This suggest that, even though our sampledoes not over the very outer parts of the disk, the magnitude of the radial gradient is not



153Table 7.4: Derived Abundanes and Adopted Distanes.Cluster l(Æ) b(Æ) d�(kp) < d� >(kp) Rg(kp) log �(O)LS 5130 21.1 �5.6 6:91 6.9 2.7 8.68�0.20LS 4419 351.8 �5.9 5:21 5.2 2.6 8.78�0.19LS 4784 1.7 �6.1 3:81 3.8 3.8 9.06�0.36RLWT 41 184.0 0.5 3:24; 1:95 2.5 10.1 8.0�0.06Sh2 217 159.2 3.3 5:22; 4:293 4.7 12.1 7.95�0.11RLWT 13 186.0 0.5 7:14; 4:65 5.8 13.4 8.47�0.14Sh2 208 151.0 2.0 7:62; 9:43; 3:45; 10:06 7.6 14.7 8.37�0.23Sh2 289 219.0 �4.6 7:92; 7:85; 8:517 8.1 14.7 8.22�0.06Sh2 283 210.0 �2.4 9:12; 9:75; 7:317 8.7 15.7 8.18�0.101: Smartt et al. (2001), 2: Mo�at et al. (1979), 3: Caplan et al. (2000), 4: Philip et al. (1990),5: Smartt et al. (1996), 6: Lahulla (1985), 7: Turbide & Mo�at (1993)determined by only the outermost stars.Following the idea of inorporating as muh as possible of literature data to this study,we inluded three stars of Smartt et al. (2001), loated in the inner part of the Galati disk.(For the oolest star, LS 5127, we obtained a TQ 16% higher than that quoted by the authors;this, together with only 4 O II lines in ommon with our line lists, ould introdue a largeunertainty in the analysis and we elet not to inlude this star). These stars, reanalyzedby adopting our temperature sale and non-LTE line formation, were ombined with oursample, yielding a new gradient of �0:041 � 0:010 dex kp�1 for the oxygen. Despite thehange in the slope (of approximately the error of the �t), we note that the stars towards theGalati enter produe a larger e�et on the oxygen gradient than the outermost stars. InFigure 7.4 we show the luster abundanes as a funtion of Galatoentri distane for oursample (�lled irles), with the addition of our derived abundanes for the stars disussedabove: stars from Rolleston et al. (2000 { originally analyzed by Smartt et al. , 1996b,) andSmartt et al. (2001) are represented by open triangles and open squares, respetively. Thestar Sh2 217-3 from Gummersbah et al. (1998) is represented by the open pentagon. Thegradient obtained from this ombined sample is �0:043� 0:008 dex kp�1.A omparison of the radial distribution of elemental abundanes obtained in this study
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Figure 7.4: Radial gradients of oxygen obtained with the ombined sample. The �lledirles represent our original sample. The open symbols represent the non-LTE abundanesderived from the published equivalent widths: squares are for the stars lose to Galatienter of Smartt et al. (2001), triangles are the outermost stars of Rolleston et al. (2000)and the pentagon is for the star Sh2 217-3 of Gummersbah et al. (1998). Our oxygengradient of �0:031�0:010 dex kp�1 is represented by the dotted line and the straight linedepits a gradient of �0:043 � 0:008 dex kp�1.with previous results from the literature is needed. First, we will fous on the omparisonof the oxygen gradient, whih tend to show the tightest results within the studied elements.Gummersbah et al. (1998) analyzed 16 B stars in the disk within 5:6 < Rg < 13:5 (R�=8.5kp). Ten stars with Rg >8 kp are from Kaufer et al. (1994, who originally found analmost null gradient for nitrogen and oxygen, by ombining their own LTE abundanes with



155abundanes published in the literature), with the addition of six stars lying in the inner disk(Rg <8 kp). Non-LTE abundanes were derived and their resulting gradients are: �0:036�0:014 dex kp�1 for arbon, �0:078� 0:023 dex kp�1 for nitrogen, �0:067� 0:024 dex kp�1for oxygen, �0:082�0:026 dex kp�1 for magnesium, �0:045�0:023 dex kp�1 for aluminumand �0:107� 0:028 dex kp�1 for silion. The oxygen gradient obtained by Gummersbah etal. (1998) is strongly dependent on the star Sh2 217-3, whih lies �13 kp from the Galatienter. If this star is disarded and the gradient of oxygen realulated for the 15 remainingstars, a shallower gradient of �0:035�0:024 dex kp�1 is derived. Suh a dependene on onestar is due to the small size of their sample (16 stars in total, representing 11 positions in thedisk). Note that the addition of this star, with re-saled temperatures, non-LTE abundaneand distane, to our sample (as shown in the previous setion) produes a smaller e�et onthe gradient value than that produed in the Gummersbah's sample.Five stars of their sample belong to the Ori OB1 assoiation while the rest of the sample(exluding Sh2 217-3) onsists of 10 stars in the region 5:6 < Rg < 12:0 kp and representsthe bulk of their data, with 9 positions in the disk. A diret omparison of the abundanedistribution obtained for the stars in Orion and in the disk may be done in terms of thedi�erene between the largest and the smallest oxygen abundane in eah sub-sample �(O).Aording to Gummersbah's results, the Orion stars have �(O)=0.63, while for the starsin the rest of the disk the di�erene is 0.59 dex. In other words, the loal abundane patternin the Orion assoiation shows a satter that is of the same order as that of the radialabundane distribution. The abundane spread in the subgroups of the Ori OB1 assoiationwas studied by Cunha & Lambert (1994). They found large dispersions for the oxygen andsilion abundanes that ould not be explained by the analysis unertainties. Moreover,the abundanes are orrelated with the ages and relative positions within the assoiation,suggesting that a proess of self-enrihment by nuleossynthesis produts of supernovae typeII explosions might have happen in Orion. This pattern of self-enrihment was not observedin the smaller OB assoiation of Cep OB2 (Daon, Cunha & Beker 1999, Daon et al.2001b) - whih showed a homogeneous hemial omposition.Conerning the other elements studied by Gummersbah et al., their gradients of arbonand aluminum are similar to our derived gradients; nitrogen and magnesium are also depen-dent on the star Sh2 217-3, but the hanges in the magnitude of the gradient are smaller



156than that observed for the oxygen. The silion gradient of Gummersbah et al. (1998) isvery steep and is basially de�ned by the silion rih star Hogg 22-5 (log �(Si) = 8:20�0:10),besides the star Sh2 217-3. Disregarding these two stars would result in a silion gradient of�0:068 dex kp�1.Abundane data for OB stars of the Galati disk within Rg=6.1 to 13.2 kp have alsobeen derived independently by the irish group in the period 1983-1994, using di�erent salesof e�etive temperatures (spetrosopi and photometri) and abundane (in LTE and non-LTE). The abundane data were later extended to larger Galatoentri radii by Smartt etal. (1996a, b, ). This stellar sample, ombined with the former, was studied by Smartt &Rolleston (1997), who then derived a radial gradient of �0:07 � 0:01 dex kp�1 for oxygen.The latter, however, was based on non-LTE abundanes obtained from tabulated theoretialequivalent widths of O II lines published by Beker & Butler (1988), whih were based oninadequately line-blanketed LTE model atmospheres of Gold (1984). Even if the magnitudeof the oxygen gradient were not a�eted by the hoie of model atmospheres (whih isnot neessarily true due to the fat that the sample stars braket a wide range in stellarparameters), the absolute abundanes are almost ertainly a�eted.More reently, Rolleston et al. (2000) ompiled the observational data (stellar param-eters, distanes and equivalent widths) from these previous studies and re-omputed thestellar abundanes using an LTE approah. They obtained an oxygen gradient of �0:067�0:008 dex kp�1 for 73 stars, representing 22 positions in the Galati disk. Given the di�er-enes in the tehniques adopted in the original studies, they analyzed how soures unertainty(e.g. Teff�sale, miroturbulene, line sets and distanes) would a�et the radial gradients.As a general onlusion, they found that no single parameter would hange signi�antly themagnitude of the gradient. They also derived non-LTE abundanes of O II and Mg II inorder to test the validity of the LTE approah for B stars. The non-LTE abundanes wereobtained from a grid of predited non-LTE equivalent widths alulated with the programsDETAIL/SURFACE, based on non-LTE model atmospheres of Hubeny (1988). The modelatoms of oxygen and magnesium are from Beker & Butler (1988) and Mihalas (1972), respe-tively. Their results suggest that the adoption of the non-LTE abundanes did not hangethe estimates of the radial gradients of oxygen and magnesium, although they reognizedthat the absolute abundanes may be in error.



157The inner part of the disk was partiularly well studied by Smartt et al. (2001). Theyanalyzed 4 B stars within 2.5-5 kp of the Galati enter and found LTE oxygen abundanes�solar (onsidering the value of 8.72 adopted here) for two of them, while the other twostars show overabundane of oxygen relative to the Sun of the order of 0.3 dex. This resultis inonsistent with the abundanes expeted from a simple extrapolation towards smallerGalatoentri distanes of the oxygen gradient obtained by Rolleston et al. (2000), thismeans 9.2-9.3 dex. In their analysis, however, the stars show enhaned LTE abundanes ofC, N, Mg, Al, Si and S, in agreement with the ontinuation of the gradients of Rolleston etal. (2000) towards smaller Galatoentri distanes.The Galati Chemial Evolution ModelsHou et al. (2000) and Alib�es et al. (2001) presented radial gradients expeted from theirmodels of Galati Chemial Evolution. Both studies assume the infall of external materialand the same multi-slope power-law IMF. The basi di�erenes between the two studiesis that Alib�es et al. (2001) onsidered two di�erent ompositions for the infalling matter:primordial and enrihed. Hou et al., on the other hand, deliberately negleted the yields fromintermediate mass stars in order to hek if the observations ould be reprodued, using onlythe yields of massive stars (from Woosley & Weaver, 1995 and Maeder, 1992).The elemental radial gradients predited by the models of Hou et al. are steeper than ourobserved gradients, for both types of stellar yields: the oxygen gradients are� �0:06 dex kp�1,while nitrogen and aluminum show steeper gradients of about �0.09 dex kp�1. The radialgradients of Alib�es et al. (2001), alulated for enrihed infalling matter, are slightly atterthan those predited assuming primodial infalling material: the oxygen gradients are �0:047and �0:053 dex kp�1, respetively. They are somewhat steeper than the observed oxygengradient obtained from our original sample, but agree very well with gradients derived fromthe extended sample. The gradients alulated for other elements are also steeper than oursand agree only marginally onsidering the unertainties.Chiappini et al. (2001) onsidered four di�erent senarios in their models of Galatihemial evolution, by basially hanging the halo evolution. One of their models (modelB) gives the attest slopes, with the oxygen gradient being in agreement with the gradientderived by Deharveng et al. (2000). On the other hand, a steeper gradient, onsistent with



158a gradient of �0:07 dex kp�1, may be obtained with their models A and C. The di�erenesbetween the three models are the adopted halo mass density pro�les and the density thresh-olds in the halo phase and suggests that the di�erenes in the history of the halo evolutiona�ets mainly the outer gradients (Rg > 10 kp) whereas the inner gradients are unhanged.In Figure 7.5 we show our non-LTE luster abundanes ompared to the theoretial radialgradients predited by Hou et al. (2000 { thik solid line), Alib�es et al. (2001 { thin solidand dotted lines) and Chiappini et al. (2001 { thin dashed lines). Conerning the hemialomposition of the Sun, the abundanes of O (we note that we onsider a lower oxygenabundane in the Sun), Mg, Al, Si and S are well �tted by the radial gradient of Hou etal., whereas the predited solar abundanes of C and N are underestimated, possibly dueto the lak of the yields from intermediate mass stars. Alib�es et al. (2001) reprodued thesolar abundanes for six elements while the predited nitrogen abundane is higher than theobserved value. In the ase of the Chiappini et al. (2001), all their four models �t the solarabundanes of N, S and O (for the latter, we reall that they onsidered the higher valueof Grevesse & Sauval, 1998). Considering the abundanes of the OB stars, the preditedgradients of C, N, O, Al and Si are, in general, above the observed abundanes, (exept forthe C and N gradients of Hou et al., 2000, as disussed above). Magnesium gradient is well�tted by the model of Hou et al., while Alib�es et al. predit somewhat higher abundanesfor this element. The distribution of sulfur abundanes derived from our sample is betterreprodued by the models of Chiappini et al. (2001), whereas the hoie of a best modelgradient is only possible when onsidering stars loated at the edge of the Galati disk.7.4.2 Abundane RatiosBesides the elemental abundane pro�les within the Galati disk, the radial gradients ofthe abundane ratios are also important as di�erent pairs of elements an have di�erentorigins. For example, magnesium, silion and sulfur are expeted to follow the behavior ofoxygen, as they are all primary elements that are expeted to be produed in supernovaetype II (Hou et al., 2000 and Alib�es et al., 2001). For eah luster of our sample, we derivethe abundane ratios relative to the oxygen, normalized to the orresponding abundaneratio in the Sun ([X=O℄ = log(X=O)=(X=O)�). The gradients of [X/O℄ in the Galatidisk are listed in Table 7.5. The distribution of the abundane ratios as a funtion of the
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Figure 7.5: Clusters abundanes ompared to the predited radial gradients of Hou etal. (thik solid line), Alib�es et al. (2001 - thin solid and dotted lines) and Chiappini et al.(2001 - thin dashed lines).



160Galatoentri disk is displayed in the panels of Figure 7.6. None of the six elements showany signi�ant dependene of [X/O℄ on Rg and the radial gradients are all atter than� �0:02 dex kp�1. The ratios of magnesium, silion and sulfur relative to oxygen are �solar, while C/O, N/O and Al/O are slightly below the Solar value. The similar behaviorof oxygen, magnesium, silion and sulfur throughout the disk is expeted, sine they are allreturned to the interstellar medium through supernovae II explosions as mentioned above.The prodution of nitrogen and aluminum quite probably depends on the metalliity ofthe interstellar medium (Hou et al., 2000 and Alib�es et al., 2001); in this sense, N/O andAl/O are expeted to derease with Galatoentri radius. From our data, Al/O does showa small gradient with Rg (� �0:02 dex kp�1) but N/O may be onsidered as onstant(�0:012 dex kp�1) aross the disk. Carbon, like oxygen, is a primary element; however,the main produers of arbon are not yet learly de�ned. If the main soure of arbon ismassive stars, one would expet the arbon gradient to be steeper than oxygen, resultingin the derease of C/O with Rg (Hou et al., 2000). In general, all of the abundane ratiosobtained for our sample are approximately onstant aross the disk; the average slope for allthe elements studied here is �0:014� 0:005 dex kp�1.Table 7.5: Radial Gradients of Abundane Ratios (a+ bx)[X/O℄ a �a b �bC -0.133 0.123 -0.008 0.015N -0.040 0.077 -0.012 0.010Mg 0.158 0.125 -0.013 0.017Al -0.017 0.126 -0.021 0.017Si 0.019 0.180 -0.018 0.022S 0.200 0.119 -0.015 0.014Rolleston et al. (2000) �nd a gradient of �0:04� 0:02 dex kp�1 for N/O; this gradient isinreased to �0:06�0:02 dex kp�1 if the four stars of Smartt et al. (2001) are inluded. Ourradial gradient of N/O, on the ontrary, almost vanishes. Alib�es et al. (2001) expet radialgradients of C/O, Mg/O, Al/O, Si/O and S/O � �0:01 (estimated from their �gures 4, 6 and7) from their hemial evolution model. Their expeted gradient of N/O is �0:02 dex kp�1,
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Figure 7.6: Elemental ratios relative to oxygen as a funtion of Rg. None of the elementsshow lear trends with the Galatoentri distane aross the Galati disk.



162whih agrees within the unertainties with our observations. The Galati evolution modelsof Hou et al. (2000) predit small (atter than �0:02 dex kp�1, estimated from their �gure 9)trends of the abundane ratios with Galatoentri distane for C, Mg, Al, Si and S relativeto oxygen; for N/O, they �nd a steeper gradient, whih we estimate from their �gure 9 tobe � �0:04 dex kp�1.7.4.3 The Galati Spiral ArmsThe lusters sampled in this study are distributed in three spiral arms of the Galaxy: 11lusters belong to the inner arm of Sagittarius-Carina, 9 lusters lie on the Loal arm andthe outer arm of Perseus ontains 5 lusters. The mean oxygen abundanes of the lustersin eah arm are 8:55 � 0:07, 8:48 � 0:20 and 8:39 � 0:11, respetively. The larger satterobserved for the Loal arm is due mainly to the inlusion of Mon OB2 and NGC 2414, whihare assigned by Beker & Fenkart (1971) as members of the Loal arm. These objets,however, have a mean oxygen abundane of 8:16 � 0:07, a muh lower oxygen abundanethan that obtained for the rest of the lusters in this arm (8:57 � 0:08); it is even lowerthan the mean abundane of the Perseus arm. Smartt et al. (1996b) examined hemialompositions towards the Galati antienter and obtained a strong depletion of oxygen forthe �eld star RLWT 41, that ould not be aounted for by the analysis unertainties. Basedon its relative position in the Galati Plane, they suggest that RLWT 41 was possibly formedin the inter-arm gap between the Loal and Perseus arms. Would this also be possible for theOB assoiations Mon OB2 and NGC 2414? Unfortunately, in our study both assoiations arepoorly sampled and any further onlusions would need to be anhored by a more detailedanalysis of the hemial ompositions of these objets.7.5 ConlusionsWe have studied the distribution of the hemial abundanes of OB main-sequene stars inthe Galati Plane. A uniform methodology was adopted throughout the stellar sample,produing a homogeneous database of non-LTE hemial abundanes of arbon, nitrogen,oxygen, magnesium, aluminum, silion and sulfur. A total of 70 stars were analyzed, withthose stars being members of 25 open lusters, OB assoiations or H II regions in the Galati



163plane. With the addition of the non-LTE abundanes derived by Cunha & Lambert (1994)for the Orion assoiation, our sample represents 26 positions in the disk between 4.4 and12.9 kp from the Galati enter. The main onlusions of this work are:1. The radial gradients derived are atter than the most reent results presented inthe literature. The average slope is �0:041 � 0:007 dex kp�1; the attest gradientis obtained for oxygen �0:031 � 0:010 dex kp�1 and the steepest is that of silion�0:049 � 0:018 dex kp�1. Conerning the other studies on radial gradients of stellarabundanes, the oxygen gradient obtained by Gummersbah et al. (1998) is stronglydependent on the abundane of the outermost star in their sample; if this star is dis-arded, the oxygen gradient derived for the rest of their sample is onsistent with thegradient derived here. Their gradients of arbon and aluminum agree very well with ourvalues; on the other hand, the silion gradient of Gummersbah et al. is muh steeperthan ours. Rolleston et al. (2000) also disussed the radial gradients of abundanes us-ing a LTE approah to derive the stellar abundanes. They obtained steeper gradients,varying from �0:05 dex kp�1, for aluminum to �0:09 dex kp�1, for nitrogen.2. We extended our stellar sample to inlude regions with 2:7 < Rg < 3:8 kp and10:1 < Rg < 15:7 kp by inluding the published equivalent widths of 10 stars toderive the non-LTE abundane of oxygen. With this extended sample we obtain a radialoxygen gradient equal to �0:043 � 0:008 dex kp�1. The hange in the magnitude ofthis gradient is basially due to the addition of the 3 stars loated in the inner regions;suh a variation in the slope ould not be produed if we inluded only the outermoststars in our sample.3. The abundane ratios are approximately independent of the Galatoentri distane.The slopes are � �0:02 dex kp�1 for C, N, Mg, Al, Si, and S relative to the oxygenabundane. The gradients of abundane ratios predited by the Galati hemialevolution models of Hou et al. (2000) and Alib�es et al. (2001) are in agreement withthe present observational results.
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Cap��tulo 8
Conlus~oes Gerais
Neste trabalho foram analisadas as abundânias qu��mias de 70 estrelas B da seq�uênia prin-ipal distribu��das ao longo do plano Gal�atio. Essas estrelas s~ao membros de 25 assoia�~oesOB, aglomerados abertos e regi~oes H II que est~ao loalizados a distânias de 4.4 a 12.9 kp doentro Gal�atio, onsiderando R�=7.6 kp. A an�alise da omposi�~ao qu��mia dessas estrelasfoi realizada seguindo uma metodologia �unia para todas as estrelas da amostra, de�nida demodo a garantir a homogeneidade e auto-onsistênia dos resultados obtidos, desde a esalade temperaturas at�e as abundânias estelares. As temperaturas efetivas e gravidades super�-iais est~ao em uma esala baseada em alibra�~oes fotom�etrias assoiadas ao ajuste de per�ssint�etios da linha H. Os modelos atmosf�erios adotados foram alulados em ETL om oprograma ATLAS9. Dentre os modelos atmosf�erios dispon��veis atualmente, os modelos emETL ombinados om uma fun�~ao de distribui�~ao de opaidades que inlui milh~oes de linhasatômias representam melhor as atmosferas das estrelas B do que os modelos atmosf�eriosfora do ETL om uma fun�~ao de distribui�~ao de opaidades menos ompleta. Um pontorelevante da metodologia adotada foi a op�~ao pela determina�~ao das abundânias estelaresvia s��ntese de per�s, alulados sem a aproxima�~ao ETL na teoria de forma�~ao das linhas. Osper�s te�orios fora do ETL foram alulados utilizando-se os programas DETAIL, que alulaas popula�~oes do n��veis, e SURFACE, que alula os per�s sint�etios para essas popula�~oes.A s��ntese de per�s espetrais foi uma ferramenta indispens�avel na an�alise empreendida: osaltos valores de v sin i t��pios das estrelas B di�ultam ou mesmo impossibilitam a medidade larguras equivalentes, reduzindo signi�ativamente o n�umero de estrelas para as quais �e165



166poss��vel se determinar abundânias qu��mias. A utiliza�~ao da s��ntese possibilitou a amplia�~aoda amostra analisada, inluindo estrelas om altas veloidades rotaionais projetadas, quenormalmente seriam desartadas.O resultado prinipal desse trabalho �e um onjunto de abundânias de arbono, ni-trogênio, oxigênio, magn�esio, alum��nio, sil��io e enxofre que permite a an�alise da distribui�~aoda omposi�~ao qu��mia tanto loalmente, omo no aso da assoia�~ao de Cep OB2, quantono ontexto mais amplo do diso Gal�atio. Em linhas gerais, as onlus~oes deste trabalhos~ao:1. A assoia�~ao de Cep OB2 foi analisada detalhadamente, om base em uma amostrade 17 estrelas, o que representa aproxidamente 30% das estrelas om tipos espetraisentre O9 e B3 formadas na assoia�~ao. As abundânias n~ao-ETL m�edias de C, N,O e Si de Cep OB2 sugerem que essa assoia�~ao �e 0.2-0.3 dex sub-abundante nesseselementos em rela�~ao ao Sol. As estrelas de Cep OB2 podem ser divididas em doissub-grupos de idades distintas, mas as abundânias estelares n~ao apresentam varia�~oessigni�ativas em fun�~ao da idade ou posi�~ao relativa. De modo geral, as dispers~oesdas abundânias s~ao ompat��veis om os erros esperados na an�alise, indiando que CepOB2 �e quimiamente homogênea.2. A an�alise de aglomerados abertos e assoia�~oes numa regi~ao mais pr�oxima do Sol (at�e�2 kp) mostrou que, em geral, as abundânias solares representam o limite superiorda distribui�~ao de abundânias de oxigênio, magn�esio, sil��io e enxofre, onsiderandoas dispers~oes de ada distribui�~ao. As abundânias de arbono, nitrogênio e alum��nios~ao sub-solares em 0.2-0.3 dex.3. A raz~ao de abundânias N/O das estrelas om altas veloidades rotaionais proje-tadas foram analisadas em fun�~ao do valor de v sin i obtido. Duas estrelas om al-tas abundânias de nitrogênio foram espeialmente destaadas: elas se enontram emest�agios evolutivos mais avan�ados ao mesmo tempo que possuem v sin i > 100km s�1.Estes resultados onordam om as previs~oes de Heger & Langer (2000) de que arota�~ao pode induzir modi�a�~oes nas abundânias super�iais de estrelas massivas.4. A distribui�~ao das abundânias qu��mias em fun�~ao da distânia ao entro da Gal�axia�e araterizada por gradientes da ordem de �0.03 a �0:05 dex kp�1. Os erros obti-



167dos dos ajustes lineares s~ao da ordem de 0.01, exeto para sil��io e magn�esio, queapresentam um espalhamento um pouo maior. Os gradientes obtidos s~ao: �0:033�0:010 dex kp�1 para o arbono, �0:043� 0:011 dex kp�1 para o nitrogênio, �0:031�0:010 dex kp�1 para o oxigênio, �0:044� 0:015 dex kp�1 para o magn�esio, �0:048�0:011 dex kp�1 para o alum��nio, �0:049 � 0:018 dex kp�1 para o sil��io e �0:037 �0:012 dex kp�1 para o enxofre.5. Os gradientes obtidos neste estudo s~ao, em geral, menos inlinados do que aqueles obti-dos em dois trabalhos mais reentes sobre gradientes radiais de abundânias estelares:Gummersbah et al. (1998) e Rolleston et al. (2000). O primeiro desses trabalhos ap-resentou abundânias n~ao-ETL para uma pequena amostra de estrelas do diso. Ogradiente de oxigênio obtido �e fortemente dependente do objeto de maior distâniaGalatoêntria, a estrela Sh2 217-3. Se essa estrela for desartada da amostra iniial,o novo gradiente obtido para o restante da amostra �e igual a �0:035 dex kp�1 (emontraste om o gradiente original: �0:067 dex kp�1). Os gradientes de arbono ealum��nio obtidos por Gummersbah et al. s~ao onsistentes om os nossos valores. Ogradiente de sil��io, por outro lado, mostra grande disrepânia: a nossa distribui�~aoaponta um gradiente igual a �0:049 � 0:018 dex kp�1 enquanto que eles obtiveram�0:107� 0:028 dex kp�1. O estudo realizado por Rolleston et al. (2000) �e baseado emuma oletânea de dados espetros�opios (parâmetros estelares e medidas de largurasequivalentes) e utiliza a aproxima�~ao ETL no �alulo das abundânias qu��mias. Osgradientes obtidos s~ao da ordem de �0:07 dex kp�1 e foram avaliados onsiderando-seas diferen�as sistem�atias das an�alises originais (de onde foram obtidos os parâmetrosatmosf�erios e larguras equivalentes). Em linhas gerais, onlui-se que essas diferen�assistem�atias n~ao introduzem maiores inertezas na determina�~ao dos gradientes. Aamostra de Rolleston et al. foi estendida na dire�~ao do entro da Gal�axia por Smarttet al. (2001), que observaram um ahatamento do gradiente de oxigênio para Rg < 5kp. Este padr~ao, segundo Smartt et al., n~ao �e seguido por outros elementos � omosil��io e magn�esio e nem pelo nitrogênio: esses elementos mantêm um gradiente on-stante na dire�~ao do entro Gal�atio.6. O impato dos erros nas distânias ao Sol e na determina�~ao das abundânias n~ao-



168 ETL sobre o valor do gradiente de oxigênio foi testado apliando-se uma distribui�~aode erros aleat�orios om valores m�aximos iguais a 10% e 0.15 dex sobre as distâniase abundânias, respetivamente. 5000 novos gradientes foram alulados. Estes gra-dientes apresentam-se normalmente distribu��dos em torno do valor original, om dis-pers~oes iguais a 0.001, no aso das orre�~oes apliadas �as distânias, e 0.005, no asodas abundânias. Este resultado sugere que as inertezas nas abundânias têm umpeso maior na determina�~ao dos gradientes radiais do que os erros nas distânias.7. As assoia�~oes OB de Mon OB2 e NGC 2414 apresentam abundânias bastante baixasem rela�~ao �a distribui�~ao total de abundânias. As suas posi�~oes relativas no diso in-troduzem um parâmetro partiularmente interessante, que paree sugerir uma rela�~aoentre as baixas abundânias observadas e a loaliza�~ao destes objetos entre os bra�osespirais Loal e Perseus. As duas assoia�~oes, entretanto, n~ao est~ao bem represen-tadas na amostra e seria neess�aria uma an�alise mais detalhada das suas omposi�~oesqu��mias antes de se tirar onlus~oes a respeito da sua hist�oria evolutiva. De qualquerforma, este resultado mostra a importânia de se analisar padr~oes loais de abundâniasomo, por exemplo, nas regi~oes entre os bra�os Gal�atios.8. A nossa amostra original foi estendida nas regi~oes 2:7 < Rg < 3:8 kp e 10:1 < Rg <15:7 kp, onsiderando-se estrelas OB analisadas por Gummersbah et al. (1998), Rolle-ston et al. (2000). e Smartt et al. (2001). No total, 10 estrelas, representando 9 posi�~oesdiferentes no diso Gal�atio, foram adiionadas �a nossa amostra. As temperaturas efe-tivas foram realuladas na nossa esala em fun�~ao do ��ndie livre de avermelhamentoQ. As gravidades super�iais foram obtidas das fontes itadas. Abundânias em n~ao-ETL de oxigênio foram obtidas a partir de per�s sint�etios que reproduzissem as me-didas de larguras equivalentes publiadas. Com essa amostra estendida, obtivemosum gradiente radial de oxigênio igual a �0:043� 0:008 dex kp�1. Essa modi�a�~ao namagnitude do gradiente, entretanto, n~ao seria observada se apenas as estrelas da regi~aomais externa do diso fossem inlu��das: neste aso, o gradiente obtido pratiamenten~ao se modi�a. A varia�~ao na inlina�~ao foi determinada, de fato, pela inlus~ao dasestrelas mais pr�oximas do entro Gal�atio.
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