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Sumario

En esta tesis presentamos un angdlisis cuantitativo de los espectros ultravioleta
(UV) cercano, dptico e infrarrojo (IR) cercanc de las estrellas Vega y Proecidn,
con el propdsito de determinar sus propiedades fisicas asi como sus abundancias
quimicas superficiales.

Hemos comparado diferentes espectros observados con espectros sintéticos
considerando en detalle las opacidades metélicas para escoger entre ellos. Este
aspecto es especialmente importante en el ultravioleta, va que hay una contro-
veraia sobre cudl es la mejor escala de flujo: la del Telescopio Espacial Hubble
(HST) o la de INES, calibrada directamente a partir del satélite Infernational
Uliraviolet Explorer (IUE). La comparacidén de los flujos sintéticos del UV cer-
cano, del visible v del IR cercanc con los observados favorece la escala de flujo
del HST sobre la escala de INES. También hemos obtenido nuevos espectros de
resolucion intermedia de Procidn con STIS a bordo del HST ¥ espectros de alta
resolucidn de Vega desde el Observatorio MeDonald.

Hemos derivado la temperatura efectiva v la metalicidad a partir de mode-
los de atmésfera en equilibrio termodindmico local (ETL), fijando la gravedad
superficial, comparando Aujos sintéticos con el ohservado en regiones donde la
opacidad del continue de elementos distintos al hidrégeno no es importante, lo
que suele ser vdlido en la regidn visible.

Utilizando los pardmetros previamente derivados, hemos identificado los
principales contribuyentes a la opacidad del continuo en Vega v Procidn. Las
abundancias quimicas de estos principales contribuyentes han sido investigadas
comparando flujos sintéticos con el observado en el ultravioleta en regiones
donde la opacidad del continuo producido por estos elementos es importante.
También hemos derivado abundancias quimicas a partir de lineas espectrales
del visible ¥ comparado los resultados con los obtenidos usando la regidn ultra-
violeta.

Finalmente hemos llevado a cabo un estudio del espectro de Vega usando
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modelos estelares con rotacién rdpida, comparando los flujos sintéticos con
ohservado. De esta manera hemos obtenido nuevos pardmetros fisicos (veloc
dad de rotacidn, inclinacidn del eje de rotacidn, la temperuatura v la graveda
polar v ecuatorial, la metalicidad v la microturbulencia) v abundanecias quimics
fotosféricas. La alta velocidad de rotacidn y la baja inclinacién obtenidas so
consistentes con otros trabajos que tienen en euenta la rotacidn, mientras qu
la microturbulencia v la velocidad ecuatorial provectada obtenidas compara
bien con los resultados donde el efecto de la rotacidn rdpida sobre la superfic
estelar v sobre el flujo emitido no fue considerado. Se han obtenido diferente
valores de la gravedad, la temperatura efectiva v algunas abundancias al tene
en cuenta el efecto de la velocidad de rotacién en detalle.

Codigos UNESCO: 2101.10, 2101.11, 2101.12, 2103.03



C'ontenidos

Agradecimientos . . . . . . . . . . . L L. e e e e v
SBumario . . . 0 v v e s s e e e e e e e e e e e e e e e e e vii
Contenidos . . . .. . . . o L . o e e e e e e e e e ix
T 1 x
Agradecimientos en inglés . . . . . . .. .. ... ... L. oo
Resumen en inglés . . . . . . 0 0 oL 00 0o e e e e e xli
1 Introduceidn . . . . . 0 0 0 o L e e e 1
1.1 Opacidad de las lineas v del continuo . . . . .. .. ... .. . ... 1
1.2 Espectro estelar UV .. . . . . o0 00 oo oo e e e 2
1.3 Dificultades para reproducir el espectro solar y estelar UV .. . . . . 5
1.4 Vega v Procidn como casos de estudio . . . . .0 000000 5
1.5 Vega como una estrella con rotacién rapida . . . . .. .. ... L. 7
2 Datos atdmicos v herramientas para estudiar espectros . . . . . . 9
21 Modelos de atmdsfera . . . . ... .00 L o e e 9
2.2 Sintesis espectral . . . . ..o L L Lo 11
2.3 Datos atdmicos y listas de lineas . . . . . .. ... .. L L. 12
2.4 Procedimiento de minimizacién . . . ... ..o o000 13
3 Espectros observados . . . . . 0 0 . 0 s e s e e e e e e e e e e e s 17
3.1 Espectros obeervados de Vega . . . . o 000000000 17
311 Espectros TNV © 0 L L L L L 17

ix



3.1.2 Espectros visibles e IR cereanos . . . .. .. .00 21

3.2 Espectros observados de Procidn . . . .. . o oo oo 0oL 22

3.2.1 Espectros UV cercanos . . . . . oo v oo v v v v v i v n e 22

322 Espectros wisibles © . . _ . . L. L Lo 22

323 Espectros IR cercanos . . . . . 0 L. Lo 24

4 FEl estudio del espectro de Vega usando modelos de atmdsfera
cldsicos . . . . . . L. oo 29

4.1 Principales contribuyventes a la opacidad en Vega . . . . .. .. . ... 30

4.2 Fstimacidn de los pardmetros de Vega usando las regiones visible e IR

v UV cercana . . . . . .. .32

4.3 Estimacion de las abundancias de 51 v C a partir del continuo UV . . 40
4.4 Estimacidn de las abundancias a partir de las lineas espectrales de la

region visible . . . L L L e

5 El estudio de Procidn usando modelos de atmdsfera cldsicos . . 51
5.1 Principales contribuyentes a la opacidad de Procidén . . .. .. .. . 52
5.2 Estimacién de la temperatura efectiva v el didmetro angular . . . . 52

5.3 Estimacién de las abundancias quimicas a partir del continuo UV . 57
5.4 Estimacion de las abundancias quimicas a partir de las lineas espectrales

............................................. 50
6 El estudio del espectro de Vega usando modelos estelares con
rotacidn rdpida . . . . . ... L0000 63
6.1 Modelos estelares con rotacién rapida . . .. . .. ... .. ... ... 064
6.2 Cdleulos preliminares de los pardmetros estelares . . . . . . ... .. 68
6.3 Cdleulos de los pardmetros del modelo . . 0 0 0 00 00 000 0L Tl
6.4 Cdlculos de abundancias y nuevos valores de 1 ¥ T - - - - - . . T3
6.5 Comparacidn del resultado con el de los modelos clisicos . . . . .. TG
7 Conclusiones v trabajo futuro . . . . . . .. ..o oo oL B3
Tl Conelusiones . . . .. 000 0L e e e 53
T2 Trabajo futurc . . .. . 0 0L L 85
8 Apéndice: atlas UV cercano de Procidn . . . . . .. .. .. ... BT

Bibliografia . . . . . . . . .. . . . ... 103



Resumen

Cap. 1. Introduccién

e La opacidad de las lineas ¥ del continuo:

La radiacidn electromagnética que recibimos de las estrellas adquiere su
particular patrdn espectral como consecuencia de diferentes fuentes de
opacidad de las lineas (producidas por transiciones ligado-ligado) v del
continuo (producidas por transiciones ligado-libre v libre-libre). En esta
tesis no discutimos las lineas de emisién, por ser poco relevantes en las
estrellas estudiadas, que son de tipo espectral medio v tardio.

Hace mucho tiempo que se descubrieron las primeras lineas espectrales en
el S0l (Wollaston 1502) y poco después Joseph Fraunhofer (1517, 1521,
1823) las descubrié en otros cuerpos celestes. Hoy en dia disponemos
de espectros estelares de alta resclucidn con alta relacidn sefial a ruido
(S/R), lo gque nos permite determinar con precision la velocidad radial v
la veloeldad de rotacidn provectada de las estrellas. Otras mediciones tales
como las abundancias quimicas se pueden obtener a partir de la anchura
equivalente ( AE) de las lineas espectrales, pero hace falta ademés conocer
las condiciones fisicas de la atmdsfera, para lo que se cuenta con modelos
de atmdsfera construidos usando primeros principios v simplificaciones.

El estudio del flujo del continue nos permite determinar los pardmetros as-
telares de los que dependen estos modelos (temperatura efectiva, gravedad
superficial v metalicidad) comparando los flujos calculados usando los
modelos con el Alujo observado de las estrellas. También es posible detec-
tar companieros estelares o discos a partir del continuo, o calcular abun-
dancias quimicas de elementos con una absoreidn del continuo importante,
lo que no se habfa explorado en profundidad anteriormente y es uno de
los objetivos de esta tesis.

xi
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o El espectro estelar TV

La mayor parte de los estudios astrondmicos llevados a cabo desde la in-
vencidn del telescopio solamente han tenido en cuenta la radiacién visible,
debido a que la mayoria de la radiacién que nos llega en otras regiones
del espectro es absorbida por la atmdsfera. Hasta los afios 70 no se lanzd
el primer satélite que estudiaba el ultravicleta (UV) cercanc: el IUE v
poco tiempo después se construyveron los primeros modelos de atmdésfera
que contenian suficientes lineas para intentar reproducir el TTV.

A pesar de las dificultades, es esencial entender la formacidn del espectro
UV de las estrellas para determinar abundancias de elementos quimicos
que sélo producen rasgos medibles en esta regidn espectral, tales como
los elementos ligeros boro v berilio (producidos por astillado en el medio
interestelar y quizd en parte en la nucleosintesis primordial) v el germanio,
producide por captura de neutrones. Aparte del germanio, hay otros
elementos cuvas transiclones atdmicas més fuertes se encuentran en el
UV, como el osmio v la plata. Un entendimiento adecuado de la regidn
UV en las estrellas es también crucial para interpretar la luz integrada
de galaxias y otros sistemas estelares. El campo de radiacidn UV tlene
un efecto importante en la construecidn de modelos de atmdésfera a través
del balance de energfa. Por tanto, un error de las opacidades UV implica
propiedades fisicas {como composicidn quimica v pardmetros atmosféricos
para estrellas o edades para galaxias) derivadas errdneamente.

Dificultades al tratar de reprodueir el espectro UV observado:

Se ha propussto una fuente de opacidad UV perdida para intentar explicar
un fallo al ajustar el espectro UV solar. Se ha sugerido que la absorcidn
metdlica de las lineas (e.g. Holweger 1970; Vernazza, Avrett & Loeser
1976) o del continue (Bell, Paltoglou & Tripiceo 1994; Bell, Balachandran
%z Bautista 2001) podrian proporcionar esa opacidad extra. Sin embargo,
estudios recientes del espectro UV de otras estrellas sugieren que hay un
acuerdo razonable entre los modelos tedricos (Kuruce 1992) v las obser-
vaciones (e.g. Fitzpatrick & Massa 1999, Allende Prieto & Lambert 2000,
Paterson et al. 2001). El andlisis del espectro solar de Bell, Balachandran
Yz Bautista (2001) concluye que, incluso con los edleulos més recientes
de las opacidades de las lineas v del continuo, los modelos de atmdsfera
cldsicos predicen demaslado flujo UV. Sin embargo, Allende Prieto et
al. (2003) encuentran que el modelado en equilibrio termodindmico loeal
(ETL) puade reproducir con precisidn el lujo solar observado a longitudes
de onda mayores de ~ 2600 .f\., v las incertidumbres en los datos atdmicos
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de las lineas son suficlentes para explicar las diferencias entre los flujos
ohservados v sintéticos. Las observaciones de alta calidad de estrellas
con pardmetros atmosféricos diferentes a los del Sol son necesarias para
resolver la controversia.

WVega v Procién como casos de estudio:

Una de las estrellas que estudiamos es Vega (o Lyr, HD 172167, AD V).
Esta estrella no es ficil de modelar, porque tiene un disco de polvo y gas
(Walgate 1983; Wilner et al. 2002) que produce un exceso de flujo IR;
es un rotor rapido con un polo apuntando casi hacia nosotros [ Gulliver
et al. 1994); v es posiblemente variable (Vasil™Yev et al. 198%). Ademsds,
tiene un patrdn de abundancias peculiar, similar al de las estrellas A Boo
(1ijié et al. 19958). A pesar de estas dificultades, Vega es una de las pocas
estrellas enanas con medidas espectrofotométricas UV precisas y medidas
independientes de su didmetro angular. También se han obtenido espec-
tros visibles de alta resclucién v alta relacidn sefial a ruido (S/R) desde
tierra. Ademds, se espera que el disco no contribuva apreciablemente al
espectro visible ni TV de la estrella, ¥ se ha encontrado que la influencia
de la rotacidn rdpida solo es importante para la forma de las lineas espec-
trales, siendo el efecto sobre el continuo limitado a la regidn espectral de
la vecindad del =salto de Balmer {Gulliver et al. 1994).

La otra estrella a estudiar es Procidn A (o CMi, HDE1421, F5 IV-V). E=
mas fria que Vega, asi que tiene mds lineas espectrales v opacidad en el UV
v es mas dificll de modelar. Ademds, tiene una enana blanca companers.
Sin embarge, Procidn A es una de las pocas estrellas enanas que se puede
usar para testear cdleulos detallados de irradiancia UV: se dispone tanto
de espectrofotometrfa UV precisa como de medidas independientes del
didgmetro angular. Por otra parte, se ha podido determinar con precisidn
su masa a partir de sus pardmetros orbitales. Ademds hay espectros
visibles de Procidn en baja v alta resolucién con alta S/R tomados desde
tierra.

WVega como una estrella que rota rdpidamente:

Diavid Gray (1988) fue el primero que sugirié que Vega era un rotor rdapido
con uno de sus polos apuntando easi hacia nosotros para explicar el exceso
en luminosidad de Vega en la banda V con respecto a otras estrellas de su
mismo tipo espectral (0.7 magnitudes), que ya habia notado Petrie (1964)
a partir de la calibracidn absoluta de flujo de las anchuras equivalentes
de Hy. Gray sugirié que una velocidad algo mayor de 300 km s~ (alta,
pero no inusual en estrellas tipo A temprano) podria explicar el exceso de
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flujo, lo que implica que la inclinacidn del eje de rotacidén de Vega seria
de 4 grados o menos. Esta hipdtesis es reforzada por el hecho de que
el didmetro angular de esta estrella es mayor que el esperado para una
estrella sin rotacién (Hanbury Brown et al. 1967).

Ademss, los perfiles de sus lineas débiles vistos en alta resolucién con alta
S/R tienen su fondo claramente plano, mientras que las lineas profundas
tienen perfiles ensanchados normales (Gulliver et al. 1991). Gulliver et
al. (1994) estudiaron en detalle el efecto de la rotacidn rdpida sobre el
eapectro de Vega. Ajustando el espectro sintético al observado entre 1200
¥ 10500 A con baja dispersién, fijando la velocidad de rotacién proyectada
a partir del valor obtenido de las lineas (veguat - 8in @ = 21.8 km g1,
obtuvieron la inelinacidén del eje de rotacidn, la temperatura efectiva v
la gravedad superficial ecuatorial ¥ polar. La calidad del ajuste para
el modelo con rotacién rdpida es tan bueno como usando el modelo de
Kurueg preferido en Castelli & Kuruez (1994) excepto en la region 2850-
3700 fs donde el modelo del rotor rdapido mejora el ajuste. Gulliver et
al. (1994) también ajustaron dos lineas con perfiles plancs en el fondo,
con una calidad del ajuste mucho mejor que usando modelos sin rotacion.
Estos walores son compatibles con los obtenidos ajustando el continuo si
usamos estimaciones realistas de los errores, segiin los autores.

Finalmente, imdgenes recientes en alta resclucién en el IR medio y lejano
del disco de polve de Vega desde el satélite Spitzer (Su et al. 2005) mues-
tran un disco circular, suave ¥y mayor de lo que se pensaba, apoyando la
hipétesis de Vega como un rotor rdpido con un polo casi apuntando hacia
la Tierra.



Cap. 2: Datos atémicos v herramientas para estu-
diar espectros

& MModelos de atmdsfera:

Hemos basado nuestros andlisis espectroscdpicos en los modelos de atmis-
fera desarrollados por Kuruez (1979, 1993) v Castelli & Kurnez (2003).
Estos forman una malla definida por tres pardmetros: la temperatura
efectiva (T,g), la gravedad superficial (g) v la metalicidad. Contienen
las aproximaciones de atmdésfera homogénea y plano-paralela v equi/-li/-
brio termodindmico local (ETL) v tienen en cuenta el “line-blanketing”.
También consideran la conveccidn mediante la teoria de la longitud de
mezela.

Se ineluyen las opacidades de 58 millones de lineas atdmicas v moléculas
diatdmicas. Las funciones de distribucién de las opacidades de las lineas se
usan como entrada para el programa que calcula los modelos de atmdsfera,
llamado ATTLASS, que se distribuye con el CD-ROM mimero 13. Para
cada profundidad, se muestran la temperatura, la presidn, v las densidades
de electrones y de particulas.

La metalicidad M/H de un modelo de atmésfera implica que todos los
elementos con Z>2 estdn acoplados con €l hierro (Fe) en proporciones
solares. Se supone normalmente que [M/H] = [Fe/H], con el significado
habitual del corchete en Astrofisica. Sin embargo, la abundancia de Fe en
el Sol n=ada en los modelos de Kuruez (1993) fue adoptada de Anders &
Grevesse (1989): log eépo Kumuee = 7.67 £ 0,03 v es diferente al valor me-
teoritico, que es la abundancia fotosférica solar que usamos en las sintesis:
108 £Fe meteoritica = 71.51 + 0.01, asf que obtenemos: [M/H] = [Fe/H] —
0.16, donde [Fe/H| ya (y en adelante) no es la metalicidad escrita en los
modelos de atmdsfera, sino la abundancia de Fe comparada con la solar
usada en las sintesis espectrales para =er compatible con la abundancia
de Fe usada en los modelos de atmdsfera.

Se supone una microturbulencia de 2 km =1 on los modelos. Ademds,
hay errores sistemsdticos en los modelos més frios porque las opacidades de
las lineas moleculares no se incluyen, excepto algunas diatdmicas. En al-
gunos casos, hemos calculado flujos usando nuevos modelos de atmosfera
(Castelli & Kuruez 2003) caleulados sin “overshooting” (ODFNEW; Cas-
telli, Gratton & Kuruez 1997) para comprobar su efecto sobre los co-
lores. Hay otra malla de modelos de atmdsfera (Next(Gen; Hauschildt,
Allard & Baron 1999) para 3000 K < T.g = 10000 K que usa distintas



xvi

ecuaciones de estado v distinto fratamiento de las opacidades molecu-
lares. Una comparacidn entre estos modelos v los de Kuruez (Bertone
et al. 2004) concluye que los pardmetros atmosféricos obtenidos al ajus-
tar espectros sintéticos a observados son en general mes similares al usar
modelos de Kuruez que al usar NextGen. Otra malla importante es la
de OSMARCS (Gustafsson et al. 1975; Bell et al. 1976), con modelos de
atmdsfera estdticos ¥ con simetria esférica en ETL para estrellas frias v
para estrellas pobres en metales. Finalmente, se han desarrollado modelos
de atmofera 30 dependientes del tiempo, inhomogéneos, en ETL ( Asplund
et al. 2000), que no contienen pardmetros libres ajustables. Los mode-
los de atmdstera més apropiados para nuestro trabajo son los de Kuruesz,
como explicamos en la tesis compardndolos con los demds modelos.

Sintesis espectral:

Los cdleulos de los flujos sintéticos se hicieron con el programa SYNPLOT,
un programa para IDL de los eddigos SYNSPEC (Hubeny & Lanz 2000,
que caleula el espectro emitido por una atmdstera estelar) y ROTINS (que
caleula el ensanchamiento rotacional e instrumental). El programa SYN-
SPEC supone que introducimos el modelo de atmdstera; o es calenlado
por TLUSTY (Hubeny & Lanz 2003), usado en este trabajo para calcu-
lar poblaciones de los niveles sin suponer ETL, o tomado de la literatura,
como la malla de modelos de atmdésfera de Kuruez (Kuruez 1992). El pro-
grama lee una lista de lineas general v selecciona lineas que contribuyen
a la opacidad total, basdndose en los pardmetros fisicos del modelo de
atmdsfera. SYNSPEC resuelve después la ecuacidn de transporte radia-
tivo, para cada longitud de onda, en una regidn v con una resolucidn en
longitud de onda especifica.

Para la opacidad del continuo se consideraron las signientes fuentes: fo-
toionizacidn ¥ opacidad libre-libre de los lones que més contribuyen a la
opacidad y la dispersién por electrones. Aungue las fuentes de opacidad
al caleular un modelo de atmdsfera v al calcular el espectro detallado
deberfan ser idénticas, los modelos de atmdsfera en no-ETL fueron cal-
culados con menos fuentes de opacidad, ya que la estructura atmosférica
estd influida sobre todo por las fuentes de opacidad mds fuertes, mientras
que el espectro emergente debe caleularse en detalle.

El resultado consiste en el Aujo emitido medido en la superficie de la es-
trella (més concretamente, el primer momento de la intensidad especifica,
H,. ) entre las longitudes de onda especificadas y la identificacion de las
lineas cuando se indica. El flujo astrofisico es F' = 4H, v el flujo fisico (el



que usamos) es F = 47H.

e Datos atdmicos v listas de lineas:

Para interpretar adecuadamente las ohzervaciones necesitamos opacidades
realistas. Las secciones eficaces de fotolonizacién se toman de TOPBASE
(Cunto et al. 1993, del Opacity Project) para las especies msds impor-
tantes. FEstos datos son precisos, aunque la posicion exacta de la resonan-
cia predicha es incierta, por lo que se suavizan las secciones eficaces a la
resolucién adecuada (ver Bautista, Romano & Pradhan 1998, ¥ Allende
Prieto et al. 2003), mejorando la estimacion de la opacidad total. Para al-
gunas especies no incluidas en la nueva libreria de TOPBASE, se han usa-
do modelos atdmicos MODION (ver http: //tlusty.gsfc.nasa.gov/),
que contienen estructuras desde muy simples hasta bastante completas de
algunos iones, de donde hemos tomado: HI, He I, CIIL NI, O IT v 51 L.

La opacidad de las lineas es también importante v hay que considerar
millones de ellas para modelar con precisidn la forma del espectro UV de
las estrellas de tipo tardio. Comparamos diferentes fuentes para los datos
de las lineas atdmicas, ¥ usamos una lista basada en datos compilados
por Kuriez v distribuida con SYNPLOT, va que proporciona los mejores
resultados, excepto en algunas lineas particulares, en las que hemos usa-
do pardmetros de ensanchamiento Stark actualizados extraidos de VALD
( Vienna Atomic Line Databose, Kupksa et al. 1999). Las constantes de
ensanchamiento por colisiones con H neutro (un contribuyente importante
a la anchura de las lineas) estdn también en VALD con secciones eficaces
muy precisas (ver, por ejemplo, Barklem, Piskunov & O'Mara 2000).

Ademéds de las secciones de fotoionizacidn, se necesitan los ritmos ra-
diativos al hacer cdlculos en no-ETL. Las probabilidades de transicidn
radiativa fueron adoptadas de la base de datos NIST!, y complementadas
con los cdleulos del Opacity Project. Los ritmos colisionales necesarios
se calcularon basdndese en fdrmulas generales debidas a van Regemorter
(1962), Mihalas (1972) v Auer & Mihalas (1973), complementadas con
datos de laboratorio enando estaban disponibles (Nahar & Pradhan 1997;
Nahar 1999). La mayoria de los datos necesarios ya habian sido compila-
dos previamente.

& Método de minimizacidn:

Hemos usado la rutina Amoeba de IDL para la minimizacién de v, Este
método lleva a ecabo una minimizacién multidimensional de una funecidn

Lht tp:/ /physics.nist.gov/cgi-bin/AtData/main asd



Funec(x), donde x es un vector de n dimensiones, usando el algoritmo de
Nelder-Mead downhill simpler (Nelder & Mead 1965), que no requiere
evaluaciones de derivadas, sino tan sdlo de la funcidn. Se han realizado
estudios sobre su convergencia v se ha descubierto que, para algunas fun-
clones convexas, el método converge a un punto que no es el minimo
(MeRinnon 1995, pero en general se comporta adecuadamente para nues-
tro estudio.

El método utiliza una figura geométrica llamada simpler, en N dimen-
siones, con W41 puntos (o wértices) v todos sus segmentos, caras, ete. de
interconexién. Ewvalia la funcién a minimizar en cada punto y obtiene un
mievo gmpler, buscando mievos puntos donde la funcidn sea menor. El
resultado es un vector de n dimensiones en el que la funcién es minima
con una incertidumbre que introducimos en el programa.
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Cap. 3: Espectros observados
s Hspectros observados de Vega:

Espectros UV

Como el Telescopio Espacial Hubble (HST) no ha tomado espectros
que cubran una regidn grande del UV cercano, hemos usado en este
trabajo espectros tomados por el IUE. Hemos considerado tres es-
pectros promedios de calibraciones de Vega en baja resolucidn v gran
apertura observados por el satélite IUE:

- calibracién de Bohlin (Bohlin 1996): obtenida de la pigina Web
de CALSPEC. Se utilizan ocho estrellas estandar (entre ellas, cuatro
enanas blancas de H puro, DAs) para calibrar los espectros de FOS,
que estaba a bordo del HST. Se determina un factor corrector de los
flujos de ITE para cadsa longitud de onda para pasarlos a la escala
de flujo de FOS-HST.

- calibracidn de M&F (Massa & Fitzpatrick 2000, en adelante M&F):
tiene en cuenta errores sistemdticos de los espectros de NEWSIPS
con el tiempo de ohservacion ¥ la temperatura de la cdmara ampli-
ficadora para pasar los datos a la escala del HST.

- INES: no es una ealibracién de datos de IUE procesados con NEW-
SIPS (véase Garhart et al. 1997), sino un nuevo procesado de los
datos crudos. Los flujos relativos fueron calibrados nsando una enana
DA, G191B2B, ficll de modelar por tener un espectro casi libre de
rasgos. La escala absoluta de flujo es la del satélite UV OAO-2
{Gonzalez-Riestra, Cassatella & Wamsteker 2001).

Las tres versiones anteriores tienen una resolucidn espectral de ~ 6
A. Hemos combinado varios espectros de IUE de los servidores de
INES? v de MAST?, para producir las versiones de INES y M&TF,
respectivamente, usando los espectros individuales de la tabla 3.1.
El espectro de Bohlin se obtuvo directamente de la pdgina Web de
STSel, proporcionada por R. Bohlin®.

Ohservamos que los flujos de Bohlin v de M&F (en la misma escala

de flujo) son -~ 10 % mayores que los flujos de INES para Vega,
mavor que la diferencia global de Gonzdlez-Riestra, Cassatella &

ht tp://ines.vilspa.esa.=z/ines/
*ht tp:ffarchive.staci.edu/ine/
":Etp tffftp.steci.edn/cdbs/cdbs2/ calapac/
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Wamsteler (2001 para la estrella de referencia (G191B2B aunque
consistente dentro de las barras de error. Sin embargo, en este
articulo se habla de una reduccidn casi lineal de la diferencia de
flujos de ~ 7 % en 1500 A a ~ 6 % en 3000 A, mientras que en
Wega encontramos mavor variacion. También obtenemos que el flujo
de MEF ez mayor que el de Bohlin a ~ 1800 v - 2000 A, siendo la
mayor incertidumbre del finjo de IUE a ~ 2000 A por ser el borde
de las cdmaras de longitud de onda corta v larga la posible causa de
la diferencia a esta longitud de onda.

También hemos comparado los Hujos de Bohlin e INES para las ocho
estrellas estdandar en las que se basan los flujos de Bohlin, Obtene
mos de nuevo un Hujo mayor de INES para todas las longitudes de
onda para todas las estrellas, excepto para el espectro SWF de BD
+75 325, La diferencia media de flnjos para las otras siete estrellas es
(Fgohiin—FivEs)/ Fivgs = 0.066+0.013, consistente con las diferen-
clas globales de Gonzdlez-Riestra, Cassatella & Wamsteker (2001),
aunque en el caso anterior hay mayor variacidn en la diferencia de
flujos respecto a la longitud de onda.

Por iltimoe, hemos comparado flujos sintéticos con espectros de alta
resolucién de IUE | véase la tabla 3.1) calibrados por INES (los 1inicos
disponibles), con una cobertura espectral grande v una resolucidn de
~ 02 A

Espectros visibles e IR cercanos:

Para el estudio del espectro de Vega usando modelos de atmdsfera
cldsicos, consideramos el espectro de baja dispersidn compilado por
Hazes (1985) combinando seis fuentes diferentes de medidas tomadas
desde tierra. Este espectro tiene una incertidumbre de flujo de 1-2%
en el visible v cubre de 3300 a 10500 A con una resolucién de 50 A.

Para estudiar el espectro de Vega usando modelos de rotacién rdpida,
hemos usado el espectro tomado recientemente con el espectrigrafo
STTS del HST'. El flujo absoluto se midid con gran precisidn desde el
UV cercano hasta el IR cercano en la escala de flujo de HST (Bohlin
& Gilliland 2004). Es un espectro de baja dispersién (R -~ 500) con
una relacién sefial a ruido muy alta (S/R -~ 1000).

Hemos usado dos espectros de alta dispersidn distintos, tomados por
nuestro grupo en el Observatorio MeDonald (Mount Locke, Texas),
usando el espectrdgrafo echelle de dispersidn cruzada 2deowdé (Tull
et al. 1995) acoplado al Telescopio Harlan J. Smith de 2.¥m. El
primer espectro tiene un poder resclutive (R = 33-‘;} de ~ 5 x 104,
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cubriendo toda la regidn visible, extendiéndose hasta el IR cercano.
El segundo espectro tiene R -~ 173 000, cubriendo de ~ 4400 a ~
7600 A con algunos pequeiios huecos.

Una ecuidadosa reduccidn de datos fue aplicada a ambos espectros,
usando IRAF °. que consistfa en correccidn de “overscan” (“bias”) v
sustraccidn de luz dispersada, “Hatfielding”, extraccidn de espectros
en una dimension, calibracién en longitud de onda ¥ normalizacidn
del continuo.

s Hspectros observados de Proeidn:

Espectro UV cercano:

Hemos usado datos espectroscopicos adquiridos por nuestro grupo
con STIS, que han sido ecalibrados en flujo con mucha precisidn
{Bohlin, Dickinson & Calzetti 2001). Se usaron las rendijas G230MB
icon seis inclinaciones que proporcionaban una cobertura de ~2200 a
~=3050 fLJ v G430M (con cuatro inclinaciones que cubrian el espectro
desde 3022 hasta poeo més de 4000 A) para realizar observaciones
con resolucidén intermedia de Proeidn.

Uszando los espectros proporcionados por HST, creamos un sistema
de coordenadas de longitud de onda con la misma resolucidn que el
espectro observado ¥ corregido el efecto de las diferentes velocidades
radiales para cada observacidn. Luego interpolamos los espectros
a este sistema de coordenadas, promediando los espectros cuando
hahia solapamiento.

Espectros visibles:
Hemos encontrado los signientes catdlogos espectrofotométricos que
contuvieran datos de Procidn:

- el Catdlogo Espectrofotométrico de Pulkovo de Estrellas Brillantes
i Aleksesva et al. 1996, en adelante “espectro de Pulkovo™ ), con una
cobertura de 320 a 1080 nm, una resolucién de 5 nm ¥ una precisidn
no inferior a 1.5-2.0 %.

- el Catdlogo Espectrofotométrico de Sternberg ((Glushneva et al
1954, en adelante “espectro de Sternberg” ), que cubre la regidn de
3225 a 7625 A con un paso de 50 A. La precisién media de los datos

*IRAF is distributed by the MNational Optical Astronomy Observatories, which are oper-
ated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation
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del catdlogo es del 3.2 %,

- el Catdlogo Espectrofotométrico de Estrellas de Burnashev (Bur-
nashev 1985), que contiene espectros en la regidn espectral 320-517
nm en pasos de 2.5 nm.

Hemos comparado los diferentes espectros visibles de Proecldn entre
3500 v 4050 A (incluyendo el espectro de HST para diseriminar entre
ellos). La diferencia en flujo absoluto entre algunos de estos espectros
visibles es grande, asi que tratamos de escoger uno comparando los
flujos con el del HST en la regién de solapamiento. El mejor ajuste
sa obtiene para los flujos de Burnashev v Glushneva, asi que hemos
usado la media de ambos como espectro visible observado.

Aunque el atlas fotométrico de Griffin & Griffin (1979) cubre una
amplia regidn espectral (de 3140 a 7470 _jx:l:. hemos usado el espectro
visible de Allende Prieto et al. (2002) como espectro de alta reso-
lucién de Procidn para derivar abundancias a partir de las lineas
espectrales, va que tiene mejor S /R v estd disponible en la red. Este
espectro fue obtenido con el telescopio Harlan J. Smith de 2.7 m.
del Ohservatorio MeDonald el 30 v 31 de enero de 1999, Tiene un
poder resolutivo de R ~ 2 = 10° v cubre la regién de 4559 a 5780
A. se juntaron diferentes exposiciones para alcanzar una S/R en el
rango 5502000,

Espectro IR cercano:

Para el espectro rojo e IR cercano (longitudes de onda > 6600 A), se
ha usado el Catdlogo Espectrofotométrico de Mosed | Glushneva et
al. 1991). Cubre la regién de 5975 a 10825 A, con un paso de 50 A.
Este espectro ajusta muy bien al espectro visible observado en casi
toda la zona de solapamiento.
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Cap. 4: El estudio del espectro de Vega usando
modelos de atmostera clasicos

o Principales contribuventes a la opacidad del continuo y de las lineas en
Vega:

Con unos pocos elementos se puede dar cuenta de la mayor parte de la
opacidad en el UV, dominada por las lineas de Fe para casi todos los tipos
espectrales v por la opacidad del continuo de algunos metales, que varian
seglin sea el tipo espectral. La contribucién de un lon a la opacidad ligado-
libre depende de su estructura atdmica y de su abundancia. Como paso
preliminar, hemos hallado la abundancia de los 30 primeros elementos en
sus 3 primeros estados de lonizacidén para una estrella como Vega, usando
el modelo preferido por Castelli & Kuruez 1994 (T.g = 9550 K v log g
= 3.95) usando las ecuaciones de Saha v Boltzmann. Hemos supuesto
abundancias fotosféricas solares de Anders & Grevesse (1989).

A continuacidn, hemos caleulado espectros sintéticos visibles y UV cer-
canos que incluian la opacidad producida sdlo por H ¥ espectros in-
cluvendo ademds la opacidad del continuo de cada uno de los iones con
abundanecias relativas al H mayores de 107% Her C1, NI, N I, 01, O11,
Nai, Mg, Alu, Sin, S, Cail, Fell ¥ Nill. Hemos usado abundancias
solares para cada elemento excepto el Fe, va que hemos adoptado inicial-
mente [M/H] = —0.5 (v por tanto [Fe/H] = —0.34). Comparamos entre
sl los espectros derivados incluyendo distintos iones, deduciendo asi la
relevancia de la opacidad del continuo de cada ion respecto a los flujos
ohservados. La absorcidn ligado-libre v la de las lineas del H dominan la
opacidad a longitudes de onda menores que Lo, Para longitudes de onda
mayores que unos 1500 A, el H nentro v el ion H™ dominan la opacidad
ligado-libre. 5i v C contribuyen significativamente a la opacidad del con-
tinuo entre 1200 y 1450 A, mientras gque los demds iones producen una
disminucién del flujo inferior al 1.5 % en todas las regiones.

En cuanto a la absorcidén de las lineas debidas a cada ion, domina la del
Fell, siendo més o menos la mitad de la absorcidn total de las lineas
para Vega. En conclusién, para modelar el espectro UV de una estrella
como Vega es necesario tener en cuenta las opacidades de H, C, Si v Fe
detalladamente.

s Estimacion de la temperatura efectiva v el didmetro angular (Dang) de
Wega usando las regiones visible y UV e IR cercana:
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A continuacidn, intentamos determinar T.g v Dy, a partir del espectro
vigible, UV cercano e IR cercano, tomando la gravedad obtenida a partir
de datos de Hipparcos log g = 3.98 £ 0.02 (Allende Prieto & Lambert
1999, Para ello, hemos comparado el iujo calculado a partir de modelos
de Kurnez (convertido en flujo recibido usando Dyu,.) respecto al flujo
observado. En estas regiones, la absorcidn de los metales es pequefia, por
lo que se pueden calcular estos dos pardmetros independientemente de la
composicidn quimica.

Hemos realizado un ajuste y° entre los espectros observados v ealeulados
en tres regiones espectrales: entre 1600 v 2150 A, entre 2200 v 3000 A v
entre 4150 v 8480 A, excluyendo las lineas de Balmer. Hemos pesado cada
¥ segiin la incertidumbre aproximada de los flujos ohservados. Usando
SYWNSPEC, hacemos una malla interpolando los flujos obtenidos usando
modelos de Kuruez con Tog's distintas. Hemos excluido las regiones donde
hay dificultades especiales, como cerea del salto de Balmer (3000-4150 fx},
porque Hayes avisa sobre errores significativos en esta regién y el efecto
de la rotacién es importante (Gulliver et al. 1994). En esta fase se
usaron las abundancias de Qiu et al. (2001) y [Fe/H] = —0.54. Los pares
(Tog,Dang ) de los mejores ajustes se muestran en la Tabla 4.1. El ajuste es
claramente mejor usando la calibracién de Bohlin que usando la de INES.
Observamos que no hay ningan modelo de atmdsfera que reproduzes bien
a la veg el espectro visible ¥ el UV calibrado por INES, pero s{ lo hay al
considerar la calibracion de Bohlin, Ademsds, como se ve en la Tabla 4.1,
los valores de T ¥ Dapg de la literatura son casl siempre consistentes con
los de la calibracién de Bohlin, pero no con los valores obtenidos con la
calibracién de INES. Como la calibracidn de M&F estd en la misma escala
de flujo que la de Bohlin, hemos tomado como espectro TV la media de
las ealibraciones de Bohlin v de M&F.

Usando el flujo anterior y ajustando la regién espectral entre 2200 v 8500
A (sin incluir la zona de 3000 a 4150 A nilas lineas de Balmer), obtenemos
el resultado siguiente:

To = 962018 K, Dang = 3.27 + 0.05 mas,

donde las barras de error fueron derivadas perturbando los pardmetros
del mejor ajuste hasta que la variacidn de Hujo excediera las barras de

error asignadas al espectro observado,

Se llevéd a cabo el misme andlisis usando nueveos modelos de atmédsfera
(Castelli & Kurucz 2003) calenlados sin “overshooting”, con funciones de
distribucidn de opacidad revisadas (ODFNEW ), para chequear el efecto
sobre los colores del “overshooting” convective, obteniendo:
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T.g = 9575 K, D, = 3.271 mas,

con un ajuste ligeramente mejor v valores consistentes con los de la lite-
ratura. Adoptando T.g ¥ [M/H| obtenidos usando el Método del Flujo
Infrarrojo (Alonso, Arribas & Martinez-Roger 1994), buscamos el valor
de Dape para el mejor ajuste al espectro observado en el UV cercano y
visible, obteniendo de nuevo 3.27 mas.

Hemos caleulado el flujo en alta resclucidn en tres regiones espectrales
seleccionadas al azar entre 1550 v 3050 131, donde los efectos de la rotacion
ripida y de la opacidad del continuo del 5i ¥ el C sobre el flujo son
muy limitadeos. Se han usado los pardmetros en baja resclucidn derivados
comparando espectros sintéticos usando modelos de Kuruez con el espec-
tro observado, obteniendo una desviacidn estandar aproximadamente el
doble que las del espectro de baja resolucidn, pero el espectro sintético
reproduce la forma del espectro observado bastante bien.

Hemos realizado un test preliminar del efecto de la rotacién rdpida sobre el
flujo de Vega v la calidad del ajuste de este espectro al observado en torno
a la linea O1 A6158.19 A, obteniendo un buen ajuste con los pardmetros
preferidos por Gulliver ef al. (1994).

Estimacién de las abundancias de 5i y C a partir del continue UV

Vimos en este capitulo que los principales contribuventes a la opacidad
del continuo en el UV para Vega son Si v C. Usando los pardmetros at-
mosféricos derivados en la seccitn anterior, intentamos derivar las abun-
dancias de 51 ¥ C usando el ujo UV. Para ello, hemos ecaleulado una
malla de espectros sintéticos de 1270 a 1350 A v de 1460 a 1550 A con
distintas abundancias de C y de Si. El mejor ajuste se obtiene con [S1/H]
= 0001970 v [C/H] = 0.031532, con una desviacién cuadrdtica media
7 = 3%, aproximadamente la incertidumbre del espectro UV observado.
Las fuentes de error més relevantes son la incertidumbre en la abundancia
de He (supuesta £0.1 dex) v en T.g. Los wvalores obtenidos por Qiu et
al. (2001) a partir del anélisis de lineas visibles fueron [Si/H] = —0.59 +
0.06 v [C/H] = —0.06 + 0.13.

Las grandes barras de error en las abundancias obtenidas a partir del
continuo UV se deben a la respuesta débil del continuno UV a eambics
en las abundancias de los metales debido al papel predominante de la
opacidad del hidrégeno en una atmdsfera tan templada. Ademsds, hay
regiones donde no podemos obtener un ajuste bueno, lo que impide derivar
con precisidn abundancias por este método. Algunas de las discrepaneias
estAn asociadas con lineas de Sil1 y C1 profundas (por ejemplo, a ~ 1560
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A v ~ 1660 A), que mejoran al introdueir el efecto del no-ETL. no tenido
en cuenta por nuestros modelos. Sin embargo, hay lineas profundaz de
otras especies (como el Fell) que se reproducen bien en ETL. También
se observa un mal ajuste entre 1380 y 1460 Z?L, clya razdn no estd clara.
Respecto a las lineas de Balmer, el ajuste mejora mucho al usar el flujo
revisado de Vega hasado en espectros de STTS (Bohlin & Gilliland 2004).

Estimacién de las abundancias a partir de lineas espectrales del visible:

Para hacer una comparacidn consistente entre las abundancias TV v las
obtenidas a partir de lineas de la regidn visible, hemos seleccionado una
serie de lineas con incertidumbre del log gf < 25 % tomadas de Przvhilla
(2002). Hemos excluido las lineas de He porque son demasiado débiles,
v el doblete resonante de MNal va que el efecto del no-ETL en el core de
estas lineas es importante. Hemos caleulado las anchuras equivalentes
(AE) integrando el flujo de las ineas ¥ hemos considerado pardmetros de
ensanchamiento clisicos.

En las tablas 4.4 v 4.5 se muestra AE para cada linea espectral v las
abundancias derivadas usando distintos modelos de atmdsfera. La dife-
rencia media de ~ 0.1 entre las abundancias de Fe obtenidas a partir de
lineas de Fel v Fell puede deberse a los efectos del no-ETL en la formacidn
de las primeras.

Usando las abundancias obtenidas a partir de las lineas espectrales, en-
contramos la abundancia media de cada elemento. Encontramos que las
abundancias de C, N ¥ O para Vega son similares a las del Sol, mientras
que las de Mg, Al, 51, Ca, Cr y Fe estdn entre —0.3 y —0.7 dex comparadas
con la solar, consistente con Vega como estrella A Boo suave.
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Cap. 5: El estudio del espectro de Procion usando
modelos de atmostera clasicos

o Principales contribuventes a la opacidad en Procién:

Se ha llevado a cabo con Procidn un proceso muy parecido al de Vega
para determinar los principales contribuyentes a la opacidad del con-
tinuo. Hemos usado un modelo de atmdsfera de Kurueg con los primeros
parametros propuestos por Allende Prieto et al. (2002), con Ty = 6512 K
v log g = 3.96, para calceular las abundancias de los 30 primercs elementos
en sus tres primeros estados de ionizacion usando las ecuaciones de Saha v
de Boltzmann. Hemos supuesto abundancias fotosféricas solares | Anders
& Grevesse 1989), excepto para el Fe, para el que hemos adoptado [Fe/H]
= —0.05. Obtenemos los siguientes lones con abundancias relativas a H
mayores que 107%: He1, C'1, N1, O1, Nel, Na1, Mg1, Mg, Al1, Sin S1,
Al Can, Ferl, Fell v NiL

Diespués, comparamos los Aujos TV cercano y visible incluyendo la opaci-
dad del continuo producido sélo por H con la opacidad producida por H v
cada uno de los iones més abundantes en Vega, obteniendo la importan-
cia de la opacidad del continuo para cada ion. Para longitudes de onda
menores que ~ 2150 A, vemos que el H neutro, el ion H—, el Fel y &l
Mg1 dominan la opacidad ligado-libre, pero para A = 3000 A sélo son im-
portantes los iones de H. A longitudes de onda més cortas, los siguientes
iones disminuyven el flujo en més del 0.5 % C1, Si1, Ca1y AlL

e Estimaciin de la temperatura efectiva v el didmetro angular:

Como hicimos para Vega, hemos fijado la gravedad v la metalicidad de
los modelos de atmésfera de Kurucz en nuestros primeros cdleulos a los
valores de Allende Prieto et al. (2002; logg = 3.96 v [M/H] = —0.21,
teniendo en cuenta que [Fe/H] = —0.05) ¥ hemos hallado T.g y Dy, a
partir de las observaciones en el IR cercano y el visible. Para ello, hemos
caleulado una malla de fujos emitidos usando modelos de Kuruez con
distinta Tug, transformados en flujos recibidos usando Dapg. Estos los
hemos comparado con flujos observados en regiones donde la absorcidn
debida a metales es pequefia, lo que nos permite obtener T ¥ Dang
independientemente de la composicidn quimiea.

Hemos usado tres regiones espectrales en los edleulos: de 3200 a 3800 A,
de 5300 a 6500 A y de 6600 a 8500 A, cada una con el mismo peso en el
ajuste. No incluimos la regidn de 3800 a 5300 A porque no hemos podido
ajustarla al espectro observado, v tampoco por debajo de 3200 A porque
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la absorcidn ligado-libre debido a iones metdlicos es importante. Hemos
minimizado la ¥ de la diferencia entre el finjo sintético v el observado,
obteniendo los siguientes pardametros: Tog = EEQGfgé K ¥ Dapg = 547
+ 0.08 mas, con una desviacién estdndar total & = 1.45 %, Usando la
paralaje medida por Hipparces, obtensmos una distancia d = 3.497 +
0.011 pe. 51 usamos este valor v nuestro didgmetro angular, obtenemos
el signiente radio para Procidn: R = 2.066 + 0.018 R;. Introduciendo
la masa derivada por Allende Prieto et al. (2002), obtenemos la sigu-
iente gravedad superficial: log g = 3.96 & (.06, consistente con el valor
adoptado.

Al comparar nuestros pardmetros con los obtenidos por otros autores,
se ohserva que nuestro Dy,e es compatible con todos los demds valores,
El walor de T.g obtenido usando el método del lujo IR es compatible
con nuestro resultado. Los otros dos valores no parecen ser compatibles,
aunque tres de los valores de flujo bolométrico que usan (véase Fuhrmann
et al. 1997) son mucho més viejos que el ofro y posiblemente no son muy
precisos. Siusamos el didmetro angular de Kervella et al. (2004), T.g se
transformaria de 6530 a 6566 K, bastante préximo a nuestro valor.

También es importante tener en cuenta las correcciones en el radio v
el diimetro angular que se obtienen al usar simulaciones 3D, debido a
los diferentes oscurecimientos del limbo (OL) resultantes. Por ejemplo,
Allende Prieto et al. (2002) encuentran que el cambio en OL al usar si-
mlaciones 30 produce una disminucién del didmetro angular y un inere-
mento de Tog para Procidn, ademds de cambiar la distribucién espectral
de energla, que podrfa explicar la incapacidad de nuestros modelos para
reproduecir el espectro en algunas regiones, como entre 3800 v 5300 A.

Hemos ealeulado un espectro de resclucidn intermedia de Procidn entre
3200 v 3800 A a partir del espectro de alto poder resolutivo del atlas UV
(ver Apéndice). Hemos usado los pardmetros estelares recién obtenidos,
con abundancias solares para los elementos distintos del hierro. Al com-
parar el espectro sintético con el observado en tres zonas de la regidn
mencionada escogidas al azar, obtenemos desviaciones estdndar no mu-
cho mayores (aproximadamente el triple) que las del espectro de baja
resolucion.

e Estimacidin de abundancias quimicas a partir del continno TV

Hemos visto que los contribuventes mds importantes a la opacidad del
continuo UV por encima de 2150 A para Procidn son el Mg v el Fe
Con los pardmetros estelares adoptados, determinamos las abundancias
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de estos elementos usando el fAujo UV, Hacemos una malla de flujos entre
2200 v 3000 A con distintos valores de las abundancias de Mg v de Fe.
Al no considerar algunas regiones con problemas excepelonales, obtene-
mos el mejor ajuste al espectro observado para [Mg/H] = 0.001037 v
[Fe/H] = —0.04 + 0.17, con 0ppms = 10%. Al usar toda la regién de 2200
a 3000 A, se obtiene el mejor ajuste con: [Mg/H] = 0.001237 v [Fe/H]
= —0.16 + 0.17, con oy = 20%. Las barras de error tienen en cuenta
la incertidumbre en el flujo observado, supuesto del 3%, en las regiones
con meayor sensibilidad a cambios en la abundancia, que son entre 2200 v
2400 A para el Mg v entre 2650 v 3000 A para el Fe.

También hemos estimado el efecto sobre el flujo de un cambio en Ty
¥ la abundancia de Fe (consistente con la metalicidad del modelo de
atmdsfera). Obtenemos un incremento casl uniforme del Aujo al anmentar
Te, mientras que al aumentar la abundancia de Fe el flujo 2e incrementa
en algunas regiones v disminuye en otras, aumentando la diferencia entre
los meximos v minimos de ujo.

Estimacién de abundancias quimicas a partir de lineas espectrales en la
region visible:

Volvemos a calenlar las abundancias de forma independiente para garan-
tizar que el andlisis es totalmente consistente con nuestro estudio UV,
Se han estudiado los siguientes iones: Mgl, Cri, Cril, Mn1, Fel v Fell
Hemos medido AE para estas lineas (con el cddigo MOOG) usando el atlas
fotométrico del espectro de Procidn (Griffin & Griffin 1979), excepto para
las lineas de Fe, para las que hemos usado las AE de Allende Prieto ef al.
(2002). Observamos que las abundancias derivadas a partir de las lineas
son compatibles con las obtenidas por otros autores y con las obtenidas a
partir del continuc TV,
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Cap. 6: El estudio del espectro de Vega usando
modelos estelares con rotacién rapida

s Modelos estelares con rotaclén rédpida:

Hemos desarrollado un método para caleular el flujo de Vega teniendo en
cuenta las desviaciones de la simetria estérica debidas a la rotacidn, usando
las mismas suposiciones que Pérez Herndndez ot al. (1999). Se considera
una velocidad de rotacidn angular constante y el potencial gravitatorio de
un punto con la misma masa, por lo que la superficie de la estrella resulta
ser una superficie de Roche, lo que simplifica el modelado de la estrella.

Se definieron algunas cantidades normalizadas que sdlo dependen de la
colatitud &. Estas son:

el radio relativo, definido como z(#) = R(f)/R,.

2
la. gravedad efectiva, definida como g,(#) = éﬁf gia).
4 i
la temperatura efectiva normalizada, definida como t4(8) = m

polar

También se definidé la velocidad de rotacidn angular normalizada como

i = ri, donde la velocidad angular eritica se define como 02 = M

e = fﬁg
Para una estrella que gira a la velocidad eritica, Roguar = 1.5 By, Usando
la paralaje de Hipparcos v el didmetro angular que obtuvimos para Vega
v suponiendo que un polo de la estrella apunta hacia nosotros, obtenemos
Bequat = Dang(rad) -d/2 = 2.73 + 0.05 R, mientras que para una estrella
A0 V tipica Requas = 1.87 Ry (Gray 1992), lo que suglere que Vega gira
rdapidamente.
Para una estrella con una envoltura totalmente radiativa como Vega, la ley
de oscurecimiento gravitatorio nos da la relacién t1(#) = g,(#). Después
de algunos cdleulos, obtenemos que el espectro recibido es:

F(\) = < e L(d,i), (1)

Z.)\2
dende L, viene dado {segin la férmula de Collins 1965) por:
/2 e
L, (10,1 =2R§f f I.(6,¢)x"(8)sind £ (8, ¢)dédap, (2)
o o

donde [, lo caleculamos con SYNSPEC v

B’ r*(f )sinfcosd
27 — Butr?(0)snh

flé, @) = sinfeinicosg4cosfeosi— ( sinicosgeost —sinfeosi ).

(3)
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o Céleulos preliminares de pardmetros estelares:

En primer lugar, hemos hecho tests para caleular pardmetros preliminares:
la inclinacién del eje de rotacién con respecto a la linea de visidn (i) v
la temperatura polar (T, ) de Vega. Para ello, hemos seleccionado 6
lineas espectrales que cubren un amplio rango de longitud de onda, sin
solapamiento importante v con gran variedad de anchuras equivalentes,
pero sin ser demasiado débiles ni demasiadoe profundas. Ademéds, hemos
incluido una linea de la regién donde el efecto de la rotacién rdpida en el
continuo es mayor segiin Gulliver ef al. (1994): Call A3158.87 A. Hemos
fijado [M/H] = —0.7 en los primeros modelos de atmdsfera. Hemos usado
la abundancia de He de Grevesse & Sauval (1908): N(He)/N(H) = 0.085
v el didmetro angular de Garecia-Gil et al. (2005): Dape = 3.27 mas,
compafible con casi todos los valores de la literatura. Al comparar e] flujo
sintético usando un modelo sin rotacién con los pardmetros de nuestro
mejor ajuste al flujo observado, obtenemos un flujo calculado mayor que
el observado en un 4-5% para la linea de Ca, mientras que es menor en
un 1-2% para las otras lineas, resultado similar al obtenido por Gulliver
et al. (1994).

Hemos calculado una malla de flujos sintéticos con distintos wvalores de
i v T, fijando las abundancias obtenidas a partir de las lineas con
modelos de atmdsfera cldsicos {Garela-Gil et al. 2005), vaguae -sin i = 23
km s~! (Gray 1980), vy, = 2.0 km s~ (Castelli & Kuruez 1994) v un
perfil ganssiano con FWHM = 0.2 A, consecuente con la resolucién del
espectro observado. Hemos minimizado la 2 del ajuste entre el espectro
sintético v el observado para cada linea (adoptando un error tipico mayor
para la linea de Ca), obteniendo: { = 6.59 grados ¥y Tpealar = 9576 K, con
e = 0.092.

o Céleulo de pardmetros del modelo:

Usando los valores anteriores de i ¥ Tpalar, hicimos una malla de flujos
junto a seis lineas de Fe con distintos valores de [M/H], de v ¥ de
Uoquat - 510 1. Tres de estas lineas son relativamente profundas, asi que
la abundancia de Fe calculada a partir de ellas depende fuertemente de
Upyrh, IMientras que las ofras tres son més débiles, por lo que son menos
dependientes de vy, A partir de las graficas de la abundancia de Fe en
tuncidn de la microturbulencia para cada linea, obtenemos: vy,p = 2.11
+ 0.13 km &7 ¥ log ep. = 6.71, luego [M/H] = —0.96 + 0.03. Fijando

8303 pardametros, obtenemos Yaquat - 5in @ = 21.65 4+ 0.32 km g1,

e Célenlo de abundanecias y mevos valores de i ¥ Tpojar:
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Usando los pardmetros de la lineas hallados en la seccidn anterior, hemos
caleulado 4, T, ¥ las abundancias de Ca, O, 5i y N de Vega. Para ello,
hemos calculado una malla de flujos con distintos valores de los pardmetros
anteriores. Minimizando el valor de y2 del ajuste entre el espectro ohser-
vado v el sintético, hemos obtenido: i = 5.33 grados ¥ Tpoe = 9802 K,
con log ec, = 5.86, log en = 8.66, log eg; = 7.01 v log ey = 7.82, con y2

= 0.040.

Como el flujo del contimio caleulado es distinto que el observado, sobre
todo en el caso de la linea N 1 AT442.30 .EL, hemos determinado de nuevo
las abundancias normalizando los lujos. Hemoes obtenido: log g0y = 5.77,
log epy = &.70, log eg = 7.08 ¥ log ey = 7.96. Uszando estas abundancias,
hemos calculado de nuevo los pardmetros, obteniendo: ¢ = 5.33 grados
¥V Tpotar = 9807 K, con y? = 0.061. Estos valores implican Voquat = 233
km a1, Toquar = 8240 K, @ = 084, log gpolar = 4.08 ¥ 108 Goguar =
3.77. Hay que destacar que el ajuste empeora poco al varlar en 50 K
la temperatura polar variando ¢ de una manera determinada, como se
muestra a continuacidn:

para Tpolar = 9757 K: i = 5.54 grados, con yv? = 0.066,
para Tpolar = 9857 K@ 4 = 5.16 grados, con xz = (.0G5,

donde y? es poco mayor que el del mejor ajuste.

Comparacion del resultado eon el obtenido usando modelos clisicos:

En el Cap. 4, calenlamos abundancias quimicas para Vega usando tanto
lineas espectrales como usando el continuo UV utilizando modelos de
atmdsfera cldsicos. Hemos comparado las abundanecias relativas al Fe
i para que sea consistente la comparacion, ya que hemos usado distintos
modelos estelares en cada caso) obtenidas a partir de lineas espectrales
usando rotacidn rdpida con las abundancias sin usar rotacién. A partir
de esta comparacidn, obtenemos los signientes resultados:

las abundancias relativas de N y O son casi las mismas nsando mo-
delos con rotacidn rdpida que usando medelos sin rotacidn,

hay una diferencia de 0.2-0.3 dex en las abundancias relativas de 5i
v Ca entre los modelos con rotacidon rapida (con mayor abundancia)
¥ los modelos sin rotacidn.

La comparacion de temperaturas efectivas obtenidas con modelos con
rotacidn rdpida y sin rotacidn no es sencilla, ya que T.g depende de & para
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modelos con rotacion rdpida. Se puede hacer un intento de comparacidn
promediando T g obtenido con modelos de rotacidn rdpida, pesdndolo con
el flujo v el drea proyectadsa en la linea de visidn:

e Tog == J TeEE':'f;':'%%dS _ .;r"fg T o ﬂﬂjﬁ% sin # cos & d#
’ il %{-;‘-dS f.:.Tr“"E % sin @ cos @ d#

(4]

Con los valores de Tog(#) obtenidos para el mejor ajuste, obtenemos <
Teg = = 9210 K. Este valor es claramente menor que los obtenidos en
la literatura. Sin embargo, al usar esta T.g para caleular la anchura
equivalente de las lineas utilizando un modelo de atmdsfera sin rotacidn
con las abundancias obtenidas con modelos de rotacidn rdpida, los valo-
res salen relativamente parecidos a los observados, por lo que < Tog =
puede considerarse una aproximacidn razenable de T.g de un modelo sin
rotacidn necesario para reproducir las lineas espectrales obeervadas usan-
do las abundancias obtenidas con modelos de rotacidn rapida.
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Conclusiones v trabajo futuro

Fl trabajo principal de esta tesis ha sido el estudio cuantitativo de los es
pectros ultravioletas y visibles de Vega vy Procidn. Resumimos en este capitulo
las principales conclusiones.

Hemos compilado espectros ohservados de Vega v Procidn procedentes de
archivos v log hemos complementado con nuevas observaciones. Para Vega,
hemos considerado distintas calibraciones de los espectros UV de baja dis
persidn obtenidos con el satélite IUE. La comparacidn del flujo observado {te-
niendo también en cuenta el fAujo visible & IR cercano) con nuestros cdleulos,
considerando en detalle las opacidades de los metales, favorece la escala de flujo
del telescopio espacial Hubble (HST) frente a la de INES, ya que la calidad
del mejor ajuste es claramente mejor en el UV para la primera escala. Como
no hay espectros UV de alta dispersion en la escala del HST, hemos usado
espectros en la calibracidn de INES corregida su escala de flujo a la del HST.
Hemos usado el espectro de Hayes (1985), con una pequeiia incertidumbre de
flujo, como espectro visible de baja dispersidn, v dos espectros tomados desde
el Observatorio McDonald de Texas como espectros visibles de alta dispersidn.

Para Procidn, hemos obtenido nuevos espectros con STIS, a hordo del HST.
Estos espectros tienen un mayor poder de resolucidén v una precisidn espectro-
fotométrica similar a los datos espectrofotométricos UV disponibles para el Sol.
Hemos comparado diferentes espectros visibles de Procidn con el espectro de
STIS para escoger entre ellos, concluvendo que los lujos de Burnashev y Glush-
neva 2on los mas parecidos en la regidn de solapamiento, asi que hemos usado la
media de ambos como espectro visible de resolucidn intermedia. Hemos usado
un espectro de alta dispersidén tomado desde el observatorio MeDeonald para
derivar abundancias a partir de las lineas espectrales. Para el IR, hemos adop-
tado el catdlogo espectrofotométrico de Mosetd, que muestra un flujo similar al
espectro visible usado en la regidn de solapamiento.

Hemos identificado los contribuyentes principales a la opacidad del continuo
en Vega comparando el flujo sintético usando los iones méds abundantes con el
flujo usando =dlo H, obteniendo: H, H™, C1 v Sill. Estos iones (excepto el
H v el H™) =élo contribuven significativamente a la opacidad en el UV para
A < 1500 A. Teniendo esto en cuenta, hemos derivado la temperatura efec-
tiva (Teg) ¥ el didmetro angular (Daye) de Vega (adoptando la metalicidad v
gravedad preferidas) comparando los flujos obtenidos usando distintos mode-
los de atmdstera con el espectro visible, IR cercano y UV cercano observados,
obteniendo valores similares a los de la literatura.

Con los valores de Tog ¥ de Daye derivados para Vega, hemos determinado
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las abundancias de Si v de C comparando los flujos sintéticos con el observado en
el UV en regiones donde la opacidad del continuo producida por estos elementos
ez importante. Entonces, hemos derivado estas y otras abundancias quimicas
a partir de lineas espectrales del visible, obteniendo un valor similar para el C.
Sin embargo, la abundancia de Si obtenida es diferente, lo que puede deberse a
la gran incertidumbre de esta abundancia al derivarla a partir del continuo.

Hemos levado a cabo un estudio similar de Procidn A. Como esta estrella
tiene menor Tog, es mayor el efecto de la opacidad de los metales sobre su flujo
emitido. Usando el método de Vega, encontramos que las especies que més
contribuven a la opacidad del continuo UV son: H, H™, €1, Mgr, Alr, Si1, Cal
v Fe 1. Hay que considerar la opacidad de estos jones para A < 3000 A, aunque
el Fe v el H también eontribuyen a longitudes de onda mayores.

Hemos usado las regiones IR cercana y visible para derivar Tog ¥ Dapg
usando el mismo método que para Vega, Hemos derivado las abundancias
quimicas para muchos elementos de Procidn A. Hemos obtenido las abundan-
cias de Fe y Mg a partir del lujo UV en la regidn donde su opacidad del continuo
es importante. También las hemos derivado a partir de lineas del visible, obte-
niendo resultados compatibles. Hemos hallado ademss las abundancia de otros
elementos usando lineas del visible, ¥ nuestros resultados son compatibles con
los de otros autores.

La compatibilidad de las abundancias obtenidas a partir del continne UV v
a partir de las lineas espectrales del visible para los principales contribuyentes
a la opacidad del continuo es un resultado importante de la tesis. Hemos desa-
rrollado un método independiente para derivar abundancias aparte del estudio
de las ineas espectrales.

Finalmente, hemos llevado a cabo un estudio del espectro de Vega usando
modelos estelares con rotacidn rdpida v hemos comparado el flujo ealeulado
con el observado. Hemos usado varias lineas espectrales de distintos elementos
que cubren un rango amplio en longitud de onda ¥ con diferentes anchuras
equivalentes. Hemos estimado la temperatura polar (Tpoar) ¥ la inelinacion
del eje de rotacidn (i) ajustando los flujos caleulados con distintos pardmetros
atmosféricos al flujo observado.

Hemos usado 6 lineas de Fe con anchuras equivalentes diferentes (v por
tanto distinta sensibilidad de la abundancia de Fe a la mieroturbulencia) para
derivar la microturbulencia, la velocidad de rotacidén provectada v la metalici-
dad. Hemos obtenido v, -sin i = 2165 km 571, vy, =211 £ 013 km st y
[M/H] = —0.96 + 0.03. Los dos primeros valores estdn de acuerdo con trabajos
previos, mientras que la metalicidad es ~ 0.2 dex menor que la obtenida usando
moedelos sin rotacidn.

Usando estos valores para los modelos con rotacidn rdpida, hemos vuelto a
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derivar las abundancias, T, e i, obteniendo: { = 5.33 grados and T ., =
9202 K, log ey = 7.96, log ec, = 5.77, log e = 8.70 v log eg; = 7.08.

Hemos comparado las abundancias relativas al Fe con las de modelos sin
rotaciin. Estdn de acuerdo para el N v el O, pero son 0.2-0.3 dex mayores
para el Si ¥ el Ca al usar modelos con rotacidon rdpida. El bajo valor de 4
(5.33 grados) es consistente con otros trabajos. Tpolae (9802 K es algo mayor
que los valores usuales de Tog de la literatura (9400-9700 K). Sin embargo, la
temperatura efectiva ecuatorial (8240 K) es muy baja comparada con ella, v
la temperatura fotosférica media sobre la superficie observada es menor que en
otros trabajos, lo que explica parcialmente las diferentes abundancias y la baja
metalicidad obtenidas usando nuestros modelos con rotacién rapida.

A continnacidn resumo el trabajo futuro relacionado con esta tesis doc-
toral que planeamos llevar a cabo. En primer lugar, hay que mejorar miestros
ajustes de los espectros sintéticos al espectro observado de Procidn, ya que es
insatisfactorio en algunas regiones espectrales. Para llevar a cabo esto, se nece-
sita un estudio méds detallado de Procién. La comparacién del lujo observado
con el obtenido usando simulaciones de atmdsfera 3D de Procidn con nuestros
pardametros preferidos nos darfa una idea de la importancia de este efecto.

También es importante extender este estudio a estrellas de tipo mds tardio,
porque la contribucidn de la opacidad de los metales a su ujo es mayor y, por
lo tanto, estas estrellas son mds dificiles de modelar. Nuestra experiencia con
el estudio de Vega vy Procidn nos ayudard a llevar a cabo un trabajo similar con
este tipo de estrellas.

En este trabajo, hemos realizado un estudio preliminar del efecto de no
considerar ETL sobre el lujo de Vega v Procidn. Sin embargo, hemos limitado
el escaso estudio al cdleulo de poblaciones de niveles, fijando la estructura at-
moaférica. Un estudio més detallado de éstas y ofras estrellas de tipo espectral
tardio teniendo en cuenta el cambio en la estructura atmosférica producido al
no usar ETL nos permitird especificar con mayor precisién los pardmetros es
telares ¥ nos ayudard a entender mejor la estructura y la evolucidon estelares,
comparando el resultado con modelos evolutivos.
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Apéndice: atlas UV cercano de Procion

Fl atlas del espectro UV cercano de Procidn fue tomado con el espectrigrato
STIS a bordo del HST mereed a una propuesta de nuestro grupo incluida en el
ciclo 11. Se usaron las redes G230B (con 6 inclinaciones que cubrian de 2200 a
3050 A, aproximadamente) v G430M (con 4 inclinaciones que cubrian de 3022
a 4080 IELJ, el O de septiembre de 2002, realizdndose dos exposiciones para cada
inclinacidn. Usamos el atlas como espectro de resolucidn intermedia calibrado
en flujo. La relacién S /R es alta, de al menos 200.

Entre 2200 y 3050 A las diferencias de longitud de onda entre pixeles vecinos
es de 0.15 A, v de ahi en adelante de 0.28 fx, luego la resolucidén espectral es
peor. La precisidn del flujo absoluto es ~5 % v la del flujo relativo es -2
%, debido a factores tales como la estabilidad instrumental, la evoluecidn de la
eficiencia de la transferencia de carga y la ealibracidn fotométrica.

Hemos reducido los espectros calibrandolos en longitud de onda v caleulando
las diferencias de wvelocidades radiales de cada una de las dos exposiciones de
cada inclinacidn v de inclinaciones consecutivas con la rutina freor de IRAF.
Diespués, hemos interpolado los espectros en las regiones de superposicidn con
la rutina spline de IDL v hemos promediado los espectros que se superponen.
El resultado es un espectro continuo de resolucidn intermedia calibrado en Aujo
que ocupa todas las longitudes de onda comprendidas entre 2200 y 4080 A.
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Abstract

In this thesis we present a quantitative analysis of near ultraviolet, optical and
near infrared spectra of the stars Vega and Procyon, with the purpose of the
determination of their physical parameters as well as their surface chemical
abundances.

We have compared different observed spectra with our caleulations con-
sidering in detail metal opacities to discriminate between them. This aspect
s especlally important in the ultraviolet, since there is a controversy about
which is the best flux scale: that of the Hubble Space Telescope (HST) or that
of INES, calibrated directly from the International Ultraviolet Explorer (IUE)
satellite. The comparison of svnthetic near-UTV, visible and near-1R fAuxes with
those observed favors the HST flux scale over the INES scale. We have also
obtained new medinm-resclution spectra of Procyon with STIS on board HST
and high-resolution spectra of Vega from McDonald Observatory.

We have derived the effective temperature and the metallicity from model
atmospheres in Local Thermodynamic Equilibrium (LTE), fixing the surface
gravity, bv comparing svnthetic luxes with that observed in regions where the
continuum opacity from other elements different from hydrogen is not impor-
tant, which s usnally valid in the visible region.

Using the earlier derived parameters, we have identified the main contribu-
tors to the contimium opacity in Vega and Procyon. The chemical abundances
of these main contributors have heen investigated by comparing svnthetic Auxes
with that observed in the ultraviclet in regions where the continuum opacity
produced by these elements is important. We have also derived chemical abun-
dances from spectral lines in the visible and compared the results with those
obtained using the ultraviolet region.

We have finally carried out a study of Vega's spectrum using rapidly rotat-
ing stellar models, comparing the computed fluxes with the observed one. We
have thus obtained new physical parameters (rotational velocity, inclination of

xli



xlii

the rotation axis, polar and equatorial temperature and gravity, metallicity and
microturbulence) and photospheric chemical abundances. The high rotational
velocity and low ineclination obtained are consistent with other works that take
into account rotation, while the microturbulence and projected equatorial ve-
locity obtained compare well with the results where the effect of fast rotation
on the stellar surface and on the emitted Aux was not considered. Different val-
ues of gravity, effective temperature and some abundances are obtained when
taking into account the effect of rotational velocity in detail.

UNESCO codes: 2101.10, 2101.11, 2101.12, 2103.03
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Introduction

Whiteness and all grey Colours between white and black,
may be compounded of Colours, and the whiteness of the Sun’s Light
ig compounded of all the primary Colours miz'd in a due Proportion.

Frop. V. Theor. IV, “Opticks”, Sir Isaac Newton

1.1 Line and continuum opacity

Most of the optical light from stars is shaped in a relatively thin layer of
the stars’ atmosphere, called photosphere, by different sources of line opacity
produced by bound-bound transitions) and continuum opacity (produced by
bound-free or free-free transitions). In the stars we are interested in (late-type
stars) emission lines are rare, and we will not discuss them.

Spectral lines were first discovered in the Sun about two centuries ago (Wol-
laston 1802). Joseph Fraunhofer (1517, 1821, 1823) extended the study of spec-
tra to other astronomical objects, discovering the Fraurhofer lines in them and
noticing the common source of the light coming from the Sun and the planets
and the different spectra of the Sun and other bright stars. Nowadays, high
signal-to-noise ratio (S/N) high-resolution spectra of stars are available. These
observations are enough to provide a very precise radial velocity determina-
tion of stars for kinematical studies, or the projected rotational veloeity. Other
measurements such as chemical abundances can be obtained from the strength
{or similarly the equivalent width EW) of spectral lines, but it is also necessary
to know what physical conditions exist in the atmosphere. For that purpose
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2 CHAPTER 1. Introduction

model atmospheres are constructed based on first principles and a number of
simplifications (see the discussion in 5§2.1).

The study of the contimium flux can be used to obtain the effective tem-
perature of stars. For instance, the infrared flux method (IRFM) can be used
to derive it by only using photometric measurements in the IR, bolometric cor-
rections and the caleulation of model stellar atmospheres (=see, e Alonso,
Arribas & Martinez-Roger 1994). It can be used for other determinations, like
obtaining surface gravity and metallicity or the detection of companion stars
and disks, or the measurement of chemical abundances by considering the con-
tinuum absorption of the elements whose abundance is to be computed. These
determinations also require the caleulation of model atmospheres. In the case
of abundance determination, very few studies have explored this possibility,
because very detalled model atmospheres and atomic data and high-quality
spectrophotometric stellar observations are necessary. This is one of the aims
of this thesis.

1.2 UV stellar spectrum

Most studies since the invention of the telescope have only taken into account
visible radiation for photometric or spectroscopic observations of astronomical
objects. This seems natural, because this is the only range that we can directly
see, but other ranges of the electromagnetic spectrum contain very useful infor-
mation of the Universe, so they can not be forgotten. However, only the visible
and radio wavelengths and some regions of the infrared and the ultraviolet (V)
spectrum are able to go through the Earth's atmosphere and reach the ground
due to atmospheric absorption (see Fig. 1.1), so the other spectral regions were
an absolute mystery until the advent of the space era. The first satellite used to
study spectroscopically the near-UV was the Infernational Ultraviclet Erplover
(IUE), launched in the 1970°s decade. However, a precise calibration of their
instruments could not be carried out until some years later, and the stellar
model atmospheres containing sufficient numbers of spectral lines as there are
in the UV were not caleulated until the end of the decade {e.g. Kuruez 1979).

In spite of these difficulties, understanding the formation of the TV spec-
trum of individual stars is essential in order to quantitatively determine stellar
abundances for a number of chemiecal elements that only produce measurable
features in the UV domain such as the light elements B and Be, or the neutron
capture element Ge. Let us define the notation that will be used for abundances:

[A/H] = log[N(A)/N(H)] - log[N(A) /N(H)], (1.1)

where N(A) is the number abundance of element A,
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The case of B and Be abundance evolution is remarkably interesting. Stan-
dard big bang nucleossynthesis caleulations do not predict a significant produc-
tion of Be and B (see, e.g., Walker et al. 1991 ), which are thought to be produced
by spallation reactions between cosmic rays and CNO nueclel (see Ramaty, Ko
zlovsky & Lingenfelter 1996 and Ramaty et al. 1997 for recent discussions on
the theoretical yields). Models of inhomogeneous big bang nucleosynthesis sug-
gest that observable amounts of Be and B could be produced (e.g., Malaney &
Fowler 1989; Kajino & Boyd 1990; Jedamezik et al. 1994), but this possibility
has heen questioned on theoretical grounds (e.g., Terasawa & Sato 1990; Reeves
et al. 1990), The existing data do not indicate the presence of an observational
B or Be “plateau” in extreme metal-deficient stars which could be representa-
tive of the primordial B and Be abundance. A study of Be and B abundances
in metal-poor stars (—3 < [Fe/H] £ —1) shows a constant boron-to-beryllinm
ratio of ~20, and the relation between boron (or bervllium) and iron abundance
has a slope of ~1 (Garefa Lipez et al. 1993). The simplest interpretation is
that B and Be are made by the same nucleosvnthetic process: spallation of
CNO nuelei by eollisions with protons and a-particles.

Apart from Ge, other important elements produced by neutron capture, like
Os and Pt, have their strongest atomic transitions in the UV, The abundance
distributions in Galactic halo stars indicate the extent of early Galactic nucleo-
synthesis and the nature of the earliest progenitor stars. Of particular interest is
the scatter in the mean level of the n-capture element to iron abundance ratios
in stars of very low metallicity ([Fe/H] < —2.0). The chemical caleulation
in the metal-poor halo star BD 417 3248 (Cowan et al. 2002) indicates that
the abundances of the lighter n-capture elements, including Ge, fall below the
scaled solar r-process curve that fits well the abundances of heavier r-process
elements, a result similar to that seen in another verv-metal-poor star: CS
22802-052. This abundance pattern might be produced by two r-process types
{with one for the heavier and one for the lighter n-capture elements), perhaps
from supernovae occurring at different frequencies, or neutron star binaries, or
some combination of those,

A proper understanding of the spectra of individual stars is also crucial to
interpret integrated light from galaxies and other stellar svstems. The UV ra-
diation field, besides affecting directly the abundaneces obtained from UV lines,
has an important effect on the construction of atmospheric models through the
energy balance. Theoretical atmospheric structures computed under the as-
sumptions of radiative equilibrium and local thermodynamical equilibrium are
routinely employved in the analysis of spectra from astronomical objects. Con-
sequently, an error in the UV opacities translates into wrongly derived physical
properties, namely, chemical composition and atmospheric parameters for indi-



1.3. Difficulties to reproduce the observed solar and stellar UV spectrumf

vidual stars, or into wrongly derived ages for galaxies.

1.3 Ditliculties when trying to reproduce the observed UV spec-
trum

A possible UV opacity source missing from the calculations has been proposed
to explain an early reported failure to match the observed solar UV spectrum.
It has been suggested that missing line opacity (with an important contribution
from faint lines) eould be responsible for a quasi-continuum absorption of 10
% or more for A < 4000 A (e.g. Vernazza, Avrett & Loeser 1976; Holweger
16970}, Contimium metal absorption has also been suggested to provide that
extra opacity (Bell, Paltoglon & Tripicco 1994; Bell, Balachandran & Bautista
2001). However, several recent studies of UV spectra of other stars suggest that
there is a reasonable agreement between theoretical models (Kurucz 1992) and
ohservations (e.g. Fitzpatrick & Massa 1999; Allende Prieto & Lambert 2000;
Peterzon et al. 2001). The analysis of the solar spectrum by Bell, Balachandran
&z Bantista (2001) concluded that even when using the most recent caleulations
of line and continuum opacities, classical model atmospheres prediet too much
UV flux. Nonetheless, this result has been challenged by independent cal-
culations by Allende Prieto et al. (2003), who found that LTE modeling can
reproduce closely the observed solar flux at wavelengths longer than about 2600
A, and uncertainties in the atomic line data fully account for the differences
between computed and observed fluxes. High quality observations of stars with
atmospheric parameters different from solar present a promising way to solve
the controversy.

1.4 Vega and Procyon as cases of study

Cne of the stars we deal with in this work is Vega (o Lyr, HD} 172167, A0 V).
This star has heen studied very deeply for its condition of standard flux star.
It is, however, not straightforward to model for several reasons. For instance,
the satellite IRAS detected an infrared excess above what was expected from
the stellar photosphere at A = 12 pm, attributed to a dust and gas disk that
was actually observed later (Walgate 1953; Wilner et al. 2002). Besides, it i=s
a fast rotator seen pole-on (Gulliver et al. 1994). This rapid rotation is not
uncommeon for a A0V star like Vega (Gray 1992), but produces a gradient
in temperature difficult to model in the stellar surface. It is possibly variable
(Vasil"Yev et al. 1980), with results by that date that argue for and against
variability, although recent IR measurements do not find any fux variability
(Price et al. 2004). Moreover, it has a peculiar abundance pattern, similar to
that of A Boo stars (Iliji¢ et al. 1998), that is, with a relative underabundance
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of Fe-like elements with respect to the Sun, but sclar proportions of C, N, O,
and 5. Estimations of physical parameters from the literature and from our
study are shown in chapters 4 and 6.

Diespite these difficulties, Vega is one of the few dwarf stars that can be used
to test detailed caleulations of UV irradiances: both precise UV spectropho-
tometry and independent measurements of its angular diameter are awvailable.
Visible high resolution and high signal-to-noise ratio (S/N) spectra of Vega are
alzo readily obtained from the ground. Besides, the disk i= expected to make
no detectable contribution to the star's visible and UV spectrum, and it has
been found that the influence of fast rotation is only important for the shape
of spectral lines, with a small effect on the continuum limited to the spectral
region in the vienity of the Balmer jump (Gulliver et al. 1994).

The other star we deal with s Procyon (o CMi, HDG1421, F5 IV-V). It=
parallax measured by Hipparcos is very precise: II = (285.93 4+ 0.88) = 1073
arcsec, so its derived distance is: d = 3497 £ 0.011 pe. Its mass can be
constrained by using orbital parameters to M = 1.42 + 0.06 M, {Allende Prieto
et al. 2002), because it has a DOZ white dwarf companion (Procyon B), with
Teg = 7740 &+ 50 K and M = 0.602 £+ 0.015 M, (Frovencal et al. 2002). The
measured orbital period, from an updated astrometric orbit from photographic
plates obtained at different observatories between 1912 and 1995, is P = 40.82 &+
0,06 w1 { Girard et al. 2000). The same authors measured the angular separation
of the pair using the IR cold coronograph at the WASA TR Telescope Facilitv and
the WEFPC2 on board the HST to obtain both masses: M = 1.497 £0.037 M, for
Procvon A and M = 0.602 + 0,015 Mg, for Procvon B. The age of Procyon A is
very tightly constrained to the range 1.66-1.73 Gyt ( Allende Prieto et al. 2002)
by mterpolating solar metallicity isochrones (Bertelli et al. 1994) to match the
pair (My,, B — V). Alternatively, matching the observed radius and mass would
shift the age estimate to 2.0 Gyr. These ages are significantly shorter than the
nuclear timescale of 3.9 Gyvr adopted by Provencal et al. (1997), implying a mass
for the progenitor of Procyon B larger than previously estimated. Eggenberger,
Carrier & Bouchy (2005) have recently carried out asteroseismic measurements,
favouring a mass of 1.497 M, and an age of 1.72 + 0.30 Gyr.

Procyon A is cooler than Vega (see different determinations of T, as well
as metallicity and gravity in chapter 5) and therefore it has more line and
continuum opacity in the UV and is harder to model. However, Procyon is
similar to Vega in an important sense: it can be used to test detailed caleula-
tions of UV irradiances: both precise UV spectrophotometry (taken following
a proposal made by our group to use the STIS instrument onboard HST) and
independent measurements of its angular diameter are available. Furthermore,
visible low and high resolution and high signal-to-noise ratio (3/N) spectra of
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Procyon are also readily obtained from the ground.

1.5 WVega as a fast-rotating star

Gray (1988) was the first researcher suggesting that Vega i= a rapid rotator
seell pole-on as the solution to the problem of its luminosity excess: its absolute
luminesity in V is 0.7 magnitudes too high compared to other stars of the same
spectral tvpe and similar webyd indices, as predicted by the rotating models
from Collins & Sonneborn (1977), which take into account the diameter increase
and the decrease of temperature and gravity from the poles to the equator. The
problem of the luminosity excess was first pointed out by Petrie (1964) from
his absclute magnitude calibration of Hy equivalent widths, Gray suggested
that a rotational velocity between 0.9 and 1.0 of the critical velocity (implying
a rotational velocity somewhat in excess of 300 km s~1) would explain the flux
excess. This veloeity is high, but not unusual for early A-type stars, which
usually rotate quite fast. That rotational velocity implies, given the estimated
projected equatorial velocity vequat - 8in @ of ~20 km s~1, that the inclination of
the rotational axis of Vega is ~d degrees or less. This thesis is also supported by
the fact that the angular diameter of Vega is larger than expected for a slowly
rotating A0V star (Hanbury Brown et al. 1967).

Furthermore, the weak line profiles seen in high-resolution high S /N spectra
have their bottom clearly flat, with a trapezoidal appearance, while strong lines
exthibit normal rotationally broadened profiles (Gulliver ot al. 1991). Gulliver
et al. (1994) studied in more detail the effect of rapid rotation on Vega and
showed that the variation of T and log g (and then the emitted fhax) from
the poles (near the center of the disk for Vega) to the equator (near the stellar
limb for Vega) could explain the appearance of the weak lines, since the lower
temperatures at the equator/limb produce a higher contribution to the outer
edges of the profiles, ie., a "limb-strengthening”. They used high-dispersion
ultrahigh 5/N spectra of Vega, ATLASY model atmospheres (Kurnez 1993) and
SYNTHE synthetic spectra (Kurucz & Avrett 1951) to model Vega as a rapidly
rotating pole-on star and considering the distortion of the equipotential surfaces
with rotation. A low-dispersion observed spectrum from 1200 to 10500 A was
wsed: TUE UV observations from 1200 to 3300 A {Bohlin 1990} and wvisible
and near-IR ohservations from 3300 to 10500 A (Hayes 1985). Gulliver et al.
(1994) obtained the best fit using the following parameters, where formal errors
are included: an inclination ¢ = 6.0 &£ 0.7 degrees, polar effective temperature
Tpalar = 9595 + 20 K, and log gpaler = 3.80 £ 0.03 dex for a fixed vequae - sin i
= 21.8 km 57!, so the equatorial rotational velocity is vequae = 210 km s~! and
the equatorial effective temperature is Teguay = 9325 K. The quality of the fit
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for the pole-on model reproduces the low-resolution observations as well as the
preferred standard Kuruez model (which is a non-rotating model), with T g
= 0550 K, log g = 3.95 and metallicity (which will be defined in the following
chapter) [M/H] = —0.5 (Castelli & Kurucz 1994), except in the region 2850-3700
A, where the pole-on model improves the fit. They also fit two flat-bottomed
line profiles, finding best fit values of veguat -8in i = 21.58 £+ 0.2 km gL Tpolar =
0695 + 25 K, log gpalar = 3.75 £ 0.02 dex, and ¢ = 5.1 &+ 0.3 degrees, 0 vaquat =
245 km s~ ! and Teaquar = 9300 K, with a muech higher fit quality than using non-
rotating models. Although both results are incompatible using formal errors,
the authors claim that thev are compatible when using realistic error estimates.

Finally, recent high-resclution mid- and far-IR images of the debris disk of
Vega from the satellite Spitzer (Su et al. 2005) show a circular, smooth and
larger than thought before disk, which supports the hypothesis of Vega as a
pole-on rotating star. The radius of the disk is at least 43" (330 A1T), 70" (543
ATT), and 105" (815 AU) in extent at 24, 70 and 160 pm, respectively.



Atomic data and tools to study
spectra

2.1 Model atmospheres

We have based our spectroscopic analyses on the model atmospheres developed
by Kurnez (1979, 1993) and Castelli & Kurucz (2003). These models have heen
widely used in studies of individual stars and in population synthesis codes,
and form a grid defined by three parameters: the effective temperature, the
surface gravity and the metallicity. Theyv are built on the approximations of
static homogeneous and plane-parallel atmosphere in LTE and take into account
line-blanketing. Convection is considered by means of the mixing-length theory.

Cpacities from about 558 million atomic lines and diatomic molecules are
included. The distribution functions of line opacities, temperatures, pressures,
electron densities and particle densities are tabulated in 64 steps of depth for
model atmospheres with the following parameters: 56 effective temperatures
in the interval between 2000 and 200,000 K, 21 values of the surface pressure
spanning 10 orders of magnitude, 1212 wavelength intervals hetween 10° and
10° A, microturbulence velocities of 0, 1, 2, 4 and 8 km s~ and sealed solar
abundances of [+1.0] to [-5.0] and [+0.0, no He|. These distribution fune-
tions are used as input for the program that computes the model atmospheres,
ATLASS, There is a more recent opacity sampling version of Kurucz's model
atmosphere code called ATLAS12 (Kuruez 1993). Mean Rosseland opacities
are also tabulated for each case.

The metallicity M/H of a model atmosphere implies that all elements with
Z=2 are coupled to iron in solar proportions. It is usually assumed that [M/H|

9
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= [Fe/H]. However, the iron abundance in the Sun considered in the Kurnez's
models (1993) was adopted from Anders & Grevesse (1989): 10g €5 Ky =
T7.67 £ 0.03, which differs from the meteoritic iron abundance. In this work,
log ex 15 defined as usual:

log ex = log[N(X)/N(H])] + 12. (2.1)

We adopt the following as the solar photospheric abundance that we use in
spectral syntheses: 10g €F. meteoritic = 7.51 & 0.01, so we obtain: [M/H] =
[Fe/H] — 0.16, where hereon [Fe/H] i= no longer the metallicity written in
model atmospheres, but the iron abundance compared to the solar one used
for spectral syntheses, to be compatible with the iron abundance used in the
model atmospheres,

A microturbulence of 2 ki s is assumed in the models. Besides, there are
systematic errors in the cooler models, because the opacities of the molecular
lines are incomplete. In some cases, we have computed fuxes using new model
atmospheres (Castelli & Kurucz 2003) that were caleulated with overshooting
turned off (resulting in a steeper rise in temperature with depth in the region
where the optical continuum is formed; Castelli, Gratton & Kuruez 1997), and
using updated values for the solar elemental abundances and revised opacity
distribution functions (ODFNEW ). The reason for this new analvsis is to check
the effect of convective overshoot and new opacities on the colors.

Another grid of model atmospheres (NextGen; Hauschildt, Allard & Baron
1999) is used by some researchers for 3000 K < Tog < 10000 K. Most of the mod-
els are calculated under the assumption of LTE. Large differences were expected
at Tog < H000 K between these and Kurucz's model atmospheres, because of
differences between the equations of state and the treatment of molecular opac-
ities in ATLAS12 and PHOENIX, the program that computes Next(zen model
atmospheres. An actual comparison (Bertone et al. 2004) concludes that the
atmospheric parameters obtained from fitting synthetic to observed spectra us-
ing ATLASY model atmospheres are, in general, sensibly more similar to those
from empirical calibrations (a factor of 2 lower o of flux residuals) than those
obtained using NextGen.

Another important grid is OSMARCS, firstly developed by Gustafsson et
al. (18975) and Bell et al. {1976). Later, an opacity sampling (O3) version of the
original opacity distribution function (ODF) was implemented by Plez, Brett &
Nordlund (1992), assuming a statie, spherically symmetric model atmosphere
in LTE. The most recent version is mentioned in Gustafsson et al. (2003). It is
a grid for cool (2500 K = T.g < 2000 K, and —1.0 < log g < 5.0 in cg= units)
and metal poor stars (—5.0 < [Fe/H| < 1.0). The parameters of this grid are

1
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M., R, T, log g and CNO abundance. Metal and molecular lines are taken
into account.

Recently, new 3D time-dependent, inhomogeneous model atmospheres n
LTE have been developed [Asplund et al. 2000}, They applied realistic ab-initio
3D, radiative-hydrodvnamical convection simulations. In contrast to classical
analvsis based on hvdrostatic 11} model atmospheres, the procedure contains no
adjustable free parameters (such as the mixing length or the micro- and macro-
turbulence) but the treatment of the numerical viscosity in the construction of
the 3D model atmosphere for stability purposes.

There are several reasons why Kuruez's model atmospheres have been used
in this work. Firstly, the grid is verv complete and contains the photospheric
parameters that we need for our stars, while OSMARCS is limited to cool stars
and the NextGen grid finishes very close to the parameters of Vega. Further-
more, 30 model atmospheres are very difficult to compute and there i= no grid
available at this time. Finally, Kuruez's model atmospheres take into account
the most important sources of opacity, so the flux extracted from them is reli-
able, which partially explains that most researchers use them to compute stellar
fluxes.

2.2  Spectral synthesis

The ecaleulations of synthetic fluxes were carried out with the program SYN-
PLOT, an IDL wrapper of the FORTRAN code SYNSPEC (Hubenv & Lanz
2000, which computes the spectrum emitted by a stellar atmosphere or a ring
of an accretion disk) and ROTINS (which computes the rotational and instru-
mental broadening). SYNSPEC assumes that the model atmosphere is given,
either caleulated by TLUSTY (Hubeny & Lanz 2003), used in this work to
calculate level populations not assuming LTE, or taken from the literature, as
for instance from the Kurez grid of models (Kuruez 1992). The program reads
a general line list and dynamieally selects lines which contribute to the total
opacity, based on physical parameters of the actual model atmosphere, SYN-
SPEC then solves the radiative transter equation, wavelength by wavelength, in
a specified wavelength range, and with a specified wavelength resolution. This
equation, for radiation passing through an infinitesimal length of material ds,
states that:

—_— =1 — kel (2.2)
for plane-parallel and stationary atmospheres, where I, is the specific intensity

of radiation, n, is the emissivity and %, is the extinction coefficient. The wave-
length points generally are not equidistant. Instead, the calculations are firstly
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carried out in the center of each two neighboring lines. The program then adds
a certain number of points, equidistantly spaced between these two, such that
the interval between the points does not exeesd some prespecified value. This
procedure assures that neither any line center nor any continuum window is
omitted.

For the continuum opacity, the following sources were considered: photolon-
izations from all explicit levels, free-free opacity for all explicit ions (the ones
that most contribute to opacity) and electron seattering. In principle, the line
and continuum opacity sources used in caleulating a model stellar atmosphere
and in caleulating the detailed spectrum should be identical. However, the
fewr model atmospheres used in this thesis allowing for some departures from
LTE were caleunlated with fewer opacity sources (lines and continua) than the
opacity sources used when caleulating synthetic spectra. The rationale for this
approach is that the atmospheric structure (1e. the run of temperature and
miumber densities) can be caleulated by considering approximate opacities, while
the emergent spectrum has to be computed in detail.

The result consists on the fux emitted at the surface of the star (more
specifically, the first moment of the specific intensity, H,.) between the specified
wavelengths and the identification of lines when indicated. The astrophysical
flux is F' = 4H, and the physical ux, which will be used in what follows, is F
= 4rH.

2.3 Atomic data and line lists

To interpret properly the observations we need to consider realistic opacities.
Photoionization cross-sections are taken from the Opacity Project’s TOPBASE
{Cunto et al. 1993) for most of the important species. These data are precise,
although the exact position of the predicted resonances may be affected by
significant errors in the R-matrix ealeulations. This problem is eireumvented
by smoothing the photoionization cross-sections to the appropriate resolution
(see Bantista, Romano & Pradhan 1998, and Allende Prieto et al. 2003). We
have used the recipe from Bautista, Romano & Pradhan (1998), which consists
on a smoothing with a Gaussian profile with ¢ = 0.03E, where E is the energy
of the ionizing, photon, Fig. 2.1 shows two examples: the ground levels for Na
[ and Ca I. When the cross-section, as for Na I, is a slowly-changing, function,
the Gaussian-smoothed cross-section (dots) preserves the original shape, but
when strong resonances are present (e.g. Ca I), using the processed eross-
sections reduces the effect of errors in the exact loecation of the resonances,
accounting well for the total opacity. For some important species not included
in the new TOPBASE library, MODION atomic models have been used |see
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http: //tlusty .gefc.nasa.gov/ for more details), which contain from wvery
simple to quite complete structures of some ions, from where we have taken: H
[[He I CII, NI, O Il and Si L

Line opacity is also important. Wavelengths and strengths of millions of
atomic and molecular lines are needed to model with accuracy the detailed
shape of the UV spectrum in late-type stars. We considerad different sources
for the atomic line data, finding that alinelist based on data compiled by Kurucz
and distributed with SYNPLOT provided the best results, so this list has been
used, except for a few particular lines, in which updated Stark line damping
parameters extracted from VALD?! { Vienna Atomie Line Database, Kupka et al.
1999) have been used. Damping constants for collisions with neutral hydrogen
(& mayvor contributor to the line width of spectral lines in stellar atmospheres)
are also in VALD from very precise (a few percent) calculated cross-sections
from P. S. Barklem and collaborators (see, e.g. Barklem, Piskunov & O™Mara
2000).

In addition to the photolonization cross-sections, radiative rates are needed
when making NLTE calculations. Radiative transition probabilities were adopted
from the NIST database (http://phvsicsnist.gov/egi-hbin /AtData /main_asd),
and complemented with the Opacity Project calenlations. The necessary colli-
sional rates were caleulated based on general formulae due to van Regemorter
(1962), Mihalas (1972), and Auer & MMihalas (1973), and suplemented with the
laboratory data when available {Nahar & Pradhan 1997; Nahar 1999). Most of
the necessary data had already been compiled?.

2.4 DMinimization procedure

We nsed the Amoeba routine of IDL for the minimization of the y? statisties for
the fit of svnthetic to observed spectra. This procedure develops a multidimen-
sional minimization of a function Fune(x), where x is a n-dimensional vector,
by using the Nelder-Mead downhill simpler algorithm (Nelder & Mead 1965),
which only requires funection evaluations. Some studies about its convergence
have been carried out (see, e.g., Lagarias 1998), MeKinnon (1998) gave a family
of strictly convex functions and a starting configuration in two dimensions for
which the Nelder-Mead method converge to a non-minimizing point, so some
authors (e.g. Price et al. 2002) have tried to make a convergent variant of the
Nelder-Mead algorithm.

To explain how this method works, let us start defining a simpler. A simplex
Is a geometric figure, in N dimensions, with W41 points (or vertex) and all their

YWan der Waals parameters are similar, so we have maintained them
favailable at http://hebe.as.utexas.edu/at/at.cai
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exemplify a smooth cross-section and a complex resonance structure,
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interconnecting segments, faces, ete. For instance, a two-dimensional simpler is
a triangle. Besides, in this method, only non-degenerated simpler are used. We
start with a vector of N independent variables, which constitutes the simpler of
N+1 points. The methed then evaluates the funetion-to-minimize at each point
and obtains a new simpler that is one of the following four: a reflexion of the
point with the greater value over the other points, a reflexion and expansion
of the point with the greater value over the other points, a contraction of the
point with the greater value along one dimension or a contraction along all the
dimensions towards the point with the lowest value.

Moreover, it is necessary to specifv the maximum number of iterations and
the tolerance, or the fraction between two consecutive values of the funetion-to-
minimize where the routine must stop. The result is the n-dimensional vector
in which the funection is minimum within some uncertainty related to this tol-
ETATLCE.



Observed spectre

THIS chapter describes the sources of observed spectra that we started con-
sldering to be useful for the thesis. Later on, by studying them in depth,
we discarded or combined some of them, as explained in this and later chap-
ters. For both stars (Vega and Procyon), we consider low-resolution spectra in
the visible, the near-UV and the near-IR regions. The aim of this is to find
basic physical parameters (the angular diameter, the parameters of model at-
mospheres, that is, the effective temperature, the metallicitv and the surface
gravity, and the abundances of the main contributors to the confinuum ab-
sorption), becanse it is not necessary to study spectral lines in detail to derive
them, but we need a long wavelength region with absclute flux calibration. We
also consider high-resclution visible spectra (not flux calibrated) of the stars
to derive chemical abundances using spectral lines. For Vega, high-dispersion
near-UV observed spectra have also been considered to test the quality of the fit
between the synthetic spectra (using the parameters derived from low-resolution
flux comparisons) and the observed spectra.

3.1 Observed spectra of Vega
3.1.1 UV spectra

Sinee the HST had not taken near-UV spectra of Vega covering a long wave-
length range, the most useful near-UV observed spectra of Vega for our purpose
were those talen with the IUE =atellite. We have found the following three ca-
librations of the average low-dispersion IUE spectrum of Vega:

17
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» Bohlin’s calibration! (Bohlin 1996). 8 standard stars (4 pure H white
dwarfs, DA’s, among them) are used to calibrate FOS ( Faint Object Spee-
trograph) observations, formerly on board HST. The zero level of the lux
scale is tied to the average over the V band for Vega as measured by Hayes
(1955). The uncertainty in the absolute Huxes for Vega in the broadband
FOS calibration are 1-2 % in the optical and increasing to 3-4 % at 1200
A (Bohlin 1996). By comparing their FOS and IUE fluxes, a correction
factor is determined, which is applied to each wavelength of a IUESIPS
(the earlier version of NEWSIPS, which is the processing software devel-
oped for calibrating the [UE data set) spectrum of Vega to place the data
in the HST flux seale. This set of standard spectra has been updated and
improved by new STIS and NICMOS observations (both on board HST;
Bohlin, Dickinson & Calzetti 2001) 2.

s Massa & Fitzpatrick’s calibration (Massa & Fitzpatrick 2000, hereafter
ME&F); it takes into account svstematic errors in NEWSIPS spectra as a
function of the observation epoch and the temperature of the amplifving
camers, (THDA), and applies a correction factor to place the fluxes into
the HST scale.

s INES; this iz not a calibration of IUE data processed with NEWSIPS
| New Spectroscopic Image Processing System; see Garhart et al. 1997),
but a new full processing of the raw data, improving the spectrum ex-
traction to diminish the error sources present in NEWSIPS (improving
the noise model, the extraction method, the homogenization of the wave-
length scale, and the flagging of the extracted spectra calibrated in flux).
The spectra were calibrated using a DA, G191B2B, whose virtually fea-
tureless spectrum is relatively simple to model. The absclute flux scale
relies on that of the UV satellite OAO-2 (Gonzdlez-Riestra, Cassatella &
Wamsteler 2001).

The three versions above are based on low-dispersion large-aperture [TE
spectra, but the particular individual spectra considered in the average, and
some parts of the processing (chiefly, the flux calibration) differ among them.
These spectra have a large spectral coverage with a resolution of ~ 6 A. We
combined several IUE spectra (the same IUE spectra from both servers, but
with a different calibration) from the INES and Multimission Archive at Space

lht tp:/ fkabuna. staci. edu/instruments/observatory/cdbs/cal spec. html

*The spectrum that we use in this thesis is not the one obtained with STIS and recently
published (Bohlin & Gilliland 2004}, but the earlier one, since this one was not yet published
at the time this study was carried ot
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Telescope Sience Institute (MAST) servers® to produce the INES and M&F ver-
sions, respectively. The list of individual spectra s provided in Table 3.1. Be-
fore combining the MAST-IUE spectra to produce the M&F version, the fluxes
were processed with the software kindly provided by these authors. Bohlin's
spectrum was directly obtained from the STScl web pages, as provided by R.
Bohlin?.

As we can see in Fig. 3.1, Bohlin's and M&F fluxes (which share the same
flux scale) are ~10% higher than the INES fluxes for Vega. This difference is
high, but roughly consistent within the error bars with the global differences
reported by Gonzdlez-Riestra, Cassatella & Wamsteker (2001) between FOS
and I[UE spectra for the INES reference star G191B2B. However, they noticed
an almost linear reduction from a difference of ~7 % at 1500 A to ~6 % at
3000 A, while we find larger differences for Vega in the ranges 1500 to 1700
A and 2000 to 2500 A. Fig. 3.1 reveals that the M&F flux is higher than
Bohlin's at ~1800 and ~2000 A. The feature in the M&F version at ~2000
A coincides with the border between the short and long-wavelength eameras,
where the uncertainty in the flux is higher. For that at ~1500 A, we can not
give a satisfactory explanation.

We also compared Bohlin's and INES fluxes for the elght primary standard
stars on which the HST Huxes are based (G191B2B, GD153, GDT71, HZ43,
HZ44, BD» 428 4211, BD 433 2642, and BD 475 325). We used all the [TE
spectra available for these stars from the INES database, selecting only those
pixels labeled with good quality and with flux errors lower than 20%. Bohlin's
flux is again higher than the INES one at all wavelengths and for all the stars,
with the exception of the SWP spectrum of BD +75 325. The mean rela-
tive difference in flux for the other seven stars is (Fo.pu, — Fives)/Fives =
0.066 + 0.005, which is again consistent with the global differences reported by
Gonzdlez-Riestra, Cassatella & Wamsteker (2001). When studying the wave-
length dependence, an increment of the difference is seen at ~2000 A and from
2200 to 2500 _31, where the difference is over 8%, while in the other regions
it is 5-7%, quite consistent with the larger differences observed in Vega's case
between 2000 and 2500 A.

Finally, we have considered high-dispersion ITUE spectra. These spectra have
a large spectral coverage with a resolution -~ 0.2 A. Table 3.1 lists the high-
resolution spectra considered, all of them from the INES calibration, because
the M&F calibration can not be used with high-dispersion spectra.

*ht tp:f/ines.vilspa.esa.es/ines/ and http:/farchive. stsci. edu/ine/, respectively
AURL is ftp://ftp.staci.edn/cdba/cdbe/calapac/
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Fioure 3.1— Comparison of the observed Hinces in the UV obtained with different ca,]ibra_a_-
tions of the IUE data smoothed by convolution with a Ganssian profile with FWHM = 25 A

(see text for details).

TABLE 3.1— Spectra averaged to caleulate the calibrated spectrum of Vega with different
dispersion and wavelength ranges. M&F flies are obtained from the MAST-IUE web page
and INES fhaes from the INES web page (see text).

Wawvelength
range [_fk:l

Spectrum mumbers

Camera
Calibration Dispersion  name
M&F and INES lowr SWP
M&F and INES lowr WP
INES high SWP
INES high LWER
INES high IWP

1150-2000 A

1850-3300 A

1150-2000 A

1850-3300 A
1850-3300 A

27024, 29864, 30548,
30540, 32006, 32907
07010, 07038, OT=SE,
07880, 07902, 07903,
07904, 10347, 10348
01188, 24504, 32570,
32887, 33633, 38411,
42521, 45285
07585, D8630
07400, 12617, 17648,
21205, 23642
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3.1.2  Visible and near-TR spectra

Wisible spectrophotometry provides additional information that cannot be ne-
glected. For the study of Vega's spectrum using classical atmospheric models,
we consider the data compiled by Hayes (1985) combining six different sources
of ground-based measurements., This spectrum has a flux uncertainty of just
about 1-2% in the optical and covers a wavelength range from 3300 to 10500
A. The flux is tabulated in steps of 25 A. These are both the bandwidth and
step sizes reported by Terez and Terez (1979), who measured Vega's flux in
the entire region critically evaluated by Hayes. The other sources considered
by Hayes provide fluxes measured over smaller spectral ranges with bandpasses
from 10 to 100 A, and approximate corrections to obtain the average flux over
each bandwidth. Based on this information, it seems therefore appropriate to
compare these data to caleulated fluxes smoothed to a resclution of at least 50

A

For the study of Vega's spectrum using rapidly rotating models, we hawve
used the spectrum recently obtained with the Space Telescope Imaging Spec-
trograph (STIS). The absclute flux was measured with high accuracy from the
near-UV to the near-IR on the HST white dwarf flux scale (Bohlin & Gilliland
2004). It is a low-dispersion spectrum (R ~ 500) with very high signal-to-noise
ratio (S/N ~ 1000).

We have used two different optical high-dispersion spectra, with different re-
solving power, obtained by our group at MeDonald Observatory (Mount Locke,
Texas), acquired with the 2deowdé cross-dispersed echelle spectrograph (Tull et
al. 1995) coupled to the Harlan J. Smith 2.7m Telescope. The first spectrum
is part of the Spectroscopic Survey of Stars in the Solar Neighborhood (SYN;
Allende Prieto et al. 2004) and is the average of observations secured in May
1 and 2, 2001. It has a resolving power (R = 3‘}] of ~ 6 x 104, covering in
full the optical range, extending into the near IR. As the spectrograph provides
full coverage only from about 3600 Ato~5100 A in a single exposure for this
resolution, with increasingly larger gaps between redder orders, two overlapping
settings were used to cirewmvent the problem. The second spectrum was ob-
tained at the focal station F1, and has R ~ 173000, 3/N = 400-500, covers the
range from ~4400 to ~T600 A with some small gaps, and was obtained in June
8-12, 2000. The spectral coverage is much smaller at F1, and 10 tilts of the
grating/prisms were needed to achieve the final coverage. The CCD registerad
pieces of ~16 adjacent orders.

For both the high- and intermediate-resolution spectra, the detector was
TE3, a thinned 2048 = 2048 Tektronix CCD with 24 ym pixels, and we used
grating E2, a 53.67 gr mm—! R2 echelle from Milton Roy Co. For the spectrum
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with R ~ 6 » 10%, we used slit #4, which has a central width of 511 pm
(or approx. 1.2 arcsec on the sky). For the spectrum with R ~ 173000, we
used slit #2, which has a central width of 145 pm, and partially mesked the
collimator. A careful data reduction was applied to both spectra, using IRAF®,
which consisted of overscan (bias) and secattered-light subtraction; flatfielding;
extraction of one-dimensional spectra; wavelength calibration; and continuum
normalization.

3.2  Observed spectra of Procyon
3.2.1 Near-UV spectrum

We have used spectroscopic data acquired by the STIS instrument on board
HST. which have been very accurately flux ealibrated (Bohlin, Dickinson &
Calzetti 2001 ). The spectroscoplc coverage goes from ~ 2200 to ~ 40350 A. The
details of this spectrum are given in Chapter 8. It has been used to discriminate
between different flux-calibrated visible spectra, to derive abundances from the
UV continuum opacity and as a test to see how well this medium-resclution
obzerved flux s reproduced by our best-fitting computed flux obtained by re-
producing the optical, near-TTV and near-IR spectrophotometric flux.

3.2.2 Visible spectra

We have looked for spectrophotometric catalogs contalning Procyon data in the
CDS web page®. We have found the following catalogs:

¢ The Pulkovo Spectrophotometric Catalog of Bright Stars (Alekseeva et
al. 1996, hereafrer Pulkovo spectrum): It is a eombination of numerous
ohservations made by Pulkovo astronomers at different observing sites,
with a range from 3200 to 10800 A, a resolution of 50 A and an aceuracy
not lower than 1.5-2.0 7.

¢ The Sternberg Spectrophotometric Catalog ((Glushneva et al. 1984, here
after Sternberg spectrum): The observations were made at the Crimean
Station of the Sternberg Astronomical Institute during 1970-1954 using a
spectrophotometer installed at the 4%-em and 60-cm Zeiss reflectors. It
covers the range from 3225 to 7625 A with a step of 50 A. The average
acenracy of the catalog data is 3.2 7.

SIRAF is distributed by the National Optical Astronomy Observatories, which are oper-
ated by the Association of Universitics for Research in Astronomy, Ine., under cooperative
agresment with the National Science Foundation

Bhttp:ffcdsweb.u—strasbg.frf
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o The Stellar Spectrophotometric Catalog by Burnashev (Burnashewv 1985):
Contains spectra in the spectral region 3200-8170 A by steps of 25 A.
It i= a compilation of different spectrophotometric catalogs. Procyon is
included in three catalogs: Spectrophotometry of Bright Stars by Glush-
neva (Glushneva et al. 1982, hereafter Glushneva spectrum), Stellar
Spectrophotometric Catalog by Kharitonov (Kharitonov, Tereshchenko
%z Knyvazeva 1978, hereafter Kharitonov spectrum) and Burnashev's oh-
servations at the Crimean Observatory.

The difference in abscolute flux between some of these visible spectra is
large, so we trv to discriminate between them by comparing the fluxes with the
HST spectrum in the overlapping region. A comparison between the different
visible spectra of Procyon from 3500 to 4050 A (including the HST spectrum
to discriminate between them) is shown in Fig. 3.2. The Sternberg spectrum
is not shown for clarity. It is very similar to the Glushneva spectrum, except
hetween ~ 3700 and 3850 A and ~- 3950 and 4000 A, where the Sternberg
flux is ~ 10 % lower. The best agresment with the STIS spectrum is found
for Burnashev's and Glushneva's fluxes, so the mean of both was used as the
visible observed spectrum.

Although the visible photometric atlas of Procyon by Griffin & Griffin {1979)
covers a longer spectral range (from 3140 to 7470 Am steps of & m.ﬁxj, we have
used the optical spectrum of Allende Prieto et al. (2002} as high-resolution
spectrum to derive chemical abundances from spectral lines, because it has a
hetter 8 /N and is ready to use from the web”. It was observed from MeDonald
Observatory on 1999 January 30 and 31. The Harlan J. Smith 2.7 m tele-
scope and the 2dcoudé spectrograph (Tull et al. 1995), at the foeal station F1
were used, delivering a FWHM resolving power of R —~ 2 » 10°. Five different
spectral setups, selected by tilting the E2 grating, provided almost complete
spectral coverage from 4559 to 5750 A (with a spectral resolution between 20
and 30 mﬁj, and different exposures (up to 10 for a single setup) were co-
added to reach 5/Ns per pixel in the range 550-2000. A comparison between
both high-resolution visible spectra is shown in Fig. 3.3. Thev are verv similar
in the eommon region. The comparison between the STIS spectrum and the
spectrum by Griffin & Griffin (1979) smoothed to the resolution of the former
and multiplied by the absolute mean flux, because it is normalized to the con-
tinuum, is shown in Fig. 3.4 for a small region centered close to the line Hyp.
It can be seen the similarity between both spectra.

Thitp: / hebe.as. utexas e/
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Froure 3.2— Comparison between different visible obeerved spectra of Procyon from the
ground and that obtained by the H3T {with an error bar) in the overlapping regicon.

3.2.3 Near-IR spectrum

For the red and near-IR spectrum (wavelengths longer than 6600 AJ . the Moscow
Spectrophotometric Catalog ((Glushneva et al. 1991) has been used. It covers

the range from 5975 to 10825 A, with a step of 50 A. The observations were made
at the Crimean Station of the Sternberg Astronomical Institute during 1975-
1990 using the near-IR spectrophotometer installed at the 45-cm and 60-cm
Zeiss reflectors. There is a good agreement with the visible observed spectrum

in the overlapping region, as is shown in Fig. 3.5, except for the region between
~7200 and 7300 }1, where the near-IR flux is higher.
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The study of Vega's spectrum using
classical model atmospheres

It’s an intricate and compler Message. The transmitting
ciwlization s eager for us to receive it. Maybe all this

iz one small volume of the Encyelopedia Galactica. The star
Vega is about three times more massive than the Sun and
about fifty times brighter. Because it burns its nuclear fuel
go fast, it has a much shorter lifetime than the Sun

“Clontact™, Carl Sagan

THIS chapter describes the work carried out using classical model atmo-
spheres to derive some physical parameters and chemical abundances of
Veaga. In §4.1 we caleulate the most abundant ions present in the atmosphere
of Vega as a preliminary step to derive the most important contributors to the
continuum opacity in Vega. The most relevant ions contributing to the line
opacity have also been identified. In §4.2 we use low-dispersion visible, near-IE
and near-UV spectra of Vega (in regions where the continium opacity due to
elements different to H is not relevant, and fixing the surface gravicy and the
metallicity) to derive its effective temperature and angular diameter using the
different IUE calibrations awvailable in order to decide which one/s is/are the
most reliable near-UV spectrum. We have derived these parameters caleulating
the flux obtained using, Kurucz's model atmospheres in SYNPLOT for each set
of parameters and matching these spectra to that observed. Onece obtained a
reliable low-dispersion spectrum, we have re-derived the effective temperature
and angular diameter of Vega. Some tests have been carried out in order to

20
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see the relevance of the result: we hawve re-derived the parameters using an-
other zet of model atmospheres, compared our parameters with those derived
by other authors, compared the synthetic spectrum using the parameters of
our best fit with a high-dispersion spectrum and made a preliminary test to
see whether the effect of seen pole-on a rapid rotator with the parameters from
other authors can account for the shape of the observed lines. In 54.3 we de-
rive the abundances of the most relevant contributors to the continuum opacicy
matching synthetic low-dispersion spectra to that observed in the regions of the
UV where the effect of contimium absorption is higher, fixing the parameters
derived in the section before. We have also derived the error bars of the deter-
mination in order to see the relevance of the result and have tried to explain
the reasons why the observed flux is not well reproduced by that synthetic in
some wavelength regions, trving to explain the differences in some regions using
departures from LTE. In §4.4 we hawve used the high-dispersion visible spectrum
to derive the abundances of some elements (among them, those obtained in the
section before] from speectral lines, comparing them with those derived from
the UV low-dispersion spectrum and with those obtained from the literature.

4.1 DMain contributors to the continuum and line opacity in
Vega

A few particular elements may contribute significant opacity in the UV. Iron is
Inown to dominate line absorption virtually for all spectral types. Continuum
absorption from other metals may alse be significant or even dominant. The
main contributors to the UV continuum opacity change with the spectral tvpe
and, therefore, it is important to evaluate which metals are relevant and provide
reasonable estimates of their abundances to caleulate realistic TV fluxes. The
capability of an ion to contribute bound-free opacity depends on its atomic
structure and its abundance. As a preliminary step, ion abundances for the
lightest thirty elements in the first three stages of ionization were computed for
a star like Vega, using a model atmosphere with the parameters preferred by
Castelli & Kuruez (1994; an effective temperature T g = 9550 K and gravity
log g = 3.95) and Saha and Boltzmann equations. The number of ionized atoms
per unit volume Ny respect to the mumber of nentral atoms Ny is, according to
Saha's equation:
Ny (2em)323(RT)%2 2u(T) _ 1

— —T%T r
N PP, (D) (41)

where up fug is the ratio of the partition functions of ions to neutral atoms
(using a polvnomial approximation of the partition funetions, truncating the
summation according to the Debye radius of the ion, which depends on electron
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pressure or density, where the partition function is w(T) = 3 g; exp(—x;/ET),
with g; the statistical weight 2J41 and y; the excitation potential, both for level
i); m is the electron mass; & is Boltzmann constant; I is the energy difference
between the ground level and the continuum; T is the temperature; P, is the
electron pressure and h is the Planck constant. At this point we simply assumed
solar photospheric abundances from Grevesse & Sauval (1998).

Next, we computed svnthetic visible and near-UV spectra including con-
tinuum opacity produced by H only (ineluding bound-bound H opacity, i.e.
hydrogen lines, as part of continuum opacity) and each of the most abundant
ions in Vega., We studied all the ions with abundances relative to H larger than
107% Her, C1, C1, N1, N1, O 1, O 11, Na1, Mg, Al Sin, S11, Catr, Feil and
Wil A eontribution could be missed if it corresponds to an lon with a low abun-
dance but an unusually high photolonization cross section, but we believe our
list is complete. For these caleulations, the atmospheric parameters of Castelli
& Kuruez (1994) were used as well as solar abundances, except for Fe, for which
we adopt [Fe/H] = —0.34, to be consistent with the model atmosphere: [M,/H]
= —0.5 (see the discussion in chapter 2). We compared the derived spectra
that include continuum opacity due to H plus any given ion, F(2 H), with the
spectrum that includes only neutral H continuum opacity, F(H), in Fig. 4.1.
Contributors producing at least a decrease of 0.5 % in the flux in some part of
the region considered are included, except for He I, which would also appear in
the figure at wavelengths below 1400 A with & maximum of ~1.5 %, but has
not been included for clarity, and neutral H, because it can not be included
due to the criterion adopted. From this comparison, we deduced the relevance
of each ion's continuum opacity to the observed fluxes. Hydrogen hound-free
and line absorption dominate the opacity blueward of the wing of Lo at about
1500 A, shaping the near-UV and optical spectrum of Vega. At wavelengths
longer than about 1500 A, neutral hydrogen and the H- ion dominate the total
bound-free opacity. 5i and C contribute signifieantly to the contimium opacity
between 1200 and 1450 A.

Fig. 4.2 shows the continuum and line absorption due to each ion. The
UV spectrum of solar-like stars contain many Fel lines. At the temperatures in
Vega's photosphere, iron is almost completely ionized (Npap/Nperp ~ 1074), and
the atomic line absorption is mainly produced by Fell {around half the total
absorption of lines and most of the absorption due to Fe lines). Molecules are
virtually nonexistent at these warm temperatures. All the fluxes shown in Fig.
4.2 include a contribution to the total opacity by electron scattering. Although
Thomson scattering s wavelength independent, the vertical struecture of the
atmosphere produces a maximum absorption due to this effect at about 1300
A, where it effectivelvy reduces the emerging flux by abont 4 %, and over 1 %
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Froure 4.1— Relative difference in logarithmic scale between the Aux computed by consid-
ering nentral H and each ion X explicitly (F(2 H)) and the flux obtained by just taking into
account neuntral H explicitly (F(H)) using SYNSPEC with Kuwruez's mode] atmospheres. The
change in nentral H opacity is also considered in the line labeled as H—, becanse the number
of protons is constant, and therefore the abundance of nentral H diminishes when including
H-. Mote the importance of C1 below 1450 A&, and that of H— above this wavelength.

for A < 2000 A. In conclusion, to model the UV spectrum of a star like Vega

it is necessarv to account for H, C, Si, and Fe opacities in as much detail as
possible.

4.2 Estimation of the effective temperature and angular diam-
eter of Vega by using visible, near-IR and near-UV regions

Allende Prieto & Lambert (1999) estimated a set of fundamental parameters
for a large sample of nearby stars, using Hipparcos parallaxes to accurately con-
strain their positions in the color-magnitude diagram. Comparison with evolu-
tionary calculations by Bertelli et al. (1994) allowed them to provide masses,
radii, gravities and effective temperatures for 17,219 stars. Their analysis vields
logg = 3.98 £ 0.02 for Vega. Given the high accuracy in the determination of
gravity and its low relevance on the computed fluxes aceording to some tests
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is considered. The curve corresponding to H™ has been omitted in the right panels for elarity.
The solid line is the flux when only neutral H opacity is considerad.
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that we have carried out, we will adopt this value. We will attempt to de-
termine the effective temperature and the angular diameter (D, ) considering
limb darkening from the observations in the optical, near-1UV and near-IR. This
can be achieved by comparing the computed emitted flux using SYNPLOT with
EKuruecz's model grids (which have [M/H], log g and T.g a8 independent param-
eters), transformed to computed received flux by using the angular diameter
and parallax, to the observed flux. In these regions, metal absorption is modest,
which allows us to study these two parameters independent of the details of the
chemical composition.

We minimized the sum of ¥ statistics between observed and computed spec-
tra in three wavelength regions: between 1600 and 2150 A between 2200 and
3000 A and between 4150 and 8480 A, excluding Balmer lines. The y? statis-
tics were weighted according to the approximate uncertainty in the observed
fluxes inferred from Bohlin's analysis in the UV and Hayes' in the visible range
(4% from 1600 to 3000 A and 2% from 4150 to 8480 AJ. Using SYNSPEC (see
Chapter 2), we computed a grid of fluxes hased on interpolated Kuruez's model
atmospheres with T.g running between 9350 and 9650 K in steps of 50 K. As
the model atmospheras are available in steps of 250 K, we linearly interpolated
all the relevant quantities as a function of the optical depth. We matched se-
lected spectral regions, excluding the segments where special difficulties exist.
In particular, the spectrum in the vieinity of the Balmer jump (3000-4150 A)
was discarded because Hayes advises about significant errors in this region and
the effect of fast rotation is important (Gulliver et al. 1994). At this stage,
a solar He abundance was used and the metal abundances of Vega are taken
from Qyiu et al. (2001), including [Fe/H] = —0.54, so we have considered a Ku-
rucz's model atmosphere with [M/H] = —0.7, using the same conversion factor
as in chapter 2. The best-fitting pairs (T.g, D, ) and the quality of the fit
are displayed in Table 4.1, The fit is clearly better in the near-UV (especially
hetween 2200 and 3000 A) using Bohlin's calibration than using the INES one.
Fig. 4.3 confronts the observed flux (using Bohlin's calibration in the top panel
and the INES ealibration in the bottom panel) and the computed flux that best
matches it. In that figure, the computed fux is clearly lower than the observed
one for A < 1900 A and 4150 < A < 4500 A when using the parameters of the
best fit with INES calibration, and it is clearly higher than the observations
for 2200 < A < 3000 _jk, so most of the observed spectrum below 4500 A s
poorly reproduced by the synthetic spectrum of the best fit when using the
INES calibration. This can be explained when taking into account that INES
UV flux is lower than Bohlin's, but the same visible observed flux has heen
usad. Taking into account that the effect of Tog on the flux is larger at low
wavelengths, but the effect of D,y 1s uniform with wavelength, it is necessary
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to decrease T.g and to increase D, in order to decrease the UV flux fixing
the visible one. Considering the fact that the spectrum behaves quite smoothly
when changing one parameter of the model atmosphere used and the fact that
the flux obtalned from one Kuruez's model atmosphere matches both the visi-
ble and Bohlin's calibration quite well, it is impossible to obtain a good fit to
the INES calibration and the visible spectrum at the same time, but there is a
good fit in some part in the middle of the near-UV region, being the slope of
the svnthetic spectrum different to that of the observed spectrum. This is the
reason why we have assumed that the HST flux scale is more reliable than the
INES one.

A comparison between these parameters for Vega and those taken from the
literature is made in Table 4.1. The selected literature values do not include
analyses of UV spectra from IUE. Tog runs the gamut between 9430 and 9660
K and Dy, between 3.225 and 3.28 mas. These values are consistent with the
parameters obtained with Bohlin’s calibration (or with M&F corrected fluxes,
given that both are on the same scale). However, the angular diameter derived
from the analvsis of the INES spectrum is significantly higher than the literature
values., In addition, there are only two T g determinations that are consistent
with the result associated with the INES ecalibration: the extreme value found
by Moon & Dworetsky (1985) and that by Ciardi et al. (2001). As the difference
in the absolute flux for Vega between INES and the other calibrations amounts
to more than 10% for Vega, we have derived an average UV spectrum as the
mean of Bohlin's calibration and M&F's, not taking into account INES. Using
this flux, we have matched again the region between 2200 and 2500 A (without
the zone between 3000 and 4150 A and without the Balmer lines). We hawe
not used the region below 2200 A because the typical deviation of the fit of
Bohlin’s calibration for Vega is much higher than that of the region over that
wavelength, which suggests that our synthetic fluxes can not reproduce the
observed flux at those wavelengths. Moreover, as shown in Chapter 3, there
are large differences at ~1800 and at ~2000 A (this one probably due to the
uncertainty of the observed flux at the border of the cameras) between the
different spectra of Vega in the HST flux seale, so the error bars of the observed
flux will be high below ~-2200 A, and the quality of the fit betwean computed
and observed spectra would be low., We have obtained the following result:

Tog = 9620783 K, Dang = 3.272 + 0.05 mas
where the error bars of our Ty and D, estimates were derived by perturb-
ing the best-fitting parameters until the flux variation exceeded the error bars
assigned to the observed spectrum.

The same analysis (fixing log ¢ = 3.98 and [M/H] = —0.7 in model at-
mospheres and using the same abundances as in the calculation before) was
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The stellar parameters associated with the adopted model atmosphere are shown in Table 4.1.
The other Kurucz's model parameters used are log g = 3.98 and [M/H] = —0.7. Abundances
were taken from Ciu et al. {2001), except for He and Fe, for which solar abundance and [Fe/H]
—0.54 were usad, respectively.
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TABLE 4.1 — Parameters and errors of the best fit between synthetic and cheerved spectra
of Vega using different calibrations. oiea, cass and ogoss are the typical deviation of the
fit between 1600 and 2150 A, between 2200 and 3000 A and between 4150 and 8480 A,
respectively.
Calibration Tog (K) Dang imas) oaze Tzea0 T4085
Bohlin's 9631 3272 49% 20% 13 %
INES 9458 3.324 0% BTV % 14 %

TapLE 4.2— Parameters for Vega according to the literature.

Reference Teg (K Dape (mas) [M/H] (dex)
Code et al. (1976)] 9660 £ 140 3.24 + 0.07 -
Moon & Dworetsky (1985)2 0430 £+ 200 - -
Alonso, Arribas & Martinez-Roger (1994)3 0610 3.24 + 0.07 —0.25
Castelli & Kuruez (1994)% 0550 - —0.5
Fitzpatrick & Massa (1999)° 9600 + 10 3.26 £ 001 —0.73 £ 0.08
Ciardi et al. (2001)° 9553 £ 111 3.28 £ 0.01 -
Mozurkewich et al. (2003)7 9657 £ 119 3.225 £+ 0.032
This worl® 9620121 3.27 + 0.05 —0.7

Obtained from interferometric angular size measurements and its absolute i distribution
using optical fluxes from the ground and TV fluxes from the OAO-2 satellite

?Based on uvby @ photometry, with error estimation from Qiu et al. (2001)

Using the Infrared Flux Method (IRFM) to calibrate the abeolute flux of stars with
interferometric measurements of angular size

AParameters of the Kurucz's model producing the synthetic spectrum that best matches the
observed one (in the visible and the UV, with Bohlin's calibration, and near-IR). A solar He
abundance has been adopted, with no reddening and with a microturbulence of 2 km s=*
*The uncertainties given are 1o internal errors for the fittings of the synthetic spectrum
derived from Kurucz's models to the observed cne (in the visible, the near-IR, and the
near-TTV, with the M&F ealibration)

® Angular dismeter obtained from interferometry at 2.2 pm

TAngular dismeter obtained from optical interferometry

*Using Kurucz (1862) model atmospheres
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carried out using new model atmospheres (Castelli & Kurucz 2003) which were
calenlated with overshooting turned off (resulting in a steeper rise in tempera-
ture with depth in the region where the optical continuum is formed; Castelli,
Gratton & Kurucz 1997), and using updated values for the solar elemental
abundances and revised opacity distribution functions (ODFNEW). The rea-
son for this new analvsis is to check the effect on colors of convective overshoot
and the parameters thus obtained were:

Teg = 9575 K, Dape = 3.271 mas,
where Ta0qp = 2.4 % and gy0es = 0.7 %. These values provide a slightly bet-
ter fit, but are nonetheless consistent with those obtained using older model
atmospheres and also with most values from the literature,

Fig. 4.4 compares the observed and calculated fluxes, including the interpo-
lation of calculated Auxes when using ODFNEW model atmospheres with these
Teg and Dapg values and the C and 51 abundances from section 4.3. There is
a slight difference between the synthetic spectra in the region between ~ 1400
and ~ 18900 131, where the flux of the ODFNEW models is higher, except at ~
1560 ISL, where there is no change. For instance, the fit is better at ~ 1450 A
using ODFNEW maodels.

Adopting the T g and [M/H] values from Alonso, Arribas & Martinez-Roger
(1994) from the Infrared Flux Method, we searched only for the value of Day,
leading to the closest mateh to the observed spectrum in the near-1TV and the
visible ranges, obtaining again a value of 3.27 mas. Using this angular diameter,
the fit to the observed flux is verv satisfving in the near-UWV and visible spectral
ranges, which reinforces the validity of our method. We discuss the UV fluxes
below.

A high-resolution spectrum using the interpolated Kuruez (1992) model at-
mospheres with T g = 9620 K and log g = 3.95, and an angular diameter of 3.27
mas, has been computed and compared with the high-resclution IUE observed
spectrum in three 100 A-wide spectral regions randomly selected between 1550
and 3050 A, where the effects of rapid rotation and Si and C contimium opaci-
ties on the Aux are very limited. To calculate the spectrum, we have used the
following projected rotational velocity: vequas - sin § = 23 km s~ 1, as proposed
by Gray (1980) for Vega, and we have smoothed the resulting spectrum to the
spectrograph resolution: 0.2 A. The standard deviations between the computed
and the observed spectra are: 8.5 % in the region centered at 1668 fL, 9.9 %
at 2174 A and 6.9 % at 2550 A, which, although are higher (about twice) than
the values derived from the low-resolution spectra (4.9 % from 1600 to 2150 A
and 2.9 % for wavelengths over 2200 _ﬁ, see Table 4.1 for Bohlin's calibration),
reproduce the shape of the high-resclution observations quite well. Fig. 4.5
compares the computed and the observed fluxes in three 20 A-wide windows,
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Fioure 4.4— Comparison between the observed spectrum of Vega (mean of Bohlin's and
MU&F, with error bars) and the computed spectrum using a Kuruez's model atmosphere with
the following parameters: Teg = 9620 K, log g = 3.08, [M/H] = —0.7, [Si/H] = —0.90 and
[C/H] = 0,03 and the computed spectrum using an ODF mode] atmosphere with the following
parameters: T = 9575 K, log g = 3.98, [M/H] = —-0.7, [Si/H] = —0.90 and [C/H] = D.03.
The adopted angular diameter is 3.27 mas.
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one in each region.

A preliminary test taking into account the rapid rotation on the emergent
flux of spectral lines was also performed. Some of the parameters used (T ).,
= 0595 K and i = 6 degrees) were taken from one of the best fits to the observed
flux by Gulliver et al. (1994)!, following the procedure used by Pérez Herndndez
et al. (1999) to compute the flux. This procedure assumes uniform rotation
and gravitational potential as a mass point. Uzing these stellar models with
the line O1 AG155.19 _EL, the synthetic line bacomes deeper and deeper and less
and less broad when the rotational velocity decreases, obtaining a good fit with
a rotation equatorial velocity vugu. = 210 km/s, for which v.,., -sin i = 22.0
km /s, consistent with the slow-rotating value. The comparison between the
ohserved line and the computed ones with v, . = 170, 210 and 250 km/s is
shown in Fig. 4.6. This effect on the spectral lines is considered in detail in
Chapter 6.

4.3 Estimation of 51 and C abundances from the UV continmum

We turn to the main issue we are interested in, the analysis of the UV spectrum.
In Section 4.1, we concluded that Si and C were important contributors to the
UV continuum opacity for a star like Vega., With the adopted atmospheric
parameters (gravity derived from the Hipparcos parallax, log g = 3.98, the
metallicity of the model atmosphere fixed to [M/H] = —0.7 and T, g obtained
fitting the optical and near-IR flux, Ty = 9620 K) and Da,g alzo obtained
fitting the optical and near-IR flux, Dy, = 3.27 mas, we now attempt to
constrain the abundances of these elements from the TV flux, fixing the others
to those from Qiu et al. (2001). We calculated synthetic spectra from 1270
A to 1380 A and from 1460 A to 1550 A. The region between 1380 and 1460
A is not considered because of exceptional problems that we discuss below.
We considered Si abundances (from Grevesse & Sanval 1998) between [S1/H]
= —1.1 and —0.5 and C abundances between [C/H| = —0.1 and 0.2, to find C
and 5i abundances varving both at the same time. In Fig. 4.7, we can see the
effect of a change of 0.2 dex in the abundances of C (top left) and Si (top right ),
the effect on the Hux of a change of He abundance (solar abundanece versus our
adopted value, bottom left) and the effect of a change of 100 K in T.g (bottom
right), nusing the atmospheric parameters, Dy, and the other abundances as

YHowever, the other parameters used are different. We have used the chserved angular
diameter (3.27 mas, taken from this thesis) and the distance (7.76 pe, obtained from the
Hipparces parallax) to derive the equatorial radins (2.73 Re), and also the polar radins by
using the stellar model. We have also used the mass of a typical ADV star (2.4 M) to calenlate

the surface gravity.
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Fioure 4.5— Comparison between the observed flux of Vega (dashed line, INES increased
by a 10 % to take the fluxes to the HST scale) and the computed flux (solid line) at high
resolution. The stellar parameters associated with the adopted model atmosphere are Tog
= 9620 K, [M/H] = —0.7 and log ¢ = 3.08. The angular diameter used is 3.27 mas and
abundances are taken from Qiu et al. (2001), except for He, for which solar abundance was
used,
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Fiourg 4.6— Comparison of the normalized high-resolution observed Hux next to O1
AB158.19 & and the normalized synthetic fluxes using Trolar = 9585 K and i = 6 degrees
and different rotational velocities: vaquae = 170, 210 and 250 kan/s.

commented above.

The hest fit to the observations is obtained for [Si/H] = —0.90 057 and
[C/H] = 0.03 fg:ig, With s = 3%, approximately the same as the uncertainty
of the UV observed spectrum of Bohlin's ealibration (see 53.1.1), which ean be
approximated as the uncertainty of our UV ohserved spectrum. The error bars
take into account the uncertainty in He abundance (assumed £0.1 dex, since
it seems reasonable), T g, the observed flux, and Si abundance (C abundance)
when computing the error in C abundance (51 abundance), where the first two
error sources are relevant. The values obtained by Qiu et al. (2001) from the
analysis of visible lines were [Si/H] = —0.59 &+ 0.06 and [C/H] = —0.06 £+ 0.13.
The reference solar abundances were adopted from the literature (Grevesse &
Sauval 1995) and not derived by us following a similar procedure using the TV
solar spectrum.

The large error bars in the UTV-based abundances are the result of the re-
latively weak response of the UV continuum to changes in metal abundances,
which is primarily a consequence of the dominant role of the hyvdrogen opacity in
such a warm atmosphere. In addition, the existence of several spectral regions
where the agreement between observed and computed fluxes is, independently
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Fioure 4.7— Comparison between the observed flux of Viega (dotted lines) and different
computed fluxes: the computed Aux using [C/H] = 4003 (solid line, top left) and [C/H] =
+0.23 dex (dashed line, top left): the computed fAux using [5i/H] = —0.90 dex (solid line,
top right) and [5i/H] = —0.70 dex (dashed line, top right); the computed flux using solar
abundance of He from Grevesse & Sauval (1998): NiHe)/N(H) = 0.085 (sclid line, bottom
left) and He abundance from Kurnez (1992) models: N{He)/N(H) = 0.008 (dashed line,
bottom left); and the computed flux using Tes = 9620 K (solid line, bottom right) and Tag
= 0520 K (dashed line, bottom right). The stellar parameters associated with the adopted
model atmosphere are commented in the text,
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of the adopted abundances, poor, has quite a negative lmpact on our potential
to derive abundances from UV fluxes. Some of the most remarkable discre-
pancies are associated with deep Si1 and C1 lines (for instance, at ~ 1560 A
and at ~ 1660 IELJ, most likely because departures from LTE, neglected in our
caleulations, are important. These departures may contribute somewhat for
the solar case, but are expected to be more important for a star like Vega (see,
e.g., Hubenv 1981; Hauschildt, Allard & Baron 1999). This effect is known to
affect C1, Si1 and Siil lines (Wedemeyer 2001, Stiirenburg & Holweger 1990)
and could also affect the C and Si abundances derived from the UV continuum.
However, some deep lines of other species (like Fe 11) are well reproduced in LTE.
A comparison between these C and 5i lines in LTE and NLTE (using TLUSTY
to derive the level populations in detailed balance for departures from LTE,
maintaining the structure of the model atmosphere) with the observed lines is
shown in Fig. 4.8, A list of some of the deepest lines in these regions is given in
Table 4.3. The regions between 1330 and 1460 A and between 2000 and 2200
A show also a disappointing mismatch between observed and calculated fuxes.
The reason for this failure is not elear {although the fit improves when using
NLTE, but not enough), and a similar effect is apparent when using revised Vega
fluxes based on STIS spectra (Bohlin & Gilliland 2004). The new STIS fluxes
agree much better with the computed flux in Balmer lines, thus supporting
the exclusion of these lines in our analvsis of IUE data. This revised flux is
lower than the Hayes fiducial, so it would be necessary a lower Tog and Dypg
to reproduce this revised flux.

4.4 Estimation of abundances from spectral lines in the visible
range

To make a consistent comparison between UV abundances and those derived
from speectral lines in the visible region, we have selected a set of clean lines
with an uncertainty in log gf smaller than 25% from Przybilla (2002)%, using
his gf values, except for Fell lines, which log gf values were taken from Allende
Prieto et al. (2002). We have excluded from consideration He lines, because
they are too wealk, and the Nal resonance doublet, because of the important
departures from LTE in the core of these lines. We have measured the equivalent
width (EW) of these lines by integrating the flux over the whole line using

*We prefer to revisit the optical abundances for this star because newer, high-quality data
is now available, and because that is the only way to guarantee the analvsis is fully consistent
with our UV study. The reader should, however, keep in mind that our LTE analvsis is more
limited than previously published studies such as Prayhilla (2002), who studied several species
in NLTE
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Fioure 4.8— Comparisons between the observed spectrum of Vega (mean of Bohlin's and
M&F) and the computed spectrum around two wavelength regions (which have a poor fit in
LTE in low resclution) using a Kurucz's model atmesphere with the following parameters:
Tem = 0620 K, log ¢ = 3.08, [M/H] = —0.7, [5i/H] = —0.90 and [C/H] = 0.03, in LTE and
using level populations calenlated in NLTE with TLUSTY. The regions are ~~ 1560 A (top)
and ~o 1657 A (bottom). The adopted angular diameter is 3.27 mas.
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TaBLE 4.3— Some of the decpest lines in the regions shown in Fig. 4.8 {~ 1560 and ~ 1657
A), where a study of the NLTE effect has been carried out.

Wavelength (A)  Ion
1555.660 Sil
1556.161 Sil
1558541 Fe Il
1558.602 Fe Il
1550.085 Fell
1559.706 Sil
1560.309 (|
1560.6582 (|
1560.709 (|
1561.340 (|
1561.438 (|
1562.002 Sil
1563.790 Fe Il
1564.612 Sil
1656.267 (|
1656.929 C1
1657.008 (|
1657.379 (|
1657.907 (|
1658.121 (|
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the splot procedure within IRAF on the wvisible spectra taken at MeDonald
Obzervatory (see Chapter 2). These EW's were uzed to derive abundances
with MOOG?, Classical line damping parameters were used, that is, classical
natural line broadening was assumed, as well as Unsold’s approximation for
the Van der Waals broadening, while Stark broadening was neglected. The
abundances derived using the Stark broadening value from VALTD are similar
to those derived by neglecting that broadening.

Tables 4.4 and 4.5 show the observed EW of each spectral line (with its
uncertainty, derived from the uncertainty of the observed flux) and the abun-
dance (log ex ) derived using model parameters from different sources: Qiu et
al. (2001), Przvhilla { 2002), and ours (in which we have used a microturbulence
from Castelli & Kuruez 1994 hased on previous spectroscopic works: 2 km s—1).
The mean difference of ~ 0.1 dex between iron abundances derived from Fel
and Fe 1l lines is possibly due to NLTE effects in the formation of the former.

Uzing the abundances obtained from optical spectral lines, we derived the
mean abundance of each element, shown in Table 4.6 with its total uncertainty
including the standard deviation and the uncertainties in the line-based abun-
dances due to T g [QEEDfé;I{j and to log g (assumed 3.98 £+ 0.1). The latter
uncertainties are in the range 0.01-0.07 dex and 0.01-0.06 dex, respectively. In
the same table, we show the original abundances found in the literature using
the corresponding stellar parameters and, for C and Si, the values that we de-
rived from the analysis of the UV spectrum. Besides, solar abundances from
Grevesse & Sanval (1998) are shown.

We can see from Table 4.6 that C, N, and O abundances for Vega are similar
to those of the Sun, while Mg, Al Si, Ca, Cr, and Fe abundances are between
—0.3 and —0.7 dex compared to the solar ones. This is consistent with previous
studies (Iliji¢ et al. 1998), and suggests that Vega is a mild A Boo star.

3To obtain a copy of the latest version (2002} of MOOG via fip, see Chris Sneden’s Web
site at http:/ verdias. utexas.edu/moog. html
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TaBLE 4.4— Chemical abundances obtained from spectral lines in the visible region.

Equivalent log ey with log ey with log ex

Wavelength Width Parameters from Parameters from  with Our

Ion (A (mA) Qiu et al. (2001) Przybilla (2002) Parameters
C1I BO52.17 33+4 8.37 5.44 547
53580.34 2043 8.30 8.37 5.39
622812 T+2 .25 8.32 5.34
T111.47 17+5 8.35 5.42 544
7113.18 2342 8.19 5.26 5.28
711517 2342 8.34 5.41 544
7116.99 21432 5.28 5.35 537
NI T423.64 20.54+3 .11 5.12 512
T442.30 3443 5.08 5.08 5.00
7468531 4244 &.05 5.04 5.05
01 5320 681 2344 B.77 Nl N
f158.19° 5ET+3 .51 2.70 580
Mgl 4167273 2043 7.10 7.19 7.22
4702.99 30+3 6.96 7.04 7.07
5183.60° 122542 7.40 7.31 7.35
R52E.41 2542 6.92 7.00 7.03
Mg II 4427.99 5+2 G.88 6.87 6.87
4433.99 1242 5.97 6.95 6.95
AlIID 4663.05 4542 5.81 N N
Sill 4128.07 5A+4 T.02 6.97 6.96
4130.89 Ga+4 6.85 7.04 7.04
6347.11° 11444 7.63 7.49 T.42
6371.37 S0+3 7.30 7.22 7.23
Cal 4226.73 5813 5.62 5.71 5.76
Crl 5206.02 11+2 5.24 5.35 5.39
h205.42 1542 5.26 5.37 541

IThis is a set of several weak OI lines according to the line list taken from
SYNPLOT. However, Przvbilla (2002) seems to take an effective gf with the
central wavelength of the table, which is what we have used

2Comparing the computed triplet with the ohserved "line”

3Using the log gf from Qiu et al. (2001, —0.79); when using the log gf of
Przybilla’s PhD Thesis (2002, —1.71), a value 0.92 dex higher is obtained
{Important NLTE effect

"The abundances nsing damping parameters from VALD are very different, so
we have not used this line to derive the abundance of Si
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TaBLE 4.5— Chemical abundances for Fe obtained from spectral lines in the visible region.

Equivalent log ey with log ex with log ex with
Wavelength Width Parameters from Parameters from  with Our
Ton (_fkj (m_fkj Qiu et al. (2001) Przybilla (2002) Parameters
Fal 4187.04 11+2 6.74 6.84 6.87
4187.79 16+3 6.92 7.02 7.05
4202.03 3143 6.29 6.97 7.01
4404.75 53.5+3 6.81 6.84 6.58
4459.12 T+2 7.06 7.16 7.19
449456 542 6.99 7.08 7.13
4736.77 5.5+2 7.04 7.14 7.7
532418 1542 7.02 7.11 7.14
B367.47 542 6.29 6.95 7.01
5369.96 1242 7.02 7.10 7.13
5383.37 1442 6.92 7.01 7.04
5410.91 942 7.00 7.08 7.12
5569.62 5+l 6.94 7.03 T.07
B572.84 T+2 6.85 6.95 6.98
BE86.76 11+2 6.95 7.05 7.08
5615.64 1342 6.94 7.03 7.06
Fe II 4173.47 61+3 7.01 6.94 6.95
417887 5O+3 6.93 B6.86 6.87
4233.17 10344 7.45 7.15 T.A7
4303.17 42.545 6.82 6.80 6.51
4351.76 7345 6.88 6.74 6.76
4385.39 4544 7.06 7.03 7.04
4491.40 3943 6.29 B6.88 6.80
4508.29 5a+3 7.13 T7.07 7.09
4515.33 5044 6.73 6.75 6.76
4522.62 7145 6.88 B6.76 i
455588 61.5+4 6.92 B6.85 6.86
4576.33 2744 6.87 6.88 6.50
458283 20.5+3 6.87 6.85 6.80
4583.83 93+5 T.18 6.94 6.95
4620.51 14.54+3 6.80 6.82 6.53
4629.34 56+3 6.82 6.76 i
4656.97 11+3 7.09 7.12 7.13
4923.92 118,545 7.37 7.06 7.08
501545 128,543 7.55 7.24 7.28
5169.00 13443 7.31 T7.01 7.05
5197.57 hd+4 6.81 N 6.78
5234.66 B0+5 7.11 7.04 7.05
R276.00 G4+5 6.86 6.78 6.79

7711.73 12+3 G6.70 6.72 6.73
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TaBLE 4.6— Chemical abundances obtained from spectral lines in the visible compared with
those from the literature, from the TV region, and for the Sun.
log ex with log ex with log ex with log ex for
Parameters from  Parameters from Our the Sun, from
Ion Qin et al. (2001)  Przybilla (2002)  Parameters Gsos!
I
mean 8.30£0.08 8.370.08 &8.391+0.05
literature 8.46+£0.13 5.23+0.11 5.52
UV continmum 8.55 foa
NI
mean 2.08+£0.03 2084004 E.0940.04
literature 2.00+£0.02 T.69+0.06 (NLTE] 7.02
01
mean B.79+£0.03 B.78+0.02 8.78+0.02
licerature 9.01+0.14 857005 (NLTE) 5.83
Mg 1
M&ean 7.10£0.22 7.1440.15 T7.17+0.16
literature 6.81 (1 line) T.02+£0.06 (NLTE) 7.58
Mg II
M&an 6.924+0.06 6.914+0.06 6.914+0.06
literature 6.690.05 T7.02+0.03 7.58
AlIl
mean (1 line) 5.81+£0.03 5.77+0.03 5.77x0.03
literature — 5.84 (1 line) 6.47
5111
mean T.06+£0.23 T.08+£0.13 T.0E+£0.14
literature 6.960.06 6.944+0.05 7.5h
UV contimmm 6.65 Y000
Cal
mean (1 line) 5.620.09 5.71+0.09 5.760.09
literature 5.41+0.09 5.67+0.11 6.36
Crl
mean 5.254£0.06 5.36+£0.08 5.404+0.06
literature 5.1940.17 (CrII) 5.1240.04 5.67
Fal
mean 6.94+0.11 T.03+£0.11 T.06+0.11
licerature 6.94+0.12 6.960.08 7.50
Fe I1
M&ean 7.00+£0.23 6.91+0.15 6.9240.15
literature 6.03+£0.13 6.97+0.12 (NLTE) 7.50

'Grevesse & Sauval (1998)



The study of Procyon’s spectrum
using classical model atmospheres

IN this chapter we study the star Procyon to derive some physical parame-
ters and chemiecal abundances using classical model atmospheres. This is the
most luminous star in Canis Minoris, with & V magnitude of 0,363 £ 0.03 mag
and a color index B-V = 0,421 + 0.003 mag, as derived from 13 measurements
extracted from SIMBAD. It iz a subgiant star a hit hotter than the Sun, ac-
cording to its spectral type: Fh IV-V (Gray et al. 2001), although it is vounger
than our star. It also has a white dwarf companion.

In §5.1 we compute the most abundant ions present in the atmosphere of
Procyvon in order to derive the most important contributors to the continuum
opacity. In §5.2 we have used low-dispersion wisible, near-IR and near-UWV
spectra (in regions where the continuum opacity due to elements different to H
i= not relevant, and fixing the surface gravity and the metallicity) to derive it=s
effective temperature and angular diameter. To achieve this, we have calculated
the flux obtained using Kuruez's model atmospheres in SYNSPEC for each set
of parameters and have matched these spectra to that observed. To see the
relevance of the result, we have compared our parameters with those from other
authors and have compared the gravity obtained using our derived angular
diameter and the mass from the literature with our fixed gravity. We hawve
also compared medium-resolution spectra with that obtained using our hest-
fitting parameters in some visible regions randomly zelected. In §5.3 we hawve
fixed the angular diameter derived before and have used the Kuruez's model
atmosphere with our best-fitting parameters, changing the abundances of the
chemical species that contribute most to the continuum opacity, to match the

51
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computed to the observed spectrum in the region where they contribute most
in the near-UV range. We have also estimated the effect of a change in the
effective temperature and in the iron abundance on the flux. In 5.4 we have
derived some chemical abundaneces (those derived in the section before and some
others) from spectral lines in the visible range and have compared the result
with that obtained in the section before and with the literature.

5.1 DMain contributors to the continuum and line opacity in

Procyvon

The analysis protocol followed with Procyon A is very similar to that used with
Vega. A= a preliminary step, lon abundances for the 30 first elements in the
first three states of lonization were computed using the first model parameters
proposed by Allende Prieto et al. without 3D atmosphere simulations (2002;
Teg=6512 K, and log g = 3.96 in cgs units) and Saha and Boltzmann equations.
At this point we simply assumed solar photospheric abundances |Grevesse &
Sauval 1995} when calculating the flux with SYNSPEC, except for Fe, for which
we adopted [Fe/H] = —0.05 (Allende Prieto et al. 2002) and therefore [M/H]
= —0.21 (see the discusion in chapter 2.

Mext, we computed synthetic visible and near-UV spectra including con-
tinuum opacity produced by only H and each of the most abundant ion= in
Procvon. We studied all the ions with abundances relative to H larger than
1075 Herl, C1, N1, O1, Nel, Nati, Mg1, Mgir, Al1, Si1, 81, Ar1, Ca1n, Fel, Fen
and Nil. By comparing the spectra derived including continuum opacity due
to H plus any given ion to that obtained including only neutral H continnum
opacity, we estimated the contribution of each ion to the continnum opacity of
the ohserved fluxes. This is illustrated in Fig. 5.1 for the most important con-
tributors. At wavelengths longer than about 2150 A, nentral hvdrogen, the H™
ion, Fel and Mg1 dominate the total bound-free opacity, and at wavelengths
longer than about 3000 A only the H ions are important. At shorter wave-
lengths, there are more ions contributing besides H, H™, Fel and Mg 1, namely
C1, 811, Caland AllL

5.2  Estimation of effective temperature and angular diameter

As we did in an earlier chapter with Vega, we have fixed in our first caleula-
tions the gravity and metallicity values to those given by Allende Prieto et al.
(2002; log g = 3.96 and [Fe/H] = —0.05, so the metallicity of the model atmo-
spheres used is [M/H] = —0.21, according to chapter 2) and have attempted
to determine the effective temperature and angular diameter from comparisons
of computed fuxes with the observations in the near-UV, optical and near-IR
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Fiourg 5.1— Relative difference between the Hux computed taking into account neutral H
and each jon X explicitly (F(2,H)) and the flux obtained by just taking into account neutral
H explicitly (F{H)). The change in neutral H opacity is alse considered in the line labeled
as H™, because the number of protons is constant, and therefore the abundance of neutral H
diminishes when including H=.
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regions. This can be achieved by comparing the computed emitted flux from
Kurucz model grids (which have log g, [M/H] and T g as independent parame-
ters), transformed to computed received flux by using the angular diameter, to
the observed flux. We have searched a region where metal abzorption is modest,
which allows us to study these two parameters fairly independent of the details
of the chemical composition.

We minimized the v statistics by using the Nelder-Mead simplex algorithm
and computed a grid of Auxes based on Kuruez's model atmospheres (=ee chap-
ter 2) with T g running between 6530 and 6630 K. We matched selected spectral
regions, excluding the segments where special difficulties exist. In particular,
the spectrum between 3800 and 5300 A was discarded becanse we were unahle
to match it to the observed spectrnm, and the region below 3200 A was also
discarded because of Important hound-free absorption due to metal ions (see
Fig. 5.1). Then, we divided the total range into three regions identified in Fig.
5.2: from 3200 to 3800 A, from 5300 to 6500 A and from 6600 to 8800 A. For
the statistics, we used the same weight for each of these regions (because the
uncertainty of the observed flux in these regions is similar), obtaining for the
best fit: T.g = 650015% K and D,,, = 5.47 + 0.08 mas, with a total standard
deviation of 1.45 %, being daues = 1.35 %, Tpaps = 1.31 % and ggggs = 1.70
% the standard deviation from 3200 to 3800 A, from 5300 to 6500 A and from
6600 to 8800 A, respectively. The error bars of our estimates were derived
by perturbing our best-fitting parameters until the flux variation exceeded the
arror bars assigned to the ohserved spectrum: 3 % of the observed flux. The
parallax measured by Hipparcos is very precise: I = (285.93 + 0.88) = 10—
arcsec, 20 Its derived distance iz: d = 3.497 + 0.011 pec. Using the distance
value from Hipparcos and our angular diameter, we obtain B = 2.0566 £ 0.0158
E.. If we introduce the mass from Allende Prieto et al. (2002), we obtain the
following, gravity value: log g = 3.96 £ 0.06, which is totally consistent with
the assumed value. A comparison between the spectrum computed with these
parameters and the observations is shown in Fig. 5.2.

In Table 5.1 it is shown that the angular diameter that we obtain is com-
patible with all the other measurements from the fit. Some comments are
necessary about the measurements of Teg. The value obtained using the IRFM
i= compatible with our result. The other two measurements (both based on the
bolometrie lux and the angular diameter) are also compatible with our result,
but are just in the edge of our error bars. However, the bolometric Hux used
by Allende Prieto et al. (2002) and Kervella et al. (2004) (Fpop = 15.20 £
0.43, in units of 10~° erg em~? =—!) is taken from Fuhrmann et al. (1997),
where three of the four measurements are relatively old and possibly not too
accurate. Besides, if we use the angular diameter by Kervella of al. (2004),
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5.2. Estimation of effective temperature and angular diameter

TaBLE 5.1— Parameters for Procyon according to the literature.

Reference T (K) Dyone (mas)  [Fe/H] (dex])

Allende Prieto et al. (2002)T 6530 £ 40 551 + 0.05 —0.05 + 0.03
AAMOG 6579 + 100 - —0.05

Kervella et al. (2004)3 6530 + 50 545 + 005 —0.05 + 0.03
This work 6500151 547 + 008 —0.05

TAngular diameter measured using optical interferometry by Mogurkewich et al, 1901y Toe
obtained using the earlier angular diameter, the weighted average of the bolometric fluxes
from Fohrmann et al. (1997 and detailed 3D stellar atmosphere simulations.

?Alonso, Arribas & Martinez-Roger (1996): using the IRFM to calibrate the absolute flux of
stars with direct measurements of angular size

*Angular diameter using interferometric messurements obtained with the VINCI/VLTI
instrument. Teg and [Fe/H] taken from Allende Prieto et al. (2002),

then T.g would transform from 6530 to 6566 K, quite clozer to the value that
we have obtained.

It is also important to take into account the correction in radius and Teg
that results when using three-dimensional simulations, due to the different limb-
darkening correction (LD) obtained. The LI} correction is a scale factor, which
depends on the model used, between the angular diameter obtained from the
vigible data assuming a uniformly bright stellar disk and the actual angular
diameter corresponding to a physical diameter (see e.g. Davis, Tango & Booth
2000). For instance, Allende Prieto et al. (2002) find that the different LT
obtained when using 3D simulations result in a decrease on the angular diameter
and an increase in Teg for Procyon. This fact could also have some effects on the
spectral energy distribution, and could explain (at least partially) the unability
for the model atmospheres to reproduce the spectrum in some regions, such as
from 3800 to 5300 A.

A medinm-resclution spectrum of Procyon between 3200 and 3800 A has
been computed, using the resolving power of the near-UV atlas (see Appendix).
The Kuruez {1992) model atmosphere used had T.g = 65090 I, log g =3.96 and
[M/H] = —0.21 (taken to be consistent with the abundance of Fe derived from
spectral lines), but we used solar abundances for the other elements. We have
compared the computed spectrum (using D, = 5.47 mas) with the near-UV
atlas in three 40 A-wide regions randomly selected between 3200 and 3800
A, where contimum opacity is mostly produced by H ions and is within the
limits of the atlas. The standard deviations between the computed and the
observed spectra are: 4.2 % in the region centered at 3314 A, 6.1 % in the
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line) in the near-IR, the visible and the near-UV, using the parameters of the best fit, that is,
T.g = 6500 K and Dang = 5.47 mas. The regions used for the fit are marked with arrows,
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region centered at 3619 A and 4.0 % in the region centered at 3756 A, so the
synthetic spectrum reproduce the medinm-resolution observed spectrum quite
well. Fig. 5.3 compares the computed and the observed fluxes in the three
regions.

5.3  Estimation of chemical abundances from the UV continuum

In Section 5.1, we concluded that Mg and Fe were the most important contrib-
utors to the UV continuum opacity for wavelengths over 2150 A for a star like
Proevon. With the adopted atmospherie parameters (gravity derived from the
Hipparcos parallax and both T and Dagg from fitting the optical and near-IR
flux), we now attempt to constrain the abundances of these elements from the
IV flux. We caleulated svnthetic spectra from 2200 A to 3000 A. We considered
Mg abundances between [Mg/H| = —0.4 and 0.4 and Fe abundances hetween
[Fe/H] = —0.45 and 0.35 dex, to determine the Mg and Fe abundances.

The best fit to the observations is obtained for [Mg/H] = 0.001 535 and
[Fe/H] = —0.04 + 0.17, with o, = 10% when using wavelength regions where
there are no problems to mateh the synthetic to the observed flux: from 2290
to 2350 A, from 2580 to 2650 A, from 2720 to 2770 A and from 2860 to 2920
A. When using the complete region between 2200 and 3000 A, the best fit is
obtained for [Mg/H] = 0.00737 and [Fe/H] = —0.16 + 0.17, with s = 20%,
and therefore the fit is much worse and we consequently prefer the other values
as the abundances obtained from the continnmum. The error bars take into
account the uncertainty in the ohserved flux, estimated as 3%, in the regions
with higher sensitivity to changes in the parameters, and the uncertainty in
T.g. The regions used to find the errors in the abundances derived from the
uncertainty in the observed flux, are: from 2200 to 2400 A for Mg and from
2650 to 3000 A for Fe. We find the following uncertainties: 1015 for the Fe
abundance and 77" for the Mg abundance. The regions used to derive the
abundance errors obtained from the uncertainty in Tog were: from 2650 to 3000
A for Fe and from 2250 to 3000 A for Mg, obtaining the following uncertainties:
+o14 for the Fe abundance and 737 for the Mg abundance.

We have also estimated the effect on the flux of a change n T.g and in Fe
abundance (compatible with metallicity). In Fig. 5.4 we show the comparison
of the observed flux from the near-UV atlas (see Appendix), the computed flux
using the parameters recently obtained (T.g = 6590 K, log g =3.96, [M/H| =
—0.21 and Dyye = 5.47 mas) and the computed flux using an iron abundance
0.2 dex higher and T.g 100 K lower. An almost uniform increase in the flux
difference is shown when using a model atmosphere with Tog 100 K lower.

The flux difference is positive for some wavelengths and negative for others
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Ficure 5.3— Comparison of the observed fux (solid line) from the near-UV atlas of Procyon
and the synthetic flux (dotted line) at medinm resolution, using the parameters of our best fit,
that is, Tog = 6500 K, log g = 3.06 and [M/H] = —0.21 for the Kurucz's model atmosphere and

Diapg = 5.47 mas. We computed the fin using the program SYNSPEC with solar abundances,
except for Fe, for which [Fe/H] = —0.05 was used.



5.4. Estimation of chemical abundances from spectral lines 59

0.6 i ' ' T ! -I'. T T T T T T T
0.4 = i 4 rlllll' I:Ik'- ‘I —
TEN. - B o
U. 2 ﬁl‘ II'. ‘III:_; III.‘:':W LJ.EI'; i II[ \| '-;I":!Fﬁ. ML ‘I.::IIII'.' f- 11:| |ﬂl|,llh' I‘I""l "-J'-r-'ﬁ."_-
|% 0.0 l[f "\{‘l W]J‘lqa If:%kl i |]|l ‘ 1:_‘%4" ; If""'lrb_ill‘ﬂ:;'ml Ellu ﬁ"i H‘,_f“ﬂll Jmﬂm}
: a FLR I FrrE )
[ ' ﬁl;t 1 l[ " ]
-0.4 [r JJ * n[ |
S 7 i
0 I "a (E;,‘éffcﬁh%xk-‘gbg B

-080 . . . . L .

2400 2600 2800
Wavelength (A)

Ficure 5.4— Relative flux difference {observed flux minus synthetic flux all divided by
observed flux) between the observed flux and three synthetic fluxes: using the parameters
of the best fit (that is, Teg = 6500 K, leg g = 3.96, [M/H] = —0.21, solid line), using Fe
abundance 0.2 dex higher {dotted line) and using Tz 100 K lower (dashed line).

when using an iron abundance 0.2 dex higher, increasing the difference between
maxima and minima in Aux.

5.4 Estimation of chemical abundances from spectral lines in
the visible range

We calculated again the chemical abundances of this star from its spectral
lines in order to guarantee that the analvsis is fully consistent with our UV
study. The following ions have been studied: Cr1, Mgi, Cri1, Cri, Mnl and
Fe 11. We measured the equivalent width (EW) of lines from these species from
the photometric atlas of Procyon by Allende Prieto et al. (2002). These EW's
were used to derive abundances with MOOG. The abundances from each line
are shown in Table 5.2. Line data (excitation potential and log gf) were taken
from the line list distributed with SYNPLOT (and compiled by Kuruez), except
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for Fe lines, for which line data were adopted from Allende Prieto et al. (2002).

The abundances derived from spectral lines and the UV continnum are
compared in Table 5.3 with those from the literature. It is shown that the
abundances derived from the UV continuum are compatible with the abun-
dances obtained from visible spectral lines. Besides, the abundances that we
obtained from spectral lines are compatible with most abundances derived by
other authors.
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TaBLE 5.2— Chemical abundances ohtained from spectral lines in the visible region. For
Fel, the number of lines is a0 high that we have not included it.

Ion  Wavelength (A) EW (mA) log ex

CI 052,170 7.4 8.70
53E0.340 555 2.60
Mg I* 4571.096 G6.4 T7.63
4702.991 204.5 7.95
4730.029 446 7806
HR25.405 185.3 .82
AT11.088 52,9 7.50
crI® 204 506 153.0 593
409,771 113.1 5573
Cr IT° 458%.199 1114 5.66
4615.803 108.5 5.80
4824127 111.5 552
h237.329 827 5.57
Mn I* 4754.042 1015 5.58
4765.846 h&.2 5.37
4766.418 73.9 5.42
4783.427 109.3 5.61
Fe ITI" 4576.33 102.1 7.51
4620.51 812 7.39
4620.34 1308 7.40
h234.62 124.5 7.49
526420 T0.1 7.54
5414.07 44.3 7.306
hR2R.12 22 7.43
IThe lines used for Vega that are within the range of the spectrum by Allende Pristo et al.

{2002)

Mot blended lines with EW's larger than 30 mA and smaller than 200 mA with wavelengths
between 4500 and 6000 A

"Wot blended lines with EW's larger than 70 mA with wavelengths between 4500 and 6000 A
Mot blended lines with EW's larger than 50 mA with wavelengths between 4500 and 5000 &

"Lines from Allende Prieto et al. (2002) with EW < 200 mA
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TaBLE 5.3— Chemiral abundances relative to the Sun (logarithmic units) obtained from
spectral lines in the visible region and from the UV continunm compared with the abundances
from the literature,

LL&T?

E93° K

Ion This work  KS22!  Steffen (1985)
CI
lines 0.13£0.07 - —0.03 - -
Mg I
continuum .00 fg:gz - - - -
lines 0.21+0.13  —0.04 0.07+0.13 —0.2440.10  0.07
Crl
lines 0.16+0.14 —0.10 —0.03+0.07 —0.114+0.20 -
Cr 11
lines 0.0440.12 0.03 —0.01+008 —0.034+0.24 -
Mn 1
lines 0114012 —0.19 0.0040.10 0.174+0.23 -
Fel
contimuum  —0.0440.17 - - - -
lines —0.064+007  0.03 0.06+0.07 0.444+0.20 —0.08

TKato & Sadakane [1082)
*Lane & Lester (1087)
*Hdvardsson et al. (1993)

K ato, Watanabe & Sadakane (1906)



The study of Vega's spectrum using
rapidly rotating stellar models

IN this chapter we study Vega using rapidly rotating stellar models in order
to determine some of its physical parameters and to re-derive several chemi-
cal abundaneces. In §6.1 we introduce the theory of the rapidly rotating stellar
models that we have used and how to caleulate the flux using different stellar
parameters. In §6.2 we derive preliminary stellar parameters of Vega (the in-
clination of the rotational axis with respect to the line of sight and the polar
temperature] fixing the other parameters necessary to compute the flux: the
metallicity of the model atmosphere, the angular diameter, the projected rota-
tional velocity, the microturbulence and the chemiecal abundances fixed to the
values obtained using classical non-rotating models (except for He), and the
mass of a typical AD V star. The derived parameters are obtained by match-
ing the computed flux to that observed in the vicinity of 6 lines of different
elements separated in wavelength. In 56.3 we derived the metallicity and the
microturbulence velocity using 6 spectral lines of Fe. The projected equatorial
velocity is also ealenlated averaging the values of the best fits. In 56.4 we fix the
parameters obtained in the section before and, matching the computed flux to
the same 6 lines as in 56.2, we caleulate the abundances of the elements of the
lines, the inclination of the rotational axis and the polar temperature of Vega.
In 6.5 we compare the parameters obtained in this chapter with those from
the literature using non-rotating stellar models. We compare the abundances
not only with respect to hydrogen but also with respect to iron, because a rel-
ative value of abundances will be more consistent for comparisons. Finally, we
tryv to determine the mean observed effective temperature of our rapidly rotat-

63
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ing star and compare the abundances ohtained using non-rotating medels with
this effective temperature to our abundances obtained using rapidly rotating
models.

6.1 HRapidly rotating stellar models

We have developed a procedure to compute the flux of a star accounting for
deviations from spherical symmetry due to rotation. We have adopted the
same assumptions as Pérez Herndndez et al. (1999). The angular rotational
velocity is considered constant which, although an important simplification, can
report accurate results. The gravitational potential is assumed to be that of a
point with the same mass, which is almost certain for the outermost layers of
a star. According to that, the surface of the star results to be a Roche surface,
simplifving the modeling of the stellar configuration.

The integration of the specific intensities projected onto the line of sight
over the part of surface of the star visible to the observer gives the flux for each
wavelength, The following parameters are defined:

o The normalized angular rotational velocity of the star w, defined as:

, = 52 6.1

where the angular velocity of the star is @ = vaquat /Requat and the critical
angular velocity is defined as:

[5GM

=1\ 2my

(6.2)

where M and By represent the stellar mass and polar radius, respectively.
1. is the angular welocity for which the centrifugal force and the gravi-
tational attraction are balanced at the equator, and therefore w < 1 for
any stellar configuration. The factor 8/27 comes from the fact that, for a
star rotating at the eritical veloeity, the centrifugal foree at the equator
is just compensated by the gravity, that is,

M (6.3)

2
ﬂc Requat = RE
eduat

which alzo implies Roquat = 1.5 Ry, as explained by Collins (1963). For
Vega, we used the Hipparcos parallax (IT = 125.93 £+ 0.55 mas, leading to
a distance d = 7.76 & 0.03 pe) and the angular diameter obtained using
non-rotating models by our group (D, = 3.27 + 0.05 mas; see chapter 4),
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which is consistent with most values from the literature (see comparison
in the same chapter), to obtain R,ya = Dapg(rad)-d/2 = 2.73 £ 0.05 R,
although a typical A0 V star has Requat = 1.87 Ry (Gray 1992). In this
equation, we considered that the observed size is the equatorial diameter,
which is a good approximation, since we see Vega almost pole-on. We
took the mass of Vega as that of a typical AD V star: 2.40 M (Gray
19492) and ealeulated the polar gravity from its relation with mass and
polar radins: _
Gpolar _ M/Mg,

o] zf'fl:':.;gg-'~
The fact that Requar derived from the parallax and the angular diameter
s quite larger than that of a typical AD0 V star is what is expected for
a rapidly-rotating star. The relation between the observed Roguae and
the radius of a typical non-rotating A0 V star is ~~1.46, a bit lower than
Requat_x"Rp for the critical velocity. It is reasonable that Ry does not change
with rotation. Assuming this, the actual relation between both R, '8
suggests that Vega is a rapidly-rotating star with a rotational wvelocity
close to the critical one.

(6.4)

¢ The relative radius, defined as:
2(#) =r(8)/Rp, (6.5)

where # is the colatitude (see Fig. 6.1). For a Roche surface:

r(f) = cas{%[w + arms[ursinﬂj]}. (6.6)

wsind

¢ The effective gravity gn.
Under the assumptions of constant angular velocity and approximating
the gravitational potential by that of a mass point, the effect on the
hydrostatic equilibrinm equation is to replace the gravitational potential
by the effective potential
GM 1 _,

P T o v 2 T -
i ) Zﬂ r*(8)sin®g. (6.7)

Using the definition, we derive the gravity and define the effective gravity:
Op . 10 Ayun? 1 fauN?  GM
B = |—grad(t)|| = || -——I—=—0|| = | — = =] = —=—g.lf).
g(8) = | —grad(z)| H IR H (ar) +r2(39) 2 9alf)
(6.5)
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Fiourg 6.1— Spherical coordinate system used in the text.

From Eqs. 6.5, 6.7 and 6.8, g, results to be:

8 [¢a7 z
= — [ = — y?ysin? 2 g2
Gnld) 2?1'{ (STE w?rsin E') + (w?z cosd sind)=, (6.9

¢ The normalized effective temperature is finally defined as:

_ Ti(8)
= 2

polar

th(8) , (6.10)

where the effective temperature Tog(#) is defined by the Stefan's law: F =
o T4, where F is the bolometric emergent flux per unit area and o is the
Stefan-Boltzmann constant. If we assume radiative equilibrium and the
diffusion approximation (Tassoul 1978), the gravity-darkening law (firstly
enunciated by von Zeipel 1924 for a uniformly rotating star) states:

Foc Togt o g. (6.11)
For stars with convective envelopes (Lucy 1967), the law is given by:
Fox Tog? o g™, (6.12)
We can use a general law of the form:

F =oTg' =Clw)g®, (6.13)
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where Cfw) and the gravitv-darkening exponent [ are constant for a given
rotating star. J ~ 1 for a star with a fully radiative envelope, as occurs
in stars with log(T.g) = 3.9 and then we will use 3 =1 for Vega. From
Eqs. 6.8, 6.10 and 6.13, since t, and g, are normalized to be 1 at the
pole, so there is no w dependence, we obtain:

t2(8) = g.(0). (6.14)

Making use of these definitions, we proceed to derive the luminosity of the
star. In Eq. 6.13, the constant C'{w) can be expressed in terms of the intrinsic
luminosity, L, by using Stefan's law, F = aT?%;, and noticing that L is the
integral of F' over the stellar surface:

L= FdA = o [w d AL 6.15
L o ouLg (6.15)

Henece: L .
Ciw) = E[Lgd!{} . (6.16)

Here the integral is over the whole surface of area A. All the integrals were
caleulated numerically using an IDL procedure which integrates by the com-
posite trapezoidal rule. A test integrating with a Newton-Cotes formula with &
points (ini_tabulated routine of IDL) was made, obtaining, almost identical re-
sults. Twenty equidistant values were nsed for each angle: # and the longitude
in spherical coordinates, .

By integrating over the Roche surface in Eq. 6.16 and using Egs. 6.10 and

6.13: -
O™

L = 4moR;T;

polar

1o %wzﬂsinzﬂdr‘msgj' (6.17)
Then, we calculate the specific intensity I, using the program SYNSPEC with
Kuruez's model atmospheres for different angles using the log g from Eq. 6.8
{caleulating g, (#) from Eq. 6.9) and T_g from Eq. 6.10.

The radiation emitted per unit frequency per steradian in the direction defined
by the angle from the rotational axis { is then computed in the general case by
the expression:

L(w,i) = [ L(a)lulda, (6.18)

where p is the cosine of the angle between the line of sight and the normal to
the surface. For a Roche surface:

lg-i (1— Zw®z®) sin i sin @ cos ¢+ cos i cos @

q T2

I (6.19)
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where i is a unit vector in the direction of the line of sight, and therefore:

T/2 e
Lo(w,i) =2R§L L I,(8, @27 (8)sinf f (8, ¢)dodap, (6.20)

where

Suwz? (@ )sindeosd

Fl#, @) = sinfsinicosg 4 cosfeosi — 77— RuP3(8)sinZ0

(#inicosgonsd — sinfeosi),

(6.21)
where we have used the formula from Collins (1965) for a uniformly rotating
Roche surface.

We also take into account the wavelength shift due to the projected rota-
tional velocity:

s

viw,d, d,i) = —w Imjb"‘ %sin # sin @ sin 1. (6.22)
i

The computed emitted spectrum is finally transformed to received spectruim at

the Earth using the following formula:

&

h=Tx

L {w,i), (6.23)
where the 1/d% factor comes from the transformation from emitted to received
flux and the ¢/ A% comes from the transformation from flux per wavelength unit
to flux per frequency unit, since c=A - 1:

c

Il}'dr}l = I|,ad.if = _]:|,a },_2

dA (6.24)
We normalized the computed fluxes dividing by the flux calibrated spectra in
order to match them to the high-resclution ohservations. In addition to the ba-
sic atmospheric parameters (effective temperature, surface gravity, and overall
metallicity), the abundances of particular elements {whose ratio to iron may
differ from solar) may affect the spectral energy distribution in the UV because
of their contimium opacities (see chapter 4), so our caleulation of physical pa-
rameters is limited to spectral lines and contimmm with A > 3000 A.

6.2 Preliminary calculation of stellar parameters

First of all, we made several tests to caleulate preliminary parameters: the
inclination of the rotation axis with respect to the line of sight and the polar
temperature of Vega. For this purpose, we selected a group of 6 spectral lines
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with a wide range of equivalent widths, but not too weak and not too deep;
and covering a wide wavelength range with no important blending. The first
condition is important because the effect of rapid rotation is different in wealk
and in strong lines, as described in §1.5. The second condition is also important
because the effect on the observed flux of a fast rotator seen pole-on depends
on the wavelength of the emitted flux, as seen al=o in §1.5. Thus we are not
introducing systematic effects due to the EW or the wavelength. Besides, these
lines are also nsed to find chemical abundances in this section, so we are neither
interested in too weak nor in too strong lines, since abundanecss obtained from
weall lines have large error hars due to noize in the observations, and some very
strong lines are affected by departures from LTE, an effect not considered in
our models. We also need lines without blending. Moreover, we have ineluded
a line (Call AJ158.87 IELJ in the region where the effect of rapid rotation in the
continuum is most important according to Gulliver et al. (1994). The lines
chosen are shown in Table 6.1. We used classical damping parameters and
oscillator strengths from Preyvbilla (2002), except for Fe lines, which were taken
from Allende Prieto et al. (2002).

The metallicity used in these first model atmospheres was [M/H] = —0.7,
which is similar to the wvalues obtained in two modern independent determi-
nations: Fitzpatrick & Massa (1999) ([M/H] = —0.73) and Qiu et al. {2001)
(log €pe1 = 6.94 and log epayp = 6.93, so [M/H] = —0.73 or —0.74), using the
relation [M/H] = [Fe/H] — 0.16 from chapter 2. We also used the solar He
abundance according to Grevesse & Sauval (1998): ey, /e = 0.085, while for
Furucz (1992) models: ep./ey = 0.098. For the angular diameter, the value
obtained with non-rotating models in chapter 4 was used: D, = 3.27 mas
{eompatible with most values from the literature).

We have started by comparing the computed fux using a non-rotating model
with the parameters of the best fit and the abundances from spectral lines found
in chapter 4. The comparison is shown in Fig. 6.2, It provides a very poor fit
for the Call line at 3158.87 A, where the computed flux is 4-5% higher than
the observations, in good agreement with the results found by Gulliver et al.
(1994). The other computed lines are somewhat lower than the observations
by 1-2%.

The high-dispersion computed fux [F];;gn]fpmed
ized by the observed low-resolution flux [FI§%_ . (absolute)] around the line

]
centered at it, obtaning F];ﬂpuwd[mean observed = 1). The high-resolution

spectrum [F];Li];wed(cantinuum = 1)] is already normalized, but forcing the es-
timated local continuum to be 1. In order to compare it to the computed
flux, we need to normalize it dividing by the flux around the line when de-

{absolute)] has been normal-
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Fiocure 6.2— Comparison of the normalized high-resolution observed flux (solid lines)
around 6 spectral lines (Call A3158.87, Fell A4583.83, Fell A5160.03, O AG158.10, Sill
A6371.37 and N1 A7442.30 A), the low-resolution cbserved flux normalized at the center of

each line (dashed lines) and the synthetic flux (divided by the ssme normalization constant)
for the best fit to the observed one using non-rotating models (dotted lines), taken from chap-
ter 41 Tog = 9620 K, log ¢ = 3.08 and [M/H] = —0.7. We have applied a rotational profile
to the computed fux with § = 00 degrees, tequae - 50§ = Vaguar = 23 km s~ (Gray 1980),
Vpyrry = 2.0 km 5! {(Castelli & Kurucz 1994) and a Gaussian profile with FWHM = 0.2 A,
according to the spectral resolution of the observed spectrum.
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TaBLE 6.1— Lines used to caleulate the abundances and parameters (i and Tpear) of Vega.
Ion  Wavelength (A) EW_. (mA) Abundance (log ex)

Ca IT 3158.87 110" £+ 15 5.77
Fe Il 4553.83 03 + 8 6.71
Fe II 5169.03 140 + 5 6.71
01 615827 58 £ 6 570
Sill B371.37 B0+ 6 T.08
NI T442.30 31+4 7.96

We have obtained the value duplicating the left half of the line, becanse there is a close line
on the right half, Cril A3150.005 A, with a EW of 5-10 mA
?The three lines of the triplet were used to compute the fux

grading the spectrum to the same resolution as the low-resolution observations
[Fl9% ved (continmum = 1)], obtaining Fgﬁgmd(mean observed = 1). This is
valid when using a wavelength region with similar resolution than that of the
low-dispersion spectrum (6 jLL as is our case. We minimized the y* statistics
between the computed and the observed spectrum for each line, adopting 2 %
as the typical error of the observed flux, except for the Cail AJ158.87 A line,
for which 4 % was used.

We started estimating preliminary line parameters by fitting computed to
ohserved fuxes for the 6 lines in Table 6.1, interpolating from a grid of synthetic
fluxes and minimizing the xz value of the fit. The grid considered Tpoar = 9750
and 9850 K for ¢ = 5.5 degrees, Tp 1, = 9650 and 9750 K for i = 6.1 degrees,
and Ty, = 9550 and 9650 K for ¢ = 6.7 degrees. We used the abundances
obtained from spectral lines in the wvisible range using classical atmospheric
models (see chapter 4), vaquat -sin i = 23 km s~! (Gray 1980), vy, = 2.0 km
s—! (Castelli & Kurnez 1994) and a Gaussian profile with a FWHM of 0.2 A,
according to the spectral resolution of the observed spectrum. The best fit was
obtained using the following parameters: i = 6.59 degrees and Tpola = 9576
K, with y* = 0.092. The comparison hetween the observed and the computed
spectrum with these parameters is shown in Fig, 6.3,

6.3 Calculation of model parameters

Using these values of ¢ and T} ., we made a grid of fluxes around the six
Fe lines of Table 6.2 with [M/H] = —1.0, —0.85 and —0.7, vaquat - 5in é = 21
and 225 km s~ ! and vy = 1.7, 1.9, 2.1 and 2.3 km s—!. Three of the lines
are relatively deep (90 < EW = 140 meJ, therefore Fe abundance ealeulated
from them depend strongly on tgyh; and the other three are relatively weak
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Fioure 6.3— The same comparison as in Fig. 6.2, but now using the synthetic flux {divided
by the same normalization constant) of the best fit to the cheerved one using rapidly rotating
models {dotted lines) with [MJH] = —0.7: Tog = 9576 K and ¢ = 6.580 degrees. We have also
nsed vequar -850 = 23 kms™" ([ Gray 1980), vy = 2.0 kin 5! (Castelli & Kurucz 1994) and
a Ganssian profile with FWHM = 0.2 A, according to the spectral resclution of the observed
spectIum.
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TABLE 6.2— Lines used to calenlate the metallicity and microturbulence velocity of Vega.
Ion  Wavelength (A) EW,e (mA)

Fe II 4178.87 59 + 5
Fe II 4515.33 50 £ 6
Fe I1 458383 3 £ 8
Fe I1 40523.02 1186 £ &
Fe II 5169.03 140 £ &
Ee I1 5276.00 64 £ 8

(50 < EW < 70 mA), and then their Fe abundance is less dependent on ..
while thev are not as weak as to have verv high uncertainties due to 5/N. The
value of [M/H] for each value of v, for the observed EWs is shown in Fig.
6.4. It can be summarized as: vy = 2.11 £ 0.13 km s~! and [M/H] = —0.96
+ 0.03. Fixing vtyh, we then computed the mean value of vequar - 8in ¢ for the
G Fe lines, obtaining, vegua: - 8in 1 = 21.65 km s_l, with a standard deviation of
+0.32 km s~!. The comparison of the relative observed and computed fluxes
with the model parameters found is shown in Fig. 6.5.

6.4 Calculation of abundances and new values of i and Ty

Using the line parameters found in §6.3, we have calculated the inelination of
the rotation axis with respect to the line of sight, the polar temperature and
Ca, O, S1 and N abundances of Vega from the lines in Table 6.1. This time, the
grid of fluxes was obtained using ¢ from 5 to 6 degrees and Tpalse from 9700 to
9900 K. The abundances of the grid are: log ey from 5.56 to 5.96, log en from
.55 to 85.95, log eg; from 6.55 to 7.25, and log ey from 7.589 to 5.29. The values
of Tpopar and @ were chosen like these becanse preliminary tests show a linear
tendency in the T j..,7 field for the best fit of computed to observed spectra,
while the abundances are those obtained from classical models plus and minus
0.2 dex. By minimizing again the y? value of the fit between the computed and
the observed spectrum, we obtained: i = 5.33 degrees and Ty = 9802 K,
with log eca = 5.86, log en = 8.66, log 65 = V.01 and log ey = 7.82, with xz
= 0.040. These values Imply tequar = 233 km 51 s Toquar = 8238 K, w =0.84,
log gpolar = 4.08 and 10g goguae = 3.77.

Sinee the computed continuum Aux using the parameters above is different
to the observed one, especially around the N1A7442.30 A line, we rederived the
abundances using, the previous set of parameteres to compute the normalized
flux around each line to compare it with the observed flux. We have obtained
log epy = 7.96, log ey = 5.77, log en = .70 and log eg; = 7T.08. Using these
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Fioure 6.4— Fe abundance versus microturbulence velocity for 6 spectral lines (see Table
6.2). The overlapping region is defined by the following values: o4 = 2.11 4+ 0.13 km gt
and log epe = 6.71, corresponding to [M/H] = —0.96 + 0.03.

abundances, we have derived again the parameters, obtaning the values shown
in Table 6.3, where they are compared with those from Gulliver ef al. (1994).
The new total y? is 0.061. These values imply w = 0.84 and log Goquat = 3.77.
The shape of a star with these rotational parameters is shown in Fig. 6.6. A
comparison between the computed spectrum using the last mentioned param-
eters and the observed spectrum is shown in Fig. 6.7. It is also remarkable
the fact that the y? of the fit does not almost get worse when Tpolar and i are
changed in a specific way. For instance, when fixing a polar temperature 50 K
lower or higher, the best fit of the synthetic to the observed flux is obtained
with the following inclinations:

o for Tpolar = 9757 Kt i = 5.54 degrees, with y? = 0.066
o for Tphopar = 9857 Kt i = 5.16 degrees, with y? = 0.065

Thus, the best fit has xg < 0.067 when increasing or decreasing Tpalae In 50 K
when at the same time ¢ is changed in a specific way. The three values of Tpoar
and ¢ are shown in Fig. 6.8,
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Fioure 6.5— Comparison of the observed flux (dotted lines) arcund & Fo spectral lines (see
Table 6.2) with respect to the synthetic ones (solid lines) using the following line parameters:
Vgt = 211 £ 0,13 ki 571, taguae - 5i0 i = 21.65 km s~ and [M/H] = —0.96 + 0.03.

TaBLE 6.3— Comparison of parameters obtained using rapidly-rotating models.
Gulliver et al. Gulliver et al. this thesis

(1994, contimium) (1994, lines)

Voquat * 510 1 (km a— 1) 218 £ 0.2 218 £ 02 21.65 + 0.321
Upquat (KIT s~ 210 245 233
i (degrees) 6.0 £+ 0.7 5.1 £ 0.3 5.33
Tpotar (K] 8595 + 20 9695 + 25 9507
Teoquat (K) 9325 9300 3240
log gpolar 3.80 £+ 0.03 3.75 + 0.02 4.08

. only taking into account the typical deviation of the measurements.
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Fioure 6.6— Comparison of the shape of a non-rotating star (dashed line) and the shape of
Vega according to the rapidly-rotating model that best matches the observed fhux (w = 0.84,
solid line).

6.5 Comparison of the result with that from classical models

A wide variety of measurements have been carried out for Vega in the last few
yvears, The effective temperature in the most recent works is usually between
0400 and 9700 K, while the angular diameter varies from ~ 3.22 to 3.28 mas
(see Table 4.1). The temperatures that we obtain for the best fit (T, = 9807
K, Toquat = 8240 K) will be compared with those from the literature later in
this chapter.

In chapter 4, we calculated several chemical abundances using non-rotating
models. Firstly, we emploved the UV continuum, where some elements (C and
5i) are the most important contributors to the contimium opacity for Vega, so
we searched for the model atmosphere whose continnum UV fux best matched
the observed flux. We also computed some chemical abundances using spectral
lines in the visible range. We used the model parameters from our best fit
using, non-rotating model atmospheres, the parameters by Qiu et al. (2001)
and those by Przybilla (2002), to caleulate chemieal abundaneces, which are
compared with those obtained using the best fit with rapid rotation in Table
G.4. The abundances relative to iron using stellar models without and with rapid
rotation are shown in Table 6.5. They have been compared like this because
we use different stellar models in each case, so a relative value of abundanees is
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Fioure 6.7— Comparison of the normalized high-resclution observed fAux (solid lines)
around & spectral lines (Call A3158.87, Fell A4583.83, Fell A5160.03, O1 A6158.19, Sill
AB3T1.37 and NI A7442.30 A), the low-resclution observed flux normalized at the center of
each line (dashed lines) and the synthetic Aux (divided by the same normalization constant)
for the best fit to the observed one using the abundances from Table 6.1 and parameters
obtained in §6.4 (dotted lines): vequae -5iné = 21.65 km s, i = 5.33 degrees, [M/H] = —0.06
and Tpelar = 9807 K.



CHAPTER 6. The study of Vega's spectrum using rapidly rotating
TE stellar models

n
Lr

n
P

9.5

5.2

9740 9760 9780 9800
Tporor (K)

oolar

9820

9840 9860

FiourE 6.8— Lines connecting i and Tpaae of the best fit between computed fluxes and the
ohserved fhx from §6.4 and the parameters of the best fit changing T, in 50 K. using the
6 spectral lines mentioned in Table 6.1, These points are: § = 5.54 degrees for Tpear = 9757
K, i = 5.33 degrees for Tpga = 9807 K and § = 5,16 degrees for Tpg,, = 9857 K
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more consistent for comparisons.
From this comparison with the relative abundances using rapid rotation, we
obtain the following results:

¢ N and O relative abundances are almost the same using rapidly rotating
models than using non-rotating ones,

e there is a difference of 0.2-0.3 dex in S1 and Ca relative abundances
between rapidly rotating and non-rotating models. Both relative abun-
dances are higher with rapidly rotating models,

where the deepest lines are those of C, 51 and Fe, so their abundances are the
most accurate.

Let us now caleulate EW for the same speectral lines and the chemiecal abun-
dances just derived, but using non-rotating models. The effective temperatures
used are those of the best fit with this kind of models (see chapter 4) and a
mean effective temperature of the rapid-rotating models, weighting it with the
flux and the area projected to the line of sight. This i=:

< Tog = ngﬁ'tﬁ')%dS nw’llz TE-EEIZQII%-IQ'- sin @ cos 8 4@
eff == — ; L
f%ds fnw’Z%-{ﬁ- sin 6 cos @ A&

(6.25)

With the stellar parameters used when ecaleulating abundances, we obtain
< Tog == 9210 K. This value is clearly lower than the T.g's from the lit-
erature when using non-rotating atmospheric models. In Table 6.6, EW's for
the spectral lines using slow-rotating stellar models with this T.g and that
from chapter 4 using the abundances obtained using rapidly rotating models is
shown. The computed EW's are within the error bars of the observed EW's or
close to them for most lines (for the Ca line, we used the EW obtained when
duplicating the left side of the line) when using the recently derived Tog. How-
ever, when using the T, g obtained with non-rotating models, the computed
EW’s are outside or on the border of the error bars of the chserved EW's. For
this reason, < T.¢ > can be considered a reasonable approximation of the T.g
of a non-rotating model necessary to reproduce the observed spectral lines using
the abundances obtained with rapidly rotating models.
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TaBLE 6.4— Comparison of chemical abundances obtained using non-rotating models (from

spectral lines in the visible and from the UV continuum) and from spectral lines in the visible
using rapidly rotating models. Stellar parametors from chapter 4 are always used.

log ey with log ey with

Ion no rotation  rapid rotation
ClI
mean’ 8.30+0.07
UV continuum® 855 fg'ﬁ
NI
mean’ 8.00+0.04 7.06+0.06
o1
mean! 8.83+0.00 2.70+0.04
Mg I
mean’ 71740.15
Mg 11
meant 6.91+0.06
Al Tl
mean! 5.77 (1 line)
Si Il
mean! 7.05+0.14 7.084+0.03
UV continnum®  6.65 097
Cal
mean! 5.76 (1 line) 5774013
Crl
mean! 5.40-+0.02
Fel
mean' 7.06+0.00
Fe II
mean’ 6.92+0.15 6.71+0.04
ICalculated in chapter 4

MIzing the continuum opacity
Mzing a Ca IT line
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TaBLE 6.5— Chemical abundances relative to iron in logarithmic scale obtained using the
parameters of the best fit in chapter 4 and models without rotation and with rapid rotation.
Iom  No rotation Rapid rotation

NI 1.17 1.25
01 1.91 1.99
Sill 0.06 0.37
Ca Il —1.18 —0.94
Fe II 0 0

TABLE 6.6— Comparison of the cheerved EW and EW's using non-rotating stellar models
for the lines used to calculate the abundance of Vega using the abundance obtained from
models with rapid rotation. including [M/H] = —0.06.

Ion Wavelength (A) EW_,. (mA] EWguok (mA) EWggak (mA)

Ca II 3158.87 110" £+ 15 0% &5
Fe II 4583.83 93 £ 8 S5 &0
Fe Il 5169.03 140 + 5 126 118
o1 G165.2 EE £ 6 52 51
SiIL 637137 B0 + 6 72 Y
NI 7442.30 31 +4 20 27

'This is the value when duplicating the left half side of the line, because there is a close line:
Cr IT A3150.005 A, with a EW of 5-10 mA



C'onclusions and future work

7.1 Conclusions

The main aim of this thesis has been the quantitative study of near ultraviolet,
visible and near infrared spectra of Vega and Procyon. We summarize in this
chapter the main conclusions obtained.

We have compiled observed spectra of Vega and Procvon from existing
archives and complemented them with new observations. For Vega, we have
considered different calibrations of the low-dispersion UV spectra obtained from
the IUE mission. The comparison of the obzerved flux (taking also into account
the visible and near-IR regions) with our ealeulations considering in detail metal
opacities favors the Hubble Space Telescope (HST) flux seale over the INES
scale, since the y? statistics of the best fit is clearly lower in the near-UV
when using the HST =scale. As there are no high-dispersion UV spectra in the
HST flux scale, we have used the other calibration (INES), but corrected in
absolute fAux to the HST flux scale. We have used the spectrum by Haves
(1955), with a low flux uncertainty, as low-dispersion visible spectrum, and
two apectra acquired from the MecDonald Observatory (Mount Locke, Texas)
as high-dispersion visible spectrum.

For Procyon, we have obtained new spectra with STIS on board the HST.
These spectra have a higher resolving power and similar spectrophotometric
accuracy than the UV spectrophotometric data available for the Sun. We have
compared different visible spectra of Procyon with the spectrum of STIS to
choose between them, concluding that Burnashev's and Glushneva's fluxes are
the most similar in the overlapping region, so the mean of both has been used
as medium-dispersion visible spectrum. A high-dispersion spectrum talken from
MeDonald Observatory has been used to derive abundances from spectral lines.

83
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For the IR, the Moscow Spectrophotometric Catalog has heen adopted, showing
a fux similar to the visible spectrum used in the overlapping region.

We have ldentified the main contributors to the continuum opacity in Vega
by comparing, the synthetic flux using the most abundant ions with the flux
only using H, obtaining: H, H™, C1 and Sill. These ions (except H and H™)
only contribute significant opacity in the UV for wavelengths lower than ~1500
A Taking this into account, we have derived the effective temperature and the
angular diameter of Vega (adopting the preferred surface gravity and metal-
licity] by comparing fluxes obtained using different model atmospheres with
the observed visible, near-IR and near-UV spectrum. The values obtained are
similar to those in the literature.

With the effective temperature and angular diameter derived for Vega, we
hawve investigated the chemieal abundanees of 5i and C by comparing synthetic
fuxes with that observed in the UV in regions where the continnum opacity
produced by these elements is important. Then, these and other chemical
abundances have been derived from spectral lines in the visible range, obtaining
a similar value for C. However, the 51 abundance obtained is quite different to
that obtained from spectral lines due to the large uncertainty of this abundance
when derived from the continuum, but it is within the error bars,

A similar study of Procvon A has been carried out. As this star has a
lower effective temperature, the effect of metal opacity on the emitted fux is
more relevant. We have found that there is a larger number of species that
contribute significant UV continuum opacity: H, H—, C1, Mg1, Al1, 5i1, Cal
and Fel. Opacity from these lons must be taken into account for wavelengths
below ~3000 A {Fe and H elements also contribute over this wavelength), almost
reaching the visible range.

We have used the near-IR and the visible region to derive the effective
temperature and the angular diameter nsing the same method as for Vega. We
have derived chemical abundances for several elements in Procyon A. Iron and
magnesinm abundances have been obtained from the UV flux in the region
where their continnum opacity is important. These abundances have also been
derived from spectral lines in the visible, obtaining compatible results. We have
alzo found the abundance of other elements from spectral lines in the visible,
and our results are compatible with those from other authors.

The compatibility of the abundances obtained from the UV continuum and
from spectral lines in the wvisible for the main contributors to the continuum
opacity is one important result of the thesis. We have developed an independent
method to derive abundances in late-type stars apart from the study of spectral
lines.

Finally, we have carried out a study of Vega's spectrum using rapidly ro-
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tating stellar models and have compared the Aux computed using them with
the observed flux. Several spectral lines of different elements covering a wide
wavelength range and with different equivalent widths were used. Fitting Auxes
computed with different atmospheric parameters to the observed flux has al-
lowred us to estimate the polar temperature and the inelination of the rotational
axis.

We have then used 6 iron lines with quite different equivalent widths (and
therefore different sensitivity to the microturbulent velocity) to derive the mi-
croturbulent veloeity, the projected rotational veloeity and the metallicity. We
have obtained vugus - 5in @ = 2165 km 571, vy, = 211 + 0.13 km s~ and
[M/H] = —0.96 &+ 0.03. The first two values are in very good agreement with
previous works, while the metallicity is ~ 0.2 dex lower than that obtained
using non-rotating models.

Using these values for the fast-rotation models, we have re-derived the abun-
dances, the polar temperature and the inclination of the rotational axis. We
have obtained: i = 5.33 degrees and Tqa = 9802 K, log en = 7.96, log ey =
.77, log e = 8.70 and log &g = 7.08,

We have compared the chemical abundances relative to iron with those
from non-rotating models. The chemical abundances are in good agreement for
N and O, but they are 0.2-0.3 dex higher for 5Si and Ca when using rapidly-
rotating models. The low value of the inclination (5.33 degrees) is consistent
with other works. The polar temperature (9802 K) is somewhat higher than
the usual values of the effective temperature from the literature {9400-9700 k).
However, the equatorial temperature (8240 K) is very low compared to it, and
the mean photospheric temperature over the observed surface (9210 K) is lower
than in other works, which explains partially the different abundances and the
low metallicity obtained using our rapidly-rotating models.

7.2 TFuture work

I sum up in this section our intention for the future about the work to carry
out related to this thesis. Firstly, it is necessary to improve our fits of synthetic
spectra to the observed spectrum of Procyon, since it is unsatisfactory in some
spectral regions. In order to achieve this, a further study of Procyvon is a must.
A comparison of the observed flux with that obtained by means of 3D stellar
atmosphere simulations of Proeyon introdueing our preferred parameters would
give us an idea about the importance of this effect.

It iz also important to extend this study to later-type stars, because the
contribution of metal opacity to their flux is larger and therefore these stars
are harder to model. Our experience with the study of Vega and Procyvon will
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help us carry out a similar work with this tyvpe of stars.

In this work, a preliminary study of the effect on the flux of the departure
from LTE has been carried out for Vega and Procyon. However, it has been
scarce and limited to the calculation of level populations, but fixing the atmo-
spheric structure, A further study of these and other late-tvpe stars taking into
account the change in the atmospheric structure produced by the departure
from LTE will allow us to specifv more accurately stellar parameters and will
help us understand deeply stars, bhoth their structure and their evolution, by
comparing the result with evolutionary models.



Appendix: near-UV atlas of Procyon

The atlas of the near-UTV spectrum of Procyon is presented here. It was taken
with the STIS spectrograph on board HST by a proposal of our group (s
836%8) included in evele 11. Gratings G230MB (with six tilts providing coverage
between 2200 and 3050 _EL, approximately) and G430M (with four tilts covering
the spectrum from about 3022 to slightly longer than 4000 IELJ, one taken during
each of the 2 orbits, on September 9, 2002, were used to carry out medinm-
resolution spectra of Procyon calibrated in flux. The central wavelengths are
shown in Table 8.1. Two expositions were made for each tilt. The S/ (at least
200, as measured at the short platean at ~ 2386.5 A) is very useful in identifying
errors in the adopted atomic parameters of strong lines, and obtalning the total
opacity at particular wavelengths.

The atlas covers the wavelength region from ~ 2200 to ~ 4080 A, and
is shown in 50 A-wide pieces for A < 3050 A (where the mean wavelength
difference between neighboring pixels is ~ (.15 AJ and in 100 A-wide pieces for
A = 3050 A (where the mean wavelength difference between neighboring pixels
is ~ 0.28 A, so the spectral resolution i=s worse), except in the first and the last
firures. The observed flux is given in erg s=! em ™ A~!. Some of the despest
lines (EW = 10 jL]l are labelled in the figures, including the wavelength and the
ion that produces the opacity. The deepest lines between 2600 and 2650 A are
not labelled for clarity, because there are too many deep lines: Fell A 26071,
2611.9, 2613.8, 2617.6, 2625.7, 2628.3, 2631.0 and 2631.3 A.

The accuracies of the CCD spectroscopic data are the following. In each
exposure, relative wavelengths have an uncertainty of 0.1-0.3 tfimes the wave-
length difference between neighboring pixels, due to limiting factors such as
the stability of the optical distortion and the accuracy of the dispersion solu-
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TapLE 8.1— Central wavelength (Ac), wavelength separation between neighboring pixels
(&A), inicial wavelength (A;) and final wavelength (A¢) of the tilts for every grating.
Grating  A; [_-5;.] AN E_'!i:' A (A:I Af [A.J
G230ME 2276 .15 2195 2352
2414 (.15 2339 2403
2557 .15 2479 2633
2697 (.15 2620 277
2836 (.15 2759 2012
2074 .15 2599 3052
4300 3165 0.28 3022 3306
3423 0.28 3280 3564
3680 0.28 3037 3820
3034 0.28 3704 4078

tions. The absolute wavelength accuracy (applied for different exposures) is
0.2-0.5 pixels, limited by thermal stability, derivation of the wawve calibration
Zzero point and the accuracy of the dispersion solutions. The accuracy of the
absolute flux s ~5 % and that of the relative flux is ~2 %, due to factors such
as instrument stability, evolution of charge transfer efficiency and photometric
calibration.

The reduction of the spectra was carried out as follows. One of the spectra
with the lowest wavelength was fixed and used to calibrate the other spectra in
wavelength. The difference in radial veloeity between both expositions of each
tilt was computed using the freor routine of IRAF, and then one exposition
of each tilt was shifted and then interpolated to the wavelengths of the other
exposition using the spline routine of IDL, averaging both fuxes for each tilt.
As each two neighboring tilts have an overlapping region in wavelength, we have
computed the difference in radial veloecity between each two neighboring tilts,
starting from the fixed tilt with the lowest wavelength, and then we have shifted
and interpolated the fluxes of the tilt with longer wavelength to the wavelengths
of the tilt with lower wavelength, using the radial velocity difference. Following
this procedure, we have created an atlas of Proeyon’s spectrum, with a changing,
wavelength step, but with the same radial velocity for all the spectrum. From
the comparison of the atlas with respect to the computed spectrum in Fig. 5.3,
the derived radial velocity of the atlas spectrum is ~ +52 km s—1.
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