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Introducci 6

La determinacio de distancies es basa en un procésjjgcaiconegut com a es-
cala cosmologica de distancies) on els objectes propetsiistancies ben deter-
minades s’utilitzen per trobar distancies d'objectes fhinyans. Les pardaxis
trigonometriques (utilitzades per determinar distas@ les estrelles més prope-
res) son practicament I'nic metode directe de deteacid de distancies. Tota la
resta de metodes es basen (fins a cert punt) en el coneixdméntluminositat
intrinseca de certs objectes (que reben el nom de candeiewlard).

Tot i que hi ha un gran nombre de candeles estandard (Fig.ldslestrelles
Cefeides jugen un paper predominant en I'escala cosnual@g distancies. La
importancia de les Cefeides rau en la seva relacio peffiachinositat (P-L) la
gual relaciona el periode de polsacido amb la magnitudlatasoPer determinar
amb precisio6 la relacié P-L, s'utilitzen mesures tant ®ikLactia com al NGvol
Gran de Magallanes (LMCEs per aquest motiu que es considera que LMC és el
primer esglad extragalactic de I'escala cosmologicdigi&ncies.

De tota manera, la geometria irregular de LMC, juntament Engeva baixa
metallicitat i la gran dispersio de les distancies obtingudes éira (Fig. 1.2), ha
introduit alguns dubtes pel que fa la seva idoneitat comragp esglad extra-
galactic. Aixi doncs, calen mesures precises a altreésg del Grup Local per
tal de determinar un calibratge precis de I'escala cosgich de distancies.

En aquest sentit, la galaxia d’Andromeda (M 31) pot represaun excelent
calibrador, ja que té una rica poblacio esteli presenta diverses candeles es-
tandard que no té LMC. A més a més, &s prou propera corpquar observar
estrelles individuals, a la vegada que esta prou lluny cemmue la seva geometria
no introdueixi cap sistematica en la determinacio deadises. Desafortunada-
ment, tot i que hi ha diverses determinacions de la distaad¥l 31 (Taula 1.1),

*Summary in Catalan (according to the rules at the Univdrd@aBarcelona).
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no hi ha cap determinacio directa (totes es basen en dglisrde la Via Lactia o
del NOvol Gran de Magallanes).

Les binaries eclipsants poden suplir aquesta mancamgabiharies eclipsants
sbn sistemes compostos per dues estrelles que, en onit@al voltant de I'altra,
presenten eclipsis periodics. Les binaries eclipsagitgpse han estat una eina
important per determinar les propietats fisiques de lesléss. El gran potencial
de les binaries eclipsants és que el seu moviment (oliselescorbes de velocitat
radial) i la forma dels eclipsis (observats a les corbesuda)lles poden explicar
completament a partir de les lleis de gravitacio universkd la geometria dels
sistema (vegeu Hilditch, 2001, per més detalls). Aixi @grper a una binaria
eclipsant, la combinacid de les corbes de llum i les corleeselocitat radial
permet la determinacio de les propietats fisiques detgppoments (com la massa
I el radi) de forma directa i a partir de principis fonamestal

Un cop conegut el radi dels components, cal determinar elsilyperfical de
cadascun d’ells per coneixer-ne la distancia. S’han geapdiversos metodes
per tal de determinar el flux superficial (i la distancia) e binaries eclipsants.
D’entre els diversos metodes, en destaca el metode esfodometric, pel fet que
el flux superficial dels components es determina conjunttuarab I'absorpcid
interestelar i la distancia (Eq. 1.13). Aquest metode es va utitiper determinar
la distancia a quatre binaries eclipsant a LMC (Taula, oB)enint un modul de
distancia deri— M)y = 1842 + 0.06 mag.

Com a pas segient per al calibratge de I'escala cosmal@gcdistancies,
I'objectiu del present treball és la determinacio de Etaticia a M 31 mitjancant
binaries eclipsants. A l'inici d’aquest projecte, lesqgures binaries eclipsants amb
fotometria CCD a M 31 eren les identificades pel grup DIRECTBREM 2004).
Com que la qualitat de les corbes de llum és insuficient peosire objectiu,
en el transcurs del present treball s’ha obtingut nova fetdm aixi com les ve-
locitats radials necessaries. Les dades obtingudes stildnat per determinar
les propietats fisiques de les binaries eclipsants estad, aixi com la distancia
a M 31. Juntament amb les binaries eclipsants, la fotomb#iproporcionat un
gran nombre de Cefeides i exdehts corbes de llum d’altres objectes. Les Cefei-
des s’han analitzat per determinar una distancia additeM 31. Finalment, el
potencial del cataleg fotometric obtingut es posa de faanamb 'analisi de les
propietats d’'una fulguraci6 estielr descoberta en el transcurs d’aquest treball.

Series fotometriques

Les observacions per obtenir les corbes de llum de binadgssants a M 31 van
ser realitzades amb el telescopi Isaac Newton (INT) a la &alam total es van
obtenir unes 260 imatges amb l'instrument Wide Field Carferae 1999 i 2003)
en cadascun dels dos filtreé8i V de Johnson.
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Les imatges obtingudes van ser corregideswirscandebiasi de flat-field
Els pixels dolents es van corregir mitjancant interp@latels pixels adjacents.
El resultat son unes imatges corregides de gairebé wteétctes instrumentals,
excepte un petit efecte de diafragma a la cantonada nodkkesamp (Fig. 2.1).

Com que el camp és extremadament poblat d’estrellesrvadaptar un al-
goritme basat en la tecnica de substraccio d'imatgesdA8al_upton, 1998) per
adquirir la fotometria de les estrelles del camp. El prat#esubstraccio d’imatges
consisteix, primerament, en la creacio d’'una imatge deréetia a partir de les
imatges amb milloseeingi major relacio senyal-soroll. A continuacio, es resta
la imatge de referencia a totes les imatges obtingudegp@pbtenir una imatge
diferenciada que conté només estrelles variables. Lagerdiferenciada s'utilitza
per obtenir la variacio de flux de les estrelles variablepeete de la imatge de
referencia (també anomenat fotometria diferencial).

Per tal de transformar la fotometria diferencial a fotomagtrstrumental, va-
rem realitzar fotometria mitjangcant DAOPHOT (Stetson87Pa la imatge de
referencia. Amb la fotometria de referencia i la fotongetliferencial, ja es poden
obtenir les magnituds instrumentals mitjancant I'Eq. Zbm que la fotometria
DAOPHOT i la fotometria diferencial es basen en processfisrdnts, varem
utilitzar un factor d’escala que transforma les magnituds aistema estandard.

Un cop obtingudes les magnituds instrumentals, varenulzaltes magnituds
estandard a partir d’estrelles estandard de LandoltA)l @®servades durant dues
nits de la campanya del 1999. EIl procés va proporcionanfetoa estandard
per a 236 238 estrelles de la imatge de referencia, amb tagnl75 < V <
255118 < B < 26 (37 241 de les quals tenen un error fotometric inferiorla 0
mag en els dos filtres). Addicionalment, també es van toamsfr les magnituds
instrumentals de les 3964 estrelles variables a magnisidadard.

Juntament amb la fotometria, també varem determinar $&ci@ode totes les
estrelles detectades. Per aix0 varem creuar les estdgtectades amb el cataleg
GSC 2.2.1, obtenint una transformacio de coordenadesquetprecisio de 0.16
segons d’arc en ascensio recta, i de 0.12 en declinacio.

L’Gltim pas en el procés de reducci6 és la determindeita possible periodi-
citat de les estrelles variables. Per tal de detectar gettiats, varem aplicar un
algoritme d’analisi de la varianca (Schwarzenberg-Gyet996) a les corbes de
[lum, en tots dos filtres, de les 3964 estrelles variablesadetles. Les corbes de
llum resultants d’aquesta analisi van ser inspeccionegdealment per identificar
patrons de variabilitat coneguts. Com a resultat, varesntiticar 437 binaries
eclipsants i 416 Cefeides.

Aixi doncs, el procés de reduccio va proporcionar-nasaidalegs: el cataleg
de referéncia i el cataleg d’'estrelles variables (Se&). 2Per tal d’'assegurar-se
gue el procés de reduccio fotometric és acurat, varemparar la fotometria del
cataleg de referencia amb dos catalegs que tenen un grabre d’estrelles en
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comU amb el cataleg obtingut: DIRECT (Macri, 2004) i LGO®%aésey et al.,
2006). El resultat de la comparacié mostra que les magnBuabtingudes son
completament compatibles amb les magnituds proporcia@eld GGS (Fig. 2.6

i Fig. 2.7). Pel que fa a les magnituds ¥ns’observa una certa tendéencia en les
dues comparacions. Donat que les tendencies son ddesegbns quin sigui el
cataleg de comparaci6, és impossible de saber si hi lia affpcte sistematic en

la fotometria enV. En qualsevol cas, aquests efecte és inferior a 0.03 mag per
estrelles amly < 20.5 mag.

Pel que fa al cataleg d’estrelles variables, cal dir qua sdmparat la fotome-
tria de les binaries eclipsants amb dos catalegs: DIREXDbi(Todd et al., 2005).
El resultat de la comparacio mostra que TO5 té una sigteagles binaries ano-
menades f2BEB i f3BEB del seu cataleg (Fig. 2.9 i Taula 2i@ntre que les
magnituds de les nostres binaries eclipsants son cooiggamb les obtingudes
per DIRECT.

Un cop obtingudes les séries fotometriques i un cop couggla la seva fia-
bilitat, varem continuar amb la seleccio de binariegpsaints adequades per a la
determinacio de distancies. De les 437 binaries ideati#és al cataleg d’estrelles
variables, les més aptes per a la determinacié de distason aquelles que sbn
prou brillants com per obtenir-ne velocitats radials amiméarumentaci6 actual.
Tenint en compte que els telescopis més grans tenen entt® &nietres, i que
calen dispersions de I'ordre de-R000 en els espectres, varem seleccionar només
aquelles binaries eclipsants que tenen una magkita®0.5. A més a més, per a
una precisa determinacio dels parametres fisics, @legubinaries tinguin eclip-
sis profunds 4V > 0.2 mag). El resultat son 24 binaries eclipsants aptes per a |
determinacio de la distancia a M 31.

Donat que les caracteristiques propies de cada sisterad poden tenir una
important influencia en la determinacio precisa de lessgvopietats, varem re-
alitzar un ajust preliminar de les 24 binaries eclipsaatscionades amb el pro-
grama de Wilson & Devinney (1971, W&D). Per tal de reduir laretacié entre
els parametres i obtenir solucions més estables, vaoasiderar, per a cada sis-
tema, dues configuracions possibles (separat i semi-$gpamefuncio de si els
components del sistema binari omplen o no el lobul de Ragheyeneral, I'ajust
resultant proporciona pistes sobre quina és la solygiitn@ per a cada sistema.
De tota manera, aguells sistemes que presenten indicisatigricitat van ser con-
siderats com a separats. A més a més, en alguns casosrsalianomenat
efecte O’'Connell (Davidge & Milone, 1984), degut a la presa de taques a la
superficie de les estrelles. Tenint en compte que ledlestestudiades es troben a
la part superior de la sequéencia principal (Fig. 2.10)emt efecte es pot explicar
com a consequencia de I'impacte del material procedamadestrella sobre la
companya. Aixi doncs, aquests sistemes es van suposaragqusesni-separats.

Els parametres determinats per a cada sistema son: tempsdn, periode,
inclinaci6, quocient de temperatures, potencial supgnfiormalitzat de la prima-
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riai quocient de lluminositats. Per sistemes separatgssenmés, s’ha determinat
el potencial superficial normalitzat de la secundaria icas de ser excentrics,
I'excentricitat i 'argument del periastre. A la soluciodil, també es va ajustar la
tercera llum, és a dir, la contribuci6 deguda a d’altrésedies en la lluminositat
del sistema binari (vegeu I'apartat 2.4.1 per a més dgtdtls ajustos resultants
es poden veure a la Fig. 2.11, mentre que els parametresitdezs poden veure
ala Taula 2.3.

Espectrosopia i espectrofotometria

Com a pas seguent en la determinaci6 de la distancia a WaBdm obtenir espec-
troscopia amb el telescopi Gemini-North (Hawaii) i I'ingnent GMOS. El camp
observat conté 5 de les 24 binaries eclipsants seleagsrenteriorment. En total
varem obtenir nou espectres per a cadascuna de les ciagesinentre setem-
bre de 2004 i febrer de 2005, amb 4100 segons d’exposicicguascun d'ells
('tltim dels quals amb un temps d’exposici6 inferior) mairesolucié espectral
de ~80 km s!. Els temps d’observacio es van seleccionar per tal que dieies
les binaries eclipsants més brillants tinguessin, cadas d’elles, almenys dues
observacions a les quadratures.

La reduccid de les observacions va ser duta a terme amb eepERAF de
Gemini. Les imatges es van corregir biasi de flat-field Per realitzar el cali-
bratge en longitud d’ona, varem utilitzar lampades divcatige (de coure i argo).
Els espectres calibrats en longitud d’ona van ser corrdgltions de cel i extrets
amb obertures d’entre un i dos segons d’arc. Els espectsakaets (Fig. 3.3)
inclouen totes les linies de Balmer (excepte & 656.3 nm) amb una relacio
senyal-soroll que arriba a 40 en el millor dels casos (Ta@a 3

Seguint el metode espectrofotometric de determinaeididtancies (apartat
1.3.2), també varem aconseguir temps d’observacio@@bpamb el telescopi
espacial Hubble (HST). Les candidates seleccionades penioine espectrofo-
tometria (amb l'instrument ACS) eren dues de les binarifipgants observades
amb GMOS (M31V J004437991129236 i M31V J004423261127082). Les ob-
servacions van ser finalment realitzades al 2006, perait @dg fallada de I'ACS,
nomes es varen obtenir dades completes (tres observagidogal) per a una de
les dues candidates (Taula 3.4).

Donat que cadascuna de les observacions va ser obtingudangonisma i un
detector diferent (per cobrir el rang de longituds d’ona entre 115 i 1050, e
reduccio de les dades és lleugeramefiedent en cada cas. De tota manera, la
reduccio devias corrent fosc flat-fieldses realitza de forma automatica. La resta
de la reducci6 va ser realitzada, pas per pas, per nosattrasisteix, basicament,
en corregir la deformacié de camp (perque els detectdrtzats estan fora de
I'eix optic del HST), calibrar els espectres en longitudrh, restar el fons de
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cel i extreure els espectres. Malauradament, una estegha contamina un dels
tres espectres de la binaria eclipsant, fent que no es pui¢jtéar el tram entre
17011 215 nm. A més a més, les transformacions a espeatro@dtia estandard
introdueixen un error de I'ordre del 5% en els espectresrgate Aixi doncs,
I'error de les observacions esta, generalment, entre élel®@0% (Fig. 3.4 a
Fig. 3.7).

Binaries eclipsants

De les cinc binaries eclipsants observades amb GMOS ejigaien espectres amb
una relacio senyal-soroll suficient com per determinalesepropietats fisiques.
A continuacio es presenta I'analisi de cadascuna d’ellaglistancia a M 31 que
se’n deriva es pot veure al final del present apartat.

M31V J00443799%4129236 (SB2A)

El primer pas per a la determinacio de les propietats desges I'obtencié de
les velocitats radials. De tota manera, en un sistema bielsriespectres dels
dos components es troben combinats en un de sol i, per tdnincadgoritme
capac de determinar la velocitat dels dos components agiadee Aixi doncs,
varem utilitzar un programa de correlacié creuada en dieensions (anomenat
TODCOR, de Zucker & Mazeh, 1994). Com a espectres de refieréa patro)
varem utilitzar els proporcionats pels models de TLUST#r(z & Hubeny, 2003,
2007) i d’ATLAS9 de Kurucz.

Per aquesta binaria eclipsant, les propietats dels espqtrd (temperatura,
gravetat superficial, etc.) es van seleccionar, en printestancia, a partir de
I'ajust preliminar de les corbes de llum. Un cop determirsa@s velocitats ra-
dials, els espectres de cada component es van separar @enidet-ne la tem-
peratura dels components (apartat 4.1.1.3). Les tempesadeterminades es van
utilitzar per definir uns espectres patrdo amb més pr¢jsi’aquests, trobar-ne
les velocitats.

Un cop determinades les velocitats radials (Taula 4.2)sjpaglen determi-
nar les propietats fisiques del sistema. Per a aix0 vatditzar el programa de
W&D. L'ajust de les corbes de llum i de velocitat radial es gade forma inde-
pendent i iterativa fins a assolir una soluci6 consistertt totes les observacions.
Les observacions inclouen no solament les obtingudes itnes, sind també
les corbes eV de DIRECT. Els ajustos resultants es poden veure a la Figi 4.2
els parametres corresponents a la Taula 4.3. Cal destadarpresencia d’efecte
O’Connell, que va ser modelitzat amb una taca brillant ailagria.

Per derivar-ne la distancia, aquesta binaria eclipsacar@ necessitava una



Xvil

determinacio de la temperatura dels components. En agasss van intentar
dos procediments: modelitzacio dels espectres i espetroetria.

Com ja s’ha comentat, en un sistema binari, I'espectre dedscdmponents
es troba combinat en un de sol. Per tal de modelitzar I'espelet cada com-
ponent, primer cal separar-los. Per aquest motiu es vézatikel programa KO-
REL (Hadrava, 1995). Els espectres separats (Fig. 4.3) resnaglelitzar amb
models de TLUSTY, obtenint la temperatura, la velocitat d&acio, la mag-
nitud absoluta dels components i, finalment, un modul déwisa a M 31 de
(m— M)y = 2444+ 0.12 mag (Taula 4.4).

El segon procediment que es va intentar per determinar lpet&atura d’'a-
guesta binaria eclipsant va ser el metode espectrofttion D’aquest sistema
se’n va poder obtenir espectrofotometria amb el HST. Demataera, de seguida
es va fer evident que els errors en les observacions ererargesss com per
determinar-ne les propietats de forma fiable. Aixi donssjan fer servir les ob-
servacions per confirmar els resultats obtinguts a traeéla dhodelitzacio dels
espectres. Per tal de fer la comprovacio, es van impossaaklss obtinguts amb
la modelitzaci6 espectral i es va introduir una corba drexd mitjana de la Via
Lactia. La distribucid espectral d’energia derivadasdelodels és dins dels er-
rors de les observacions (Fig. 4.4) i, per tant, I'espectarhetria obtinguda esta
d’acord amb els resultats de la modelitzacio espectral.

Un cop determinades les propietats fisiques, varemrdétar |'estadi evolu-
tiu del sistema. Per aix0 varem comparar les masses idilsohtinguts amb els
models evolutius de Lejeune & Schaerer (2001, Fig. 4.5) mstreelles isolades.
Els resultats obtinguts mostren que les dues estrellesaégra lluminoses per les
seves masses i que el sistema esta en un estadi de poitrraom de massa, en
el que 'estrella originariament més massiva és aradarsgaria. A més a mes, els
resultats obtinguts mostren indicis d’'una important tfamscia de massa (efecte
O’Connell, velocitat de rotaci6 de la primaria, etc.) desla secundaria cap a la
primaria.

M31V J00443613-4129194 (SB2B)

Com en el cas de SB2A, el primer pas en I'analisi d’aquestarld eclipsant
va ser la determinaci6 de les velocitats radials a parts dspectres observats
amb GMOS. Els models utilitzats per determinar-ne les veltscradials amb
TODCOR van ser, de nou, els models de TLUSTY i de Kurucz. Denwnera,
la determinaciod dels espectres patrd que proporcionanéors velocitats radials
va ser més iterativa. En aquest cas, varem buscar pringeespectres patro a
partir de I'ajust preliminar de W&D (amb corbes de llum). Uypadeterminades
les velocitats radials, varem realitzar un nou ajust de W&® continuacio, les
noves propietats trobades, es van fer servir per trobar ous espectres patro.
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El procés es va repetir fins que els espectres patrd varssarageixos en dues
iteracions.

Per trobar les masses i els radis varem utilitzar, de nqarpgirama de W&D.
Els procés seguit va ser similar al descrit anteriormeeno per aquesta binaria
eclipsant, van caldre diverses proves per tal d’'identife@onfiguracio que mil-
lor podia explicar les observacions. Aixi doncs, en prifi@e, es va intentar
modelitzar el sistema com a separat, pero els resultagprionaven solucions
on o bé la primaria, o bé la secundaria, omplien el la®Roche. Aixi doncs,
varem intentar dues solucions suposant que el sistemamigsgparat: una on la
primaria omplia el l1obul de Roche i I'altra on la securiddtomplia. La princi-
pal diferéncia entre les dues solucions rau en el quocihtichinositat que se'n
deriva. Com es dedueix de la determinaci6 de temperatapsstat 4.1.2.3), la
secundaria és més feble que la primaria, el que indieaégua primaria, i no la
secundaria, la que omple el Iobul de Roche (Fig. 4.6).

La determinacio de temperatues d’aquesta binaria ecltpss va fer a partir
de la modelitzaci6 dels espectres observats. El proc@ésatdielitzacié és igual
que el descrit per a la SB2A. Cal destacar-ne el fet que l#spde la secundaria
és basicament soroll (Fig. 4.7). Aix0 es pot explicarssseposa que la secundaria
és més feble que la primaria i, per tant, indica que la gondicid on la primaria
omple el I0bul de Roche és la més probable. A I'espectparse de la primaria
s’ha ajustat un model de TLUSTY per determinar-ne la tentpeala gravetat
superficial i la velocitat de rotaci6 (Taula 4.7). Combintats els resultats varem
derivar una segona distancia a M 31 de{ M), = 24.30+ 0.11 mag.

Finalment, per tal d'acabar de caracteritzar el sisteragera comparar les
propietats observades amb els models evolutius de LejeuSeh@&erer (2001).
En contra del que passa amb la binaria SB2A, els componeintsideixen amb
les posicions predites pels models evolutius (Fig. 4.83tddes isolades. Aixo
és caracteristic de sistemes separats, pero els aptsioguts amb el W&D per
a aquest sistema semblen indicar que la primaria omplebal e Roche. Les
observacions es poden explicar si es considera que el sigtetroba en un estadi
evolutiu on la primaria esta a punt d’omplir el lobul dedRe i on la transferencia
de massa encara no ha comencat.

M31V J00444528 4128000 (SB1)

L'ajust prelimar de les corbes de llum, aixi com els esgactybservats per a
aquesta binaria eclipsant, suggereixen que només eg pbdervar les linies es-
pectrals d’'un dels components. Aixi doncs, per tal de ddter les velocitats
radials de la primaria, es va fer servir un programa anomERAVEL (Zucker
& Mazeh, 2006), on les velocitats radials (Taula 4.8) esrddteen a partir del
desplacament relatiu de les linies i, per tant, no cal spp@re patro.
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A més a més de les velocitats radials, TIRAVEL també projoma un es-
pectre combinat que inclou tots els espectres observatseshgspectre es va
utilitzar per realitzar una determinacio de la tempewgtia gravetat superficial,
la metallicitat, la velocitat microturbulenta i la velocitat de aof6 de la primaria
(Taula 4.9).

L’Gltim pas per determinar les propietats fisiques dstesna és la determi-
nacio de la massa i del radi. De tota manera, com que nonteses les veloc-
itats radials de la primaria, calen suposicions addidgpar tal de resoldre les
propietats del sistema. En el nostre cas varem calculadelde la primaria a
partir de la temperatura observada (i d’'una distancia a M@drem imposar que
la soluci6 obtinguda amb el W&D coincidis amb el radi cédtul ajust resultant
es pot veure a la Fig. 4.10 i a la Taula 4.10. Cal destacar gjuietels residus
observats indiquen clarament que almenys un dels compoésiritrinsecament
variable.

En comparar els resultats amb els models evolutius (Lej@uiszhaerer,
2001, Fig. 4.11), es confirma una cosa que ja es podia obselfeapectre combi-
nat: que la primaria é€s una supergegant blava. Pel quafseeziindaria, s’observa
gue és sublluminosa per la seva massa. De tota manerapfastpts de la se-
cundaria s’han deduit, basicament, a partir de les satbdlum. Cal tenir present
gue aquestes presenten una variabilitat que no és tingudarepte en errors
proporcionats pel W&D. Aixi doncs, la diferencia en la @wedaria pot no ser
significativa si es té en compte la variabilitat del sistema

M31V J0044232&-4127082 (SB3)

L'Gltim sistema binari analitzat presenta diversos il favor de la presencia
d’un tercer component (que pot correspondre a una o vasiedles). Aixi doncs,
per determinar les velocitats radials d’aquest sistemea esilitzar un nou algo-
ritme (desenvolupat a la Universitat de Tel Aviv i anomenRIMIOR) que és
capac de realitzar correlacio creuada amb tres companeatnou, es va utilitzar
un proceés iteratiu per determinar els espectres patrompmorcionaven millors
velocitats radials (Taula 4.11).

Per ala determinacio de les masses i els radis del sistelohe, és va realitzar,
com en els casos anteriors, un ajust amb el W&D. Els resu&akajust mostren
un sistema molt interessant (Taula 4.12 i Fig. 4.13), jae@pieXcentric, els seus
components tenen masses per sobre de 40 &més, presenta moviment apsidal.

Els espectres dels components d’aquest sistema no es \@tengeparar de
I'espectre observat i, per tant, no varem poder deternrirarma temperatura di-
recta. De tota manera, considerant que els dos compondragstgna es van
formar a la vegada, varem poder realitzar una modelibzdel ‘sistema a partir
dels models evolutius de Lejeune & Schaerer (2001).
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En primer lloc, varem utilitzar el diagrama massa-radigeterminar I'edat i
la lluminositat dels dos components eclipsants (Fig. 4.A4nés a més, a partir
de la tercera llum (derivada de les corbes de llum) tambémnwaleterminar les
propietats del tercer component (suposant que es va folmaataix temps que
el sistema binari, Taula 4.13). Els parametres derivatscompatibles amb les
linies espectrals observades als espectres de GMOS (E&).ida més, permeten
determinar un modul de distancia a M 31 de{ M), = 24.8 + 0.6 mag.

Un cop determinades les propietats fonamentals dels coenp®(massa, radi
i temperatura), ja s’esta en condicions d’analitzar ¢jeri del moviment apsi-
dal. Cal dir que I'analisi presentat en aquest treball riesimpinar i que cal, en
un futur, una analisi més detallada. De tota manera, hidsadauses possibles
pel moviment apsidal observat: la contribucid de la teiai els efectes rela-
tivistes i I'estructura interna dels components. Despesepassar cadascuna de
les possibles contribucions, varem deduir que la causgnodable del moviment
apsidal observat és I'estructura interna dels componBat$ota manera, els mod-
els d’estructura estédr prediuen un moviment apsidal més gran que I'observat.
Aquesta diferencia es pot explicar si les estrelles tenehisconvectius més grans
del que prediuen els models.

La distancia a M 31 a partir de binaries eclipsants

Tres de les quatre binaries eclipsants estudiades (SB22B $ SB3), han pro-
porcionat dades suficients com per permetre una deterraidacia distancia a
M 31 (Taula 4.14). D’aquestes tres distancies, dues starrdamacions directes,
ja que no depenen de cap calibratge previ. La distancieopcimmada per SB3
es basa en models evolutius, els quals tenen un gran nombupdsicions i, per
tant, no es pot considerar directa. La mitjana de les duésndies directes dona
un modul de distancia a M 31 den¢ M)o = 24.36 + 0.08 mag (744 33 kpc).

Els errors de la distancia calculada no tenen en compte assilpe sis-
tematica introduida pels models d’atmosfera darg[TLUSTY). De tota manera,
per la nostra experiencia, estimem que aquesta sistearégiinferior a 0.05 mag.
Algunes vegades també s’ha argumentat que els sistemgs@genten una im-
portant deformacio, degut a la proximitat entre els congps), no sbn adequats
per determinacions de distancia. Aquesta afirmacio raeéwot certa, ja que els
possibles efectes de proximitat es veuen compensats peeduecio en el nom-
bre de parametres lliures i, per tant, els sistemes sgmargts poden, igualment,
ser utilitzats per a determinaci6 de distancies. Aixiah) les distancies derivades
son directes i precises.

Finalment, és important destacar que el procedimentaatilen aquest treball
ha compensat la manca d’espectrofotometria gracies péaaseo i modelitzacio
dels espectres de GMOS. Aquest nou procediment requereixsnodservacions
I, per tant, fa possible I'analisi d’'un major nombre dedries eclipsants.
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Cefeides

El primer que es pot estudiar de la mostra de 416 Cefeidestddes en el cataleg
d’estrelles variables és la distribucid de periodes.piither que varem fer va
ser comparar la distribucio de periodes de les Cefeidesredes amb aque-
lles conegudes a M 31 del cataleg GCVS (Fig. 5.1). Es va vhseom els dos
catalegs son clarament diferents degut, basicamemaananca de Cefeides de
periodes curts (i febles) al GCVS. Posteriorment es varesaseom la distribuciod
de periodes de les Cefeides observades és molt similabtnijuda pel cataleg
DDO, on hi ha Cefeides de la nostra galaxia. Aixi doncs, a&sleduir que el
cataleg de Cefeides obtingut és tant complet com ele@faDO i, a més, que les
distribucions de periodes de les Cefeides son similalssetdues galaxies.

El seglient pas en I'analisi de les Cefeides observadesria seva classifi-
cacio polsacionalEs a dir, seleccionar les Cefeides en funcid de si polseh en e
mode fonamental o en algun dels seus harmonics. Aquessifidacio es pot
realitzar mitjancant I'ajust d’una serie de Fourier adesbes de llum i observant
la relacid entre els coeficients dels primers ordres. Eal t@étrem poder classi-
ficar 315 Cefeides: 240 polsant en el mode fonamental i 75pbkn el primer
harmonic (Fig. 5.2). A més a més, totes les Cefeides amtetiode superior a
8 dies es va considerar que polsaven en el mode fonamemtal(fe¢otal de 281
Cefeides en el mode fonamental), ja que no hi ha Cefeideamqtads el primer
harmonic amb un periode superior a 7 dies.

Un cop classificades les Cefeides varem procedir a estladialacio P-L. La
relacio obtinguda amb la mostra de Cefeides fonamentattrenana gran dis-
persio (Fig. 5.4) deguda a tres possibles factors: alisatactes de metdtitat
i de contaminacio.

Per tal de corregir I'efecte d’absorci6, varem utilitzalacions periode-color
del grup OGLE (Udalski et al., 1999). Un cop determinats elsrs B — V),
varem determinar I'absorcio de cada Cefeida utilitzamtcaoeficient d’extincio
total respecte extincio parciak() estandard.

Per tal de corregir I'efecte que la melaitat té en la magnitud absoluta de les
Cefeides, en primer lloc varem utilitzar un gradient gedaentric (Zaritsky et al.,
1994) per estimar la methtat de les Cefeides. A continuacio, varem aplicar una
correcci6 a la magnitud de cada Cefeida (Sakai et al., 2864pns la metdicitat
derivada.

L’Gltim possible dfecte és la contaminacio per estrelles veines. A lamtisia
de M 31, la resolucié angular de les imatges obtingudes dribTecorrespon a
uns 4 pc. Aixi doncs, el que sembla una sola Cefeida pot oorigecontribucid
de diverses estrelles. Aixi doncs, varem desenvolupanétode per determi-
nar el valor de la contaminaci6 introduida per altresedlss en la magnitud de
les Cefeides observades. El procés es basa en el fet qualitiasnd’'una Ce-
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feida sempre disminueix quan hi ha estrelles contaminagig ila relacio entre
I'amplitud d’una Cefeida en dos filtre8( V) és aproximadament constant.

Els resultats obtinguts per a cada Cefeida tenen un errdrimmobrtant, fent
impossible la determinaci6 de la contaminaci6 en cadai@af De tota manera,
el gran nombre de Cefeides estudiades va permetre la detarimd’un valor mig
de la contaminacio (Taula 5.1). Els resultats mostren gfiecte de la contami-
nacié en la magnitud mitjana d’'una Cefeida és de I'ordr@.@emag. El mateix
valor va ser observat per altres autors a M 33 i, a més, S'aedsm valor sim-
ilar per la tercera llum de les 24 binaries eclipsants s&eades com a bones
candidates per a la determinacio de distancies.

L'efecte que la contaminacio sempre disminueixi 'amplitle les Cefeides va
ser utilitzat per seleccionar aquelles Cefeides menysaafes. Aixi doncs, varem
seleccionar les 66 Cefeides amb una amplitud major que Og8peradeterminar
una distancia a M 31. Basant-nos en les relacions P-L de QGGlcEmodul de
distancia a LMC deri— M), = 1842 + 0.06 mag, el modul de distancia a M 31
resultant és denf— M) = 24.32+ 0.12 mag.

Resultats i conclusions

Un cop presentat I'analisi realitzada i presentats elslt&s, cal comparar les
diferents determinacions i posar-les en context amb elikement actual de la
materia.

La distancia a M 31 en context

En primer lloc, cal dir que la determinacio directa de ldatsia a M 31 (objectiu
principal del projecte) s’ha assolit. El valor obtingut de<{ M), = 24.36+ 0.08
mag és directe, ja que no es basa en cap determinaci@pt@distancies; acurat,
ja que s’han utilitzat dues binaries eclipsants amb carestiques diferents i s’han
tingut en compte les possibles sistematiques; i pregigué el valor obtingut té
només un 4% d’error.

El valor obtingut esta completament d’acord amb les déatexaons indi-
rectes obtingudes previament a M 31, el que demostra edatercalibratge de
la majoria de candeles estandard. El valor obtingut amiédsides també esta
perfectament d’acord amb el valor de les binaries ecligsafiquest fet té una
consequencia important, ja que la distancia de les @edegsta basada en una de-
terminacio6 de la distancia a LMC amb binaries eclipsafitsi doncs, la distancia
obtinguda no només és consistent amb altres indicadadsstiacia, sind que és
consistent amb altres determinacions de distancies amaiés eclipsants.
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Resultats nes destacats

La recerca de binaries eclipsants a M 31, realitzada anddemdopi INT, va pro-
porcionat un extensiu cataleg fotometric. L'analisilee observacions va revelar
3964 estrelles variables, 437 de les quals sbn binarigssants i 416 son Ce-
feides. La gran precisio de la fotometria obtinguda, amB47objectes amb un
error inferior a 0.1 mag, i el gran nombre d’estrelles vdaaljamb 3 000 d’elles
sense identificar) representa una base de dadeslertger futures analisis a
M31.

Les binaries eclipsants identificades es van seleccigmaporcionant una
llista de 24 candidates idonies per a la determinaci6 distkancia a M 31. D’a-
guestes, se’n van observar 5 amb el telescopi Gemini-Nbeplicacioé de nous
algoritmes de correlacio creuada va proporcionar vedtitadials per a quatre
d’elles. Addicionalment, els algoritmes utilitzats vanmpétre la separacio dels
espectres de cada component per determinar les propisigtsets dels sistemes
binaris (temperatura, gravetat superficial, etc.) migant ajustos espectrals.

Per dues de les binaries amb velocitats radials es va aqpginsemps d’ob-
servacib espectrofotometrica amb el Hubble Space Tgpesgero la qualitat de
les dades obtingudes son insuficients per tal de determimadistancia a M 31
mitjancant un metode espectrofotometric. Aixi donzaldra esperar a futures
missions per poder aplicar aquest metode.

La modelitzaci6 de les binaries eclipsants observadds @emini-North va
permetre la determinacio6 directa de les masses i els radjsatre sistemes bina-
ris. Tots ells tenen propietats que els fan extremadamenessants per entendre
millor les propietats fisiques d’estrelles massives. &migular I'analisi realitzada
ha permes identificar una de les binaries (SB2A, M31V JG799+4129236)
com un sistema tipus Algol, on els seus components son niénts del que
prediuen els models degut a la intensa transferencia deamadn altre dels
sistemes binaris (SB2B, M31V J0044364129194) esta format per dues es-
trelles separades (on la primaria gairebé omple el laleuRoche) permetent
una determinacio de I'edat del sistema binari. La tercararta eclipsant (SB1,
M31V J004445284128000) és un sistema evolucionat on la secundaria omple
el lobul de Roche, fent-lo molt interessant per estudidrdasferencia de massa
en aquests sistemes. Finalment, una de les binaries adifpanalitzades (SB3,
M31V J004423264127082) ha demostrat ser un sistema supermassiu amb movi-
ment apsidal, permetent un primer analisi de I'estrucioterna en estrelles de
més de 40 masses solars.

Addicionalment, les Cefeides detectades al cataleg fetames van anal-
itzar, permetent determinar que la mostra obtinguda &sciampleta com el
cataleg DDO de la Via Lactia. La gran qualitat de les cortbedlum va per-
metre identificar 281 Cefeides polsant en el mode fonameilen el primer
harmonic. L'exhaustiu analisi realitzat de la relac&ripde-lluminositat i el de-
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senvolupament d’'un nou metode per calcular la contanbnazei estrelles veines
va mostrat com I'efecte de la contaminacio és tant impditam la correccio de
la metallicitat per determinar distancies amb Cefeides.

Finalment, les binaries eclipsants van proporcionar wauhde distancia a
M 31 de fn— M)y = 24.36 + 0.08 mag (744« 33 kpc). Aquest resultat és com-
patible amb les determinacions previes de la distancié3d Memostrant que els
indicadors de distancia estan ben calibrats. A més, tarita obtinguda a partir
de les Cefeides demostra que el resultat €s compatiblétamb la determinacio
de la distancia a LMC amb binaries eclipsants. Aixi doetpresent treball de-
mostra que les binaries eclipsants son elargls indicadors de distancia i obre la
porta a futures determinacions de distancia a altrexigalael Grup Local.

Apendix: gran fulguracio estellar

Com a mostra del gran potencial que té el cataleg fotomelrtingut, a contin-
uacio6 es detalla I'analisi d’'una fulguraci6 edtal del dia 25 de setembre de 2000
i que varem descobrir durant el procés de reduccio.

Les fulguracions estéars s’observen en estrelles magneticament actives com,
per exemple, el Sol. En general, les fulguracions podenrereetre 18 i 102
ergs i son especialment comunes en estrelles fredes. EatllastM, aquestes
fulguracions solen ser especialment intenses en I'optentre que tendeixen a
ser observades en el rang UV i de rajos X en les estrelles atéstes.

L'estrella que presenta la fulguracio edteles troba identificada, en el cataleg
de referencia, com a M31J0045393¥130395. Aguesta estrella també té fo-
tometria de DIRECT i de 2MASS (Skrutskie et al., 2006). Teeimcompte totes
aquestes observacions, es pot estimar que l'estrellazésama de tipus espectral
M4 i que es troba situada a uns 300 pc.

L'analisi dels 5 anys de series fotometriques obtingude presenta clars
signes de variabilitat fora del periode amb fulguracig.(R.2), el que indica que
I'estrella té taques relativament poc importants o régestde forma homogenia.

Per tal de determinar I'energia emesa durant la fulguramdorimer lloc, es
pot observar que la durada de la fulguracio és de I'ordrad@00 segons. Aix0
classifica aquesta fulguracié dins el grup de les més setenamb energies de
I'ordre de 132 ergs. Addicionalment, es pot calcular 'energia emesategirant
la variacio de lluminositat durant la fulguraci6 i muligant-la per I'energia de
I'estrella en I'estadi quiescent. Els resultats mostres lgufulguracié observada
és de les més intenses que mai s’han observat (Taula A.2).

Juntament amb la fulguraci6 principal, també es van olsarinc fulgura-
cions menors, amb durades d’'uns 8 000 segons. Tres d’aquielsferacions van
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ser observades durant la decreixenca de la fulguracicipel. Aquests fenomens
sbn observats també en altres casos i es poden explicareo@mmexions magne-
tiques, degudes al mecanisme proposat per Attrill et aD{R0



XXVi Resum




1 Introduction

1.1 The extragalactic distance ladder

Distance determinations are based on a hierarchic proeedoere the closest
distance indicators are used to calibrate farther distanthis process has been
commonly known as the distance scale or the distance laoddre same way
that the first rungs of a ladder are used to reach further stéysfirst rung of the
distance ladder is the Astronomical Unit, which can be daeit@ed by a wealth of
different methods and procedures, either direct or indiredh Wve determination
of the Astronomical Unit and with accurate astrometric paxas, the distance to
neighboring stars can be directly determined.

The most accurate and wide survey of astrometric parallagsobtained by
the Hipparcos satellite (launched in 1989), which obserE2D 000 stars with an
absoluteparallax precision between 1 and 10 milliarcsec (Perrym&s&, 1997;
van Leeuwen, 2007). In the future, the Gaia mission is exguectgreatly improve
Hipparcos determinations, with a precision between 4 afd#0roarcsec for 10
stars (Perryman et al., 2001).

Geometric distance determination through parallaxesh(tieé exception of
orbital parallaxes, see Herrnstein et al., 1999, as an eengpalmost the only
purely direct method. All the remaining distance deterrtiores are based (to
some extent) on the knowledge of the intrinsic luminositg@tftain objects (usu-
ally referred as standard candles). Unfortunately, peetigonometric parallax
determinations (with errors below 10%) can only be obtafoedhe closest stars
(~100 pc with Hipparcos). Therefore, as a new rung in the digtdadder, the
trigonometric parallaxes are used to calibrate the luniiiessof stars.

The number of photometric distance indicators is very l¢sge Jacoby et al.,
1992, for a critical review), each one being suitable fotaiardistance intervals
(Fig. 1.1). In all cases, the distance is obtained by knowhegntrinsic luminosity
of the studied objectl(;) at a certain wavelength and comparing it with the
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Figure 1.1. Distance determination techniques as described in Jacbhy. e
(1992). The used abbreviations stand for: LSC — Local Supestér; SG —
Supergiant; SN — Supernovae; B-W — Baade-Wesselink; PNLFland®ary-
Nebula Luminosity Function; SBF — Surface-Brightness Rlations; GCLF —
Globular-Cluster Luminosity Functiom;,— astrometric parallax.

observed (absorption corrected) fluif’() through the expression known as the
inverse square law of distance

o _ La
04 Ard?
whered is the distance to the object of known luminosity. Equivdierihe dis-

tance can also be expressed in terms of the absolute magifyiiof the object
from the definition of the distance modulus

(1.1)

(M= M)o = Mo, — M, = 5log(d) — 5 (1.2)

wheremy , is the (absorption corrected) magnitude of an objedtrsecs.

Among all the standard candles, Cepheids play a centraimdlee distance
ladder (Fig. 1.1). Cepheids are evolved variable starsgettsal class F6 to K2)
that pulsate radially (with periods ranging froni to ~50 days). These variable
stars have large amplitudes and bright intrinsic luminesithat make them easily
detectable in photometric variability surveys, even inahsgalaxies. In addition,
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they present a strong correlation between the period ofpialsand their absolute
magnitude (known as period-luminosity relationship, Lita/ Pickering, 1912).
The Cepheid period-luminosity (P-L) relationship has mafdéese variable stars
one of the main cornerstones in deriving extragalacticadists (see Freedman
et al., 2001, for a review).

The pulsation mechanism is relatively well understood fribva theoretical
point of view (see Gautschy & Saio, 1996, for a review). Hogrethe large num-
ber of required assumptions has made that, in most cases|ibeation of the P-L
relationship has been obtained empirically. The zero{pfithe P-L relationship
has been established from several distance indicators,asithe Hipparcos sta-
tistical parallaxes of Cepheids (Feast & Catchpole, 199ifi &t al., 1998), from
isochrone fitting to galactic open clusters and from theairgfd surface brightness
technique (Gieren et al., 1997). The slope of the P-L ratatigp has traditionally
been obtained from extragalactic Cepheids. The largéstten this sense has
been performed by the OGLE group (Udalski et al., 1999), tiigng ~ 1300
Cepheids in the Large Magellanic Cloud (LMC).

The Large Magellanic Cloud has traditionally been used asfitlst extra-
galactic rung of the distance ladder because of its proyitoitthe Milky Way.
However, its low metallicity and irregular geometry (see,,iWeinberg, 2000)
has posed some doubts on the suitability of LMC as the firgt stehe extra-
galactic distance ladder, as illustrated by the large sbiealistances (Fig 1.2)
derived from diterent methods (Gibson, 2000).

Therefore, accurate distance measurements to other Loocap@alaxies are
crucial to calibrating the cosmic distance scale. Once LGeraup galaxy dis-
tances are known, all of its various stellar populationsaaaglable as potential
standard candles. As major rungs on the cosmic distanceratickse galaxies
serve as calibrators not only for Cepheids but also for nasiggernovae, globular
clusters, etc., reaching far beyond the bounds of the Looali®(Hodge, 1981).
In addition, precise distance determinations to Local @rgalaxies enable the
calibration of cosmological distance determination mdthsuch as supernovae,
Tully-Fisher relationship, surface brightness fluctuasgioetc. A precise and ac-
curate determination of the extragalactic distance ladderucial to understand
the physics, the age and the size of the Universe.

1.2 The Andromeda Galaxy

The Andromeda galaxy (M 31) is the nearest external spidaixga(Sb; Hubble,
1929) and, with the Milky Way, one of the two largest galaxrethe Local Group.
Since the pioneering work of Hubble (1929), a large varidtstodies have been
performed to investigate its structure and stellar conténtlear example of the
structure of M 31 can be seen in Gordon et al. (2006), wherared observa-
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Data from Gibson (2000)

Relative Probability Density Distribution

LMC Modulus

Figure 1.2. Frequentist probability density presented in Freedmar. ¢2601);
distribution of LMC distance moduli as compiled by Gibso®@R) plotted as a
continuous probability density distribution built frometlsum of individual unit-
area Gaussians centered at the modulus in several workdraadened by the
published internal random error.

tions revealed its complex spiral structure, probably dusteractions with its
numerous satellite galaxies. Other studies have reveaieti atellar population
(Massey, 2003) with all types of massive stars (e.g. maineecg stars, Wolf-
Rayets, Luminous Blue Variable stars, Red Supergiant$, étbe analysis of
its stellar population (and emission nebulae) has revehlgidthe metallicity of
M 31 is very similar to that of the Milky Way. In addition, théslarity in size
and morphology makes M 31 an ideal target to study spirakgaiharacteristics,
allowing a better understanding of our own galaxy.

M 31 can also be a first-class distance calibrator (Clemieatiml., 2001).
On the one hand, and contrary to the Magellanic Clouds, thiamtie to M 31 is
large enough so that its geometry does not introduce angregsics in the final
distance determination. On the other hand, typically with@lerate reddening
value E(B-V) = 0.16+ 0.01, Massey et al., 1995), it is close enough to enable
the individual identification of stars suitable for distargetermination (such as
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Cepheids). Moreover, an Sb I-1l giant spiral galaxy (like ) Brovides a much
more appropriate local counterpart for the galaxies comynosed for distance
determination (e.g., Freedman et al., 2001). Finally, M &t also provide an
absolute calibration of the Tully-Fisher relationshipabling the calibration of
the furthest distance determination methods. Therefdtleowgh stars in M 31
are about six magnitudes fainter than those in LMC, the ataratics of this
spiral galaxy make it a promising step of the cosmic distauede.

Many studies have provided distance determinations to MSdgua wide
range of methods. A comprehensive list of distance detextions to M 31 are
shown in Table 1.1 with explicit errors. As can be seen, tHaeslisted are in
the rangeifi— M),=24.0-24.6 mag. Most of the distance determinations in Table
1.1 rely on previous calibrations using stars in the Milkyywda the Magellanic
Clouds. As a consequence of this, a large number of subsedistance deter-
minations, based only on recalibrations, can be found ifitd@ture. These are
not included in Table 1.1. The resulting weighted stand&sdadion is 0.08 mag
(~4% in distance). As can be seen in Fig. 1.3 (where the rangstamte mod-
ulus is the same that in Fig. 1.2), the dispersion is smaii@n the dispersion in
LMC distances, revealing that M 31 is potentially a bettegéato anchor the ex-
tragalactic distance scale. Therefore, a direct distaatarchination to M 31 (i.e.,
free from any prior calibrations) is of central importanoeshable the use of this
galaxy as the first step of the extragalactic distance ladder

1.3 Eclipsing binaries

Eclipsing binaries (EBs) have always been an importantflmolesting and de-
termining the physical properties of stars (Popper, 196iin&n, 1993). They are
composed of two stars that, when orbiting each other, pgeciodic eclipses.
The great potential of EBs is that their orbital motion, méel from the radial
velocity curves, and the shape of eclipses, obtained franight curves, can be
entirely explained by the gravitation laws and the geomefrthe system (see
Hilditch, 2001, for details).

Specifically, the light curves provide the relative profgertand the orbital
properties of the system (Table 1.2). The radial velocitywes can provide the
systemic velocity (i.e., the velocity of the center of maasjl the velocity semi-
amplitudes (i.e., the maximum velocity deviation of eaclmponent with respect
to the systemic velocity). With these quantities, the semajor axis of the system
(a) and the individual mass of each componeWts, Ms) can be determined from
the following expressions (see Table 1.2 for nomenclature)

P(Kp + Ks) V1 — &
21

asini = (1.3)
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Table 1.1. Distance determinations to M 31 as presented in the refegeral-
ues resulting from recalibrations of the same observattidaia, distance moduli
without extinction corrections and distances derived i phesent work are not
included.

Method (mn— M), Distance Reference
[mag] [kpc]
Cepheids 24.260.14 69@-40 [1]
Tip of the RGB 24.480.25 76@90 [2]
Cepheids 24.260.08 71G-30 [3]
RR Lyrae 24.340.15 74Q:50 [4]
Novae 24.2#0.20 71@70 [5]
Cepheids 24.380.12 73@40 [6]
Cepheids 24.440.09 76Q@-30 [6]
Cepheids 24.580.12 82@:50 [6]
Carbon-rich stars 24.49.15 78@50 [7]
Cepheids 24.380.05 75217 [8]
Carbon-rich stars 24.3®.03 74510 [8]
Glob. Clus. Lum. Func. 24.63.23 6470 [9]
Red Giant Branch 24.40.07 78@30 [10]
Red Clump 24.4¥0.06 78@20 [11]
Red Giant Branch 24.40.12 78@40 [12]
Cepheids 24.490.11 79@-40 [13]
RR Lyrae 24.5@0.11 79@40 [14]

Tip of the RGB
Mean & std. deviation

24.420.07 78525 [15]
24.30.08 75G:30

[1]: Baade & Swope (1963); [2]: Mould & Kristian (1986); [3]Velch et al.
(1986); [4]: Pritchet & van den Bergh (1987); [5]: Capaccatlal. (1989);
[6]: Freedman & Madore (1990); [7]: Richer et al. (1990);:[Bfewer et al.
(1995); [9]: Ostriker & Gnedin (1997); [10]: Holland (19981 1]: Stanek &
Garnavich (1998); [12]: Durrell et al. (2001); [13]: Joshid (2003);

[14]: Brown et al. (2004); [15]: McConnachie et al. (2005).

PKs(Kp + Ks)?(1 - €)%?

Mpsirti = e (1.4)
201 _ o2\3/2
Mssir?i = Re(Ke + ;TSC); (1-¢) (1.5)

However, as can be seen from these equations, the inclinattibe system, is
needed for deriving the individual masses of the comporemisthe semi-major
axis. To obtain the inclination of the system, the light @ghave to be modeled.
The detailed modeling of the light curves involves a compreiive understanding
on the physical laws governing both the geometry of an EBesygusually de-
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Relatvie Probability Density Distribution

23.8 24 24.2 24.4 24.6 24.8
M31 Modulus

Figure 1.3. Distribution of M 31 distance moduli as compiled in Table fldtted
as a continuous probability density distribution (blaciel built from the sum of
individual unit-area Gaussians centered at the quoted lsdand broadened by
the published internal random error (gray lines).

termined by the Roche lobe model) and the radiative pragsedi stars (including
limb darkening, gravity brightening, reflectioffects, etc.). The great number of
processes involved in the light curve modeling has madestirae specific algo-
rithms, such as EBOP (Popper & Etzel, 1981) and the one byow#gsDevinney
(1971), have been developed to model the EB light curves.edewin all cases,
the great number of involved parameters makes that expéntraodeling EBs is a
necessary ingredient. In particular, the knowledge of iptessorrelations among
parameters and the fundamental reasons for the observeglations must be
well understood to achieve an accurate solution. It is is $kenario when reduc-
ing the number of free parameters can be the proper way teveardccurate EB
modeling.

In the course of the present work (Chap. 2 and Chap. 4), deassamptions
are made to reduce the number of free parameters. The masttanpassumption
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Table 1.2. EB properties that can be derived frontfdrent data setsP and
S stand for primary and secondary components, respectiaetja is the semi-
major axis.

Parameter Symbol Light curves Radial velocity curves
Single lines Double lines
Period P O O O
Eccentricity e 0 0 0
Argument of periastron w O O O
Luminosity ratio L3/LY O O O
Inclination [ O O O
Radius of primary Rp re = Rp/a O O
Radius of secondary Rs rs = Rs/a O O
Systemic velocity vy O O O
Semi-amplitude of primary Kp O O O
Semi-amplitude of secondary Kg H O 0

relates to the configuration of the system. In the Roche lobdet(see Hilditch,
2001, and references therein), the shapes of stars arenileterby their surface
potential. When the surface potential of a star is close tertam limit (that

depends basically on the mass ratio and the semi-major axe system), the
star fills its Roche lobe. At this point, the surface layershaf star can flow out
and accrete on the companion star. With this scenario, gnehdiéng on the value
of the surface potential, the EB systems can be classifiegigsl(4):

e Detached. Both stars are bound within separate equipateuntifaces. In
this configuration the properties of every star is roughtieipendent on the
presence of its companion.

e Semi-detached. Only one of the stars fills the Roche lobec(ihganion is
within a separate equipotential surface). In this configonathe shape of
the component filling the Roche lobe is greatly distortedh®ypresence of
its companion. In addition, the system can experience aatiass transfer,
implying that the evolution of both stars can depart front tfaan isolated
star.

e Over-contact. Both stars overfill their Roche lobes and esllacommon
envelope. Therefore, their evolution and structure isatiosoupled.

The adoption of a configuration can, therefore, reduce tinebeu of free param-
eters. However, the final decision on the configuration astbpias to be well
sustained by several indicators, including some testswaittous possible config-
urations.

Another important consideration to accurately model an ¥&esn is that, to
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IV A,

Figure 1.4. Diagram illustrating three possible configurations of an $8tem.
Top: DetachedMiddle: Semi-detachedottom: Over-contact.

obtain the radial velocities, spectral lines have to beblgsin the spectra. This
leads to two possible scenarios:

¢ When the two components of the system havkedent luminosities and the
lines of only one of them can be observed (called singledinaries), the
radial velocities can only provide the semi-amplitude o¢ @hthe compo-
nents. In these systems, only a limited set of propertiebeatetermined.

¢ When the luminosities of both components are similar, thecgpscopic
lines of each component can be distinguished in the obsapecktra. In
these systems (called double-line binaries), all the arlbitd physical quan-
tities can be directly obtained (Table 1.2).

Therefore, for double-line EBs, the combination of lightlaadial velocity curves
provides direct determinations of the individual radii andsses of the compo-
nents without any prior calibration. However, a carefulrakzation on the possi-
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ble correlations and a detailed analysis of the minimum remobfree parameters
is required.

1.3.1 Distance determination methods

The direct determination of the radR) of the components of EB systems made
that several authors (e.g., Lacy, 1977; Giménez et al.4)198ggested the pos-
sibility to use EBs for deriving distances. The only addiibrequirement to
determine the absolute luminosity of an EB system and, hirecdistance, is the
surface brightnesd=() or, equivalently, the féective temperature of the compo-
nents Teg).

The method of Lacy (1977) involves the use of the Barnes & EVd976)
relationship to compute the surface brightness of the corepis. The distance
modulus (Eg. 1.2) to each component is then computed asguhanhthe stars are
roughly sphericall(, = 47R?F,) through the expression

(M=M)o=m—A; + 2. 5log( Ry Mo (1.6)

R@Fm)
with m, being the observed magnitude at a certain wavelengthAarzeing the
line-of-sight absorption. In the equation above, the alisoinagnitudel, =
—2.5log(L,) +C,) is expressed in terms of the solar propertR% £, andM, o)
to avoid numerical constant€y).

Afterwards, Giménez et al. (1994) suggested the use of+aitd photometry
and UV spectroscopy to better determine the temperaturaai eomponent.
The distance modulus could then be computed from the defndf dtfective
temperature

4
Mbol -2.5 |Og[R®T ) + Mbol@ = M,l + BCA (17)
4
(M= M) =m; — A, — Mpgo + 2.5 |og[2—jff] + BC, (1.8)
eff,0

with BC, being the bolometric correction at a certain wavelengthe &guation
above is usually expressed for tfigpassband

(m=M)o=my — Ay — Mpgio + 5 Iog(E) +10 Iog( Ter
Ro Tett o

)+ BC,  (1.9)

and the absorption is usually determined from a color index ( 8—V)) through
the expression

Ay =RVE(B-V) =Ry [(B-V)-(B-V)] (1.10)
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whereRy = Ay/E(B-V) is the total-to-selective extinction ratio, usually assual
to beRy = 3.1 (e.g., Fitzpatrick, 1999).

The great advantage of this method with respect to otheradstls that the
required quantities can be obtained from the binary ama§&iand from stellar
atmosphere model3 &, (B — V)o andBC,). Therefore, no empirical calibration
is needed to obtain the distance to the EB (calibrationsatoesform the stellar
models into the above quantities are still required), mgkirat the distance de-
termination to any EB system is almost direct (Clausen, 200#addition, the
luminosities of both components can be checked againstuthabsity ratio de-
rived from the light curve analysis (Table 1.2), resultingai solution that is not
only direct, but also auto-consistent.

1.3.2 The experience of LMC

The potential of EBs to derive distances, encouraged agrtgeobtain a direct
distance determination to the LMC. The possibility to obtaltraviolet to visible
spectrophotometry (with the Hubble Space Telescope, HEdWed the use of
a specific temperature determination method. The spedaitoptetric method is
based on Eg. (1.1) and considers that the luminosity of arpisgstem (with
component$ andS) can be expressed as:

Ly = 4r (REK"FF + REKSFY) (1.11)
Re)? Rs\’
fo = (F) [kF’FE + ks(ﬁp) Ffl 10704 (1.12)

where the absorption has been included. In order to congidguossibility that
both components can be distorted by the presence of the coompstar, a phase-
dependent factok{°) has been introduced to consider the apparent size varsatio
of the star (as seen from the Earth) and the reflection of figit the companion.
Expressing the absorption in terms of the normalized etttncurve k(1-V) =
E(1 - V)/E(B - V), Fitzpatrick, 1999) the equation above can be expressed as

Rp\2 Rs\’
ff:(Fp) lka§’+k5(§) Ffl 107 AEEVIHA-VHRY] (1.13)

P

In the equation above, the surface flukgs® are obtained from atmosphere
models. The distance is then calculated by finding the béisigfimodel spectra
and normalized extinction curve to the spectrophotomeegsured at the Earth

().
Four EBs have been used up to now to determine accurate chstan the

LMC using the method described above (Table 1.3). Lightesimwere obtained
from previous photometric surveys using 1-1.5 m telescapesradial velocities
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Table 1.3. Distance determinations to LMC as presented in Fitzpateickl.
(2003). The two distances to LMC provided for each EB (depenan two
different orientations of LMC) have been averaged.

System deg divc (m- M)o, mc Reference
[kpc] [kpc] [mag]

HV 2274 47.:2.2 46.5 18.3 [1].[2]

HV 982 50.21.2 50.7 18.5 [2]

EROS 1044 47 51.8 47 .4 18.4 [3]

HV 5936 43.21.8 44.4 18.2 [4]

Weighted mean 48+ 1.4 1842+ 0.06

[1]: Guinan et al. (1998); [2]: Fitzpatrick et al. (2002)]{Ribas et al. (2002);
[4]: Fitzpatrick et al. (2003).

were determined from medium-resolution spectral1R500—-23 000), obtained
with Hubble Space Telescope (HST, 2.5 m) and Cerro Tolokeriamerican Ob-

servatory (CTIO, 4 m). Spectrophotometry was acquired Wi and STIS

instruments on board HST. The resulting distances have téesthat is larger

than their formal errors and seem to support the idea thdtrtbeof-sight struc-

ture of the LMC is being detected and compromising its vakitha first step of

the extragalactic distance ladder.

1.3.3 Eclipsing binaries in M 31 and M 33

The first discoveries of M 31 EBs-(60 systems) came from photographic surveys
in the 60’s (Baade & Swope, 1965, and references therein)e tuselection
effects, the observed binaries are among the brightest st#ing igalaxy, being
composed of luminous (and massive)BQype stars. The low precision of the
obtained light curves and thefficulty of obtaining radial velocities made that
few attention was paid to these newly discovered EBs.

However, over the past two decades, the use of large form&t @fectors
with high quantum fficiencies and low read-out noise has enabled the acquisi-
tion of precise £ 0.01 mag) photometry for 19—20 mag stars with moderate size
telescopes (2—-3 meter). In addition, the development ofangad reduction tech-
niques (such as image subtraction, Alard & Lupton, 1998)allasved the clear
identification of EBs in galaxies well beyond the Local Grdepy., Bonanos &
Stanek, 2003). Together with the improvement on the quefithe light curves,
large (8—10 m) telescopes have been built, enabling theisitqn of accurate
radial velocities.

In this sense, the DIRECT group (see Macri, 2004, and retexetherein)
started the identification of new EBs in M31 (Fig. 1.5) and M@&&h 1.2-1.3
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meter class telescopes, reporting almost 100 new EB systesash galaxy. The
resulting photometry has an error of 0.05 mag, which is just on the limit to
disentangle the correlations among the parameters goxgttme light curve mod-
eling. Even though, one of the detected EBs in M 33 was usedrivalthe first
direct distance determination to M 33 (Bonanos et al., 2006)

1.4 Goals

Following the same principles already used for the LNt& fundamental goal
of the present project is to carry out a one-step, accurate dtance determi-
nation to M 31 using double-line EB systemgRibas & Jordi, 2003; Ribas et al.,
2004). As previously mentioned (Sect. 1.3), the methodplagolves, at least,
two types of observations: photometry to obtain the lighivea and spectroscopy
to obtain the radial velocity curves.

Therefore, a large observational campaign was undertakbnhe Isaac New-
ton Telescope (from 1999 to 2003) to find the most suitable iéBdistance de-
termination to M31. Following the DIRECT project, a field olgping their
observed fields (Fig. 1.5) was selected to obtain betteritguajht curves of
their reported EBs. Observations were analyzed to disceeigpsing binaries
and Cepheids suitable for distance determination (see.@hap

Given the faintness of the targets, large telescopes (8)Hdemeeded to ob-
tain the required radial velocities. The optimum targetsiistance determination
were selected to be observed with Gemini-North telescage Ghap. 3). The re-
sulting spectra were used to determine the fundamentakeprep for four of the
selected EBs (Sect. 4).

The remaining needed parameters for distance determmngtioface fluxes
and line-of-sight extinction) can be obtained from sevemnathods, either from
modeling the spectral energy distribution or by new procesi(e.g., Sect 4.1.1.3).
The combination of the results yields an accurate detetimimaf the distance to
the EB systems and, hence, to M 31 (Sect. 4.2).

In addition to providing accurate distances, the resulfungdamental stel-
lar properties, such as masses and radii, can be used asfylav@gnostics for
studying the structure and evolution of stars that were bornin a different
chemical environment from that in the Milky Way (Sect 4.1).

The large data volume treated also provides valuable irdtion for the study
of other stellar populations. As seen in previous secti@epheids are important
standard candles. The photometric catalog resulting fieerEB search yielded
large numbers of Cepheids. Therefaitee analysis of the Cepheid population
was used to further constrain the distance to M 3Jand enable the better calibra-
tion of the standard candles commonly used for distancerdatation (Chap. 5).



14 1 Introduction

Figure 1.5. Image of M 31 as reported in Macri (2004) with the correspogdi
DIRECT fields (black boxes). The field studied in the presemtivihas also been
over-plotted (white box).

Finally, as a proof of the potential of the obtained photometatalog and as
a by-product of the present worthe analysis of a flaring M star in the Milky
Way, revealed one of the most intense optical flares ever reppOMgpendix A).



2 Time series photometty

The main goal of this project (Sect. 1.4) requires high-iquéght curves to ob-
tain precise fundamental properties. By the time this ptagéarted, the highest-
quality EB light curves were those obtained by the DIRECTugr(Kaluzny et al.,
1998; Stanek et al., 1998, 1999), but the scatter was toe kargletermine the
physical elements reliably (see Sect. 1.3.3). Therefoeeymdertook a new pho-
tometric survey to obtain high-quality EB light curves (s&ect. 2.1). With the
application of the dterence image analysis algorithm in the data reduction pro-
cess (see Sect. 2.2), precise photometry was obtained lydfoorthe EBs in the
field, but also for all the variable stars. Two photometritategs were compiled
(see Sect. 2.3). The reference catalog contains the phttomeboth B andV
passbands of 236 238 stars. Among all the stars in the refereatalog, 3964
were identified as variable and included in the variable stalog. The variable
star catalog contains 437 EBs and 416 Cepheids and reptésenitial lists of
variable stars used for distance determination to M 31.

2.1 Observations

The observations were conducted at the 2.5 m Isaac Newtescgle (INT) in La
Palma (Spain). Twenty-one nights in five observing seas@ns granted between
1999 and 2003 (one season per year). The Wide Field Camehefoui thinned
EEV 4128<2148 CCDs, was used as the detector. The field of view of the WFC
the INT is 338 x 338, with 0733 pixel! angular scale. With this configuration,
we found that an exposure time of 15 minutes provides themypti SN for stars
of V ~ 19 mag and ensures that no significant luminosity variatmoucs during
the integration for EBs with a period longer than one day.

All observations were centered on the same field locatedeménth eastern
part of M31 @ = 00'44™46° § = +41°3820"). The field of study (Fig. 1.5) was

*The contents of this chapter were published in Vilardell e2006).
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Table 2.1. Number of images used in the data reduction process for datie o
five observing campaigns.

Frame 1999 2000 2001 2002 2003 Total
Granted nights 3 4 4 5 5 21
Bias 5 21 10 46 24 106
Darks 0 0 0 6 0 6

B flat-fields 20 31 19 21 42 133
V flat-fields 23 17 14 27 25 106

B Landolt fields 12 0 8 0 0 20
V Landolt fields 16 0 11 0 0 27

B M 31 field 41 45 45 54 80 265
V M 31 field 40 45 43 49 82 259
Total 157 159 150 203 253 922

selected to overlap with the DIRECT fields A, B, and C, sinc itfitial main
objective of the project was to obtain high-quality photormef already known
EBs (see Sect. 1.4). To reduce blending problems in suchvedexbfield (see
Fig. 2.1), all the images with PSF FWHM larger thah Bere rejected. As a
result, 265 and 259 frames, with median seeings’® and 1’2, were selected
for further analysis in thé andV passbands, respectively. In addition, during
two nights of the 1999 observing run and one night of the 2088eoving run,
15 Landolt (1992) standard stars were observed from thries fifG0231051,
PG1633099, and MARK A). In Table 2.1, a complete list of all the imagesed

in the data reduction process for the five observing seasgesented.

2.2 Data reduction

The treatment of the obtained images follows five major st€psraw data cal-
ibration to correct the images, (2)ffirence image analysis to obtairifdrential
photometry for the variable stars, (3) standard photontednsformation, (4) as-
trometry to obtain the star positions and (5) periodicitgrsh to compute the
periodicity for the variable stars.

2.2.1 Data calibration

The science images for each of the five observing seasonsedireed using the
IRAF! package. Only bias, dark, and flat-field frames correspanidithe same

LIRAF is distributed by the National Optical Astronomy Obsxpries, which are operated by
the Association of Universities for Research in Astronolng,, under cooperative agreement with
the NSF.
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observing season were used to reduce a given science image.

Each WFC image was separated into four overscan-subtracéegs, one per
CCD frame. After this step, each CCD frame was treated stgharduring the
reduction process. Bad pixélsere also corrected for all images through linear
interpolation from the adjacent pixels. Although this neetls not optimal for re-
ducing photometric data (since the flux of stars on bad cofusinot conserved),
it yields the best results for cleaning the calibration iemgbias and flat-field
images).

A master bias was built for each observing season and CCCefr&iach pixel
of the master bias is the median value of the same pixel irhallbias frames.
The resulting bias frames were subtracted from each flat-fraine. The bias-
subtracted flat-field frames were corrected for non-lingaftects and averaged
to produce a master flat-field image for each observing se&0Db frame, and
filter.

The science images were processed by subtracting the bias fand cor-
rected for non-linearity and flat fielding. The resulting oea are free of most of
the instrumental féects, except for a small area close to the north easternrcorne
of the field that is associated with field vignetting (see Rigd.).

2.2.2 Dfference image analysis

Given that the field under study is highly crowded, a packaged on the image
subtraction algorithm (Alard & Lupton, 1998) was used toamthe best possible
photometric precision. This technique has the advantagfeveriable stars are
automatically detected and that precise photometry cabtagéned even in highly
crowded fields. We used our own implementation of tHeedence image analysis
package (DIA) developed by Wozniak (2000). The image sohitma algorithm
requires a high-quality reference image. This image waatededuring the first
step of the process by the DIA for each CCD and filter. The coatimn of the
15 best seeing images produced two reference images, am@Y@atFWHM for
V (see Fig. 2.1) and one with’0 FWHM for B.

The main part of the process is the determination of the datieo kernels.
The kernels are constructed to match the reference imadpeeaith one of the
remaining frames under study (supposedly witfiestent seeing values). The DIA
kernels are composed of Gaussian functions with constatthezand modified by
polynomials. In our case, the kernels consist of three Gassvith polynomials
of orders 4, 3, and 2. A space-varying polynomial of order 4 ats0 used to

2The pixel positions were obtained from the webpage:
http://www.ast.cam.ac.uk/~wfcsur/technical/pipeline/

3Codficients were obtained from the webpage:
http://www.ast.cam.ac.uk/~wfcsur/technical/foibles/
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Figure 2.1. Reference image of the selected field of viewvirilter. The center
of the field is atr = 00"44"46° ands = +41°3820"

account for the spatial variation across the image. Theltregikernels were
convolved with the reference image and subtracted from tlggnal frames to
obtain images containing only objects with brightnessatarms (plus noise).

The variability image is constructed from théfdrentiated images. This vari-
ability image contains all pixels considered to have lifgviel variations. A pixel
is considered to vary if it satisfies at least one of the foitmytwo conditions:

e There are more than 4 consecutive observations deviating than 3r
(whereo is the standard deviation) from the base-line flux in the sdime
rection (brighter or fainter).

e There are more than 10 overall observations deviating niae 4~ from
the base-line flux in the same direction.

The variability image is used to identify the variable starke reference im-
age PSF is correlated with the variability image and all lacaxima with corre-
lation codficients in excess of 0.7 are considered to be variable stanse e
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variable stars are located, PSF photometry is performed| dheadifferentiated
images to obtain the fferential fluxes. The dierential fluxes can be transformed
to the usual instrumental magnitudes through the follovexgression:

m = C — 25log(fo + aAf;) (2.1)

whereAf; is the diferential flux of a star in th&h observation,f, is the base
line flux on the reference imag€,is a zero-point constanty is the instrumental
magnitude of a star in thigh observation, and is a scaling factor (see below).

The photometric package of DIA does not properly accountémtamination
from nearby stars in crowded fields (such as in our case).efore, thefy values
obtained with the DIA can potentially be severely overeated. To obtain pre-
cise values forfo, DAOPHOT PSF photometry (Stetson, 1987) was applied to the
reference image. Given that DIA and DAOPHOT photometry uffemrdnt PSF
definitions and functional forms, a scaling factaj (s needed to transform the
DIA fluxes into the DAOPHOT flux units (see Zebrun et al., 20@dr, an exten-
sive discussion). A synthetic image was created to compaesctaling factors.
The synthetic image contains the representation of the DAOPPSFs at the
position of each variable star. The scaling factor at thetjposof each variable
star was obtained from the comparison with the DIA photoyneteach PSF. For
similar PSFs, the scaling factor can be obtained with arr efr0.3% or less.

This process provided instrumental magnitudes for all thgable stars, as
well as all the stars in the reference image. Two main sowftpstential system-
atic errors exist with this procedur&, anda. Both sourcesféect the amplitudes
of the light curves without introducing any additional seat Therefore, the only
way to study the presence of possible systematics is by congpthe derived
light curves with other results given in the literature. As®wn in Sect. 2.4.1, the
amplitudes of the fitted EBs are perfectly compatible witiRBCT light curves.
In addition, the reference fluxedyf result in standard magnitudes that are fully
compatible with LGGS and DIRECT standard magnitudes (S&8t1). There-
fore, the existence of any additional photometric errossiiteng from systematics
in the derived parameter$y(anda) can be excluded.

2.2.3 Standard photometry

To transform instrumental to standard magnitudes, thergbdd_andolt (1992)
standard stars were used. Although the standard stars Wwseeved at dferent
times during the night, the number of collected frames isemaiugh to accurately
determine the atmospheric extinction. Therefore, as adieft, the M 31 images
obtained during the same night as the standard stars (3Cegniagotal) were
used to compute the cficients needed to account for the atmospheric extinction.
Aperture photometry on 20 bright, but not saturated, anthied stars on the
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M 31 frames was performed. For each night and filter, a lineéavds obtained
with dispersions ranging from 0.008 mag to 0.03 mag.

As a second step, aperture photometry was performed onahdast stars.
The instrumental magnitudes obtained were corrected \Wwehatmospheric ex-
tinction codficients. The resulting values were used to find the transfooma
codficients between the instrumental magnitudes and the sthmadagnitudes.
For each night and CCD, the following relationship was dateed:

V-V =A+A(B-V) (2.2)
b-—v=A;+A4B-V) (2.3)

whereb andv are the instrumental magnitud&andV the standard magnitudes,
andA; are the transformation ciients. The resulting mean standard deviation
of the fits is 0.02 mag.

The transformation cdicients cannot be directly applied to the M 31 instru-
mental magnitudes because the latter are based on thenaddreage, which is
a combination of dferent images. In addition, the transformationfoents are
determined from aperture photometry, while the M 31 ins&ntal magnitudes
have been determined from PSF photometry. For this reakenorly way to
obtain standard magnitudes for the M 31 stars is to applyrémstormation coef-
ficients to the frames obtained during the same nights addhdard stars.

PSF photometry is needed to find precise standard magnitidegasonable
number of objects in the M 31 field, since aperture photonaznyonly be applied
to isolated stars. A sample of bright and isolated stars vgasl to determine a
scaling value to transform the PSF magnitudes into apephotometry values
for each one of the 30 M 31 frames. The scaling values and amsformation
codficients were then used to obtain standard magnitudes for@8k2cts in the
field. A systematic dference was observed for the standard magnitudes obtained
from the 2001 frames (probably the night was not photomgtsiz these values
were rejected. The standard magnitudes of every star ih@alldmaining frames
(22 in total) were averaged, and the standard deviation wasidered a good
estimation of its uncertainty.

The standard magnitudes resulting from this process weze tosdetermine
new transformation cdicients @) for the reference images. Only 534 non-
variable and non-saturated objects detected in all theesaamd with an error
below 0.04 mag were used for this purpose. This sample hasgfandard color
and magnitude coverage, witl).3 < B—V < 1.7 mag and 1.6 < V < 21.0 mag,
providing fits with dispersions ranging from 0.013 mag tol®.tnag, depending
on the CCD.

The resulting cofficients were applied to the reference images. The objects
detected in the/ frame were cross-matched with the objects detected irBthe
frame. Only the objects identified withir’@3 (one pixel) ilboth passbandsave
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Figure 2.2. Standard errors as a function of magnitude for the entirégrhetric
catalog containing 236 238 objects with photometry in Bo#ndB passbands.

been included in the reference catalog, providing stanplantometry for 236 238
objects. Of these, 37 241 objects have errors below 0.1 magtim passbands
(Fig. 2.2). The limiting magnitudes of the photometric ¢aggare around/ =~
255 mag and ~ 26.0 mag, and itis estimated to be complete up'te 22.3 mag
andB ~ 235 mag (see Fig. 2.3). Including only the objects with phottygne
in both passbands introduces a bias in Yhéand completeness because stars
usually have positivé8 — V values. Therefore, some faint stars\inwere not
included in the catalog because thBimagnitudes were beyond the detection
limit. Since the standard color is needed to obtaintreandard magnitude, this
procedure ensures that all the photometry in the refereatzdog uses the same
transformation co@cients.

Finally, the same cdBcients used in the reference images were applied to
transform tham values in Eq. 2.1 to standard photometry in bBtAndV pass-
bands for a total of 3964 variable stars.
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Figure 2.3. Number of stars as a function of the standard magnitudeséoivio
passbands andV). Number of stars with errors below 0.1 mag are also shown.

2.2.4 Astrometry

Standard coordinates for all detected objects were corddten several refer-
ence stars in the GSC 2.2.1To ensure that the reference stars are uniformly
distributed, each CCD was divided intx@ sectors. Three reference stars (with
V =~ 18) were identified manually in each sector, yielding aniahiist of 54
reference stars per CCD. Fits using third-order linear g#goga with 2r scatter
clipping were applied to determine the transformation afrdinates. After the
iterative process, at least two reference stars had to reima&iach sector. Other-
wise, an additional reference star was selected in thesqmoraling sector and the
entire process was repeated.

The resulting coordinates were compared with those in thé &3.1 catalog.
A total of 724 objects with a positionfilerence of less thari’3n the two catalogs
were identified. As can be seen in Fig. 2.4, no systematicds@ppear in the
comparisons, which have dispersionsgf= 0716 ando; = 0712.

“Data obtained fromhttp://cdsweb.u-strasbg. fr/viz-bin/Vizier
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Figure 2.4. Differences between the coordinates obtained from our prozaddr
the coordinates from the GSC 2.2.1 catalog for 724 identgftads (circles). The
line represents a running average.

2.2.5 Periodicity search

Since the observations were performed in five annual obsgsgasons, the data
are very unevenly sampled. To overcome this major drawbadktiermining pe-
riodicities, a program based on the analysis of varianceW&czenberg-Czerny,
1996) was used to compute the periodograms for each vassniand filter B
andV). The periodograms were computed with 7 harmonics, bedhissetup
was found to provide optimal results for the detection of gBtems, which con-
stitute the main objective of the present survey. The lowsit lin the period
search was set to one day from the consideration that EBgperibds below one
day are likely to be foreground contact systems and thezefot of interest for
this survey. In addition, given the relatively long expastime for each observa-
tion in the present survey (15 minutes), important brigesneriations during the
integration time could occur for the short-period variagbl€hese factors make the
computational fort of extending the period search below 1 day not worthwhile
On the opposite end, an upper limit of 100 days was selecteétect as many
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long-period Cepheids as possible.

For each variable star, two periodograms (onB and one irvV) were used to
obtain a consistent period determination. The resultigigticurves were visually
inspected to locate well-defined variability patterns stheading to the identifi-
cation of a total of 437 EBs and 416 Cepheids. For several BBSCepheids,
the period determination was a multiple of the true period, dherefore, it was
recomputed. Finally, the times of minimum of both light cesyB andV), which
were computed from Fourier seridgs{((t) in Schwarzenberg-Czerny, 1996), were
used to compute a reference time for all the light curves.

2.3 The catalogs

As a result of the data reduction process, two catalogs weatered. The first
one includes all the detected objects in the field. The seoaratontains the data
for all the variable stars.

2.3.1 Reference catalog

The photometry of the 236 238 objects detected in the referemages was
grouped into the reference catalog (Tablg 8hich contains the object identifier,
the right ascension, the declination, t¥iestandard magnitude in the reference
image, theV standard error, thB standard magnitude in the reference image, the
B standard error, and, in case there is a previous identdicathe corresponding
identifier. The catalogs cross-matched with our refereatalag are GSC 2.2.1,
DIRECT, LGGS (Massey et al., 2006), and Todd et al. (2005,eddezr TO5).
Photographic catalogs are identified in the previous woskecially in LGGS,
and they are not cross-identified here.

According to the IAU recommendations, the identifier wadtdtom the ob-
ject position and considering the observational angulsoltgion. The resulting
format is M31 JHHMMSSssDDMMSSs. For the variable stars, the acronym
was changed from M31 to M31V to indicate that they can be fo{with the
same identifier) in the variable star catalog (see SecR.3.

To show the general photometric properties of the obtaia¢al@g, the color-
magnitude diagram for the 37 241 objects with a photometrar &elow 0.1 mag
in both B andV is shown in Fig. 2.5. It can be seen from this diagram that most
of the stars in this catalog are stars at the top end of the segjnence, with some
foreground giants and stars at the tip of the red giant branch

STable 3 is available in electronic form at the CDS via anonyanip to
cdsarc.u-strasbg.fr (130.79.128.5) orvia
http://cdsweb.u-strasbhg. fr/cgi-bin/qcat?J/A+A/459/321
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Figure 2.5. Color—magnitude diagram for 37 241 objects with photometrrors
lower than 0.1 mag in botB andV in the reference catalog. Stars above the
dashed lines are saturated.

The standard photometry depends on a certain number ofprénd-calibra-
tions (Sect. 2.2.2 and Sect. 2.2.3). Considering that @m erthe standard magni-
tudes has a direct impact on the distance determinatiangeittremely important
to ensure that no systematic errofieat the photometry. For this reason, it is
worthwhile checking the consistency of the standard magde# given here. For-
tunately, there are two CCD surveys wilandV photometry of a large number of
stars that overlap with the field under study: DIRECT (Ma2@p4) and LGGS
(Massey et al., 2006). The non-saturated objects of ouregufw > 17.5 and
B > 180) were cross-identified with the magnitudes reported byQHRECT
group and by the LGGS group For the DIRECT survey, a total of 14717 and
7499 objects were identified M and B passbands, respectively (see Fig 2.6).
The comparison with the LGGS survey provided 36 353 commqgactd (see
Fig. 2.7).

Although some trend is observed for the DIREBTagnitudes, the LGGB

6Data sourceftp://cfa-ftp.harvard. edu/pub/kstanek/DIRECT/
"Data sourcehttp://www.lowell.edu/users/massey/lgsurvey/
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Magnitude

Figure 2.6. Differences with DIRECT standard magnitudes versus the malgsitu
in the reference catalog. The comparison has 14 717 steramad 7 499 irB. The
dashed lines show the limiting magnitudes. The solid lireetisnning average.

Magnitude

Figure 2.7. Differences with LGGS standard magnitudes versus the magsitude
in the reference catalog for a total amount of 36 353 starah @assband. The
dashed lines show the limiting magnitudes. The solid lireetisnning average.
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magnitudes are completely consistent with the magnitudesii survey. There-
fore, theB standard magnitudes in the present catalog are expectealéono
systematic error. Regarding tMemagnitudes, some low-level systematics have
been observed with the two catalogs. The DIRECTagnitudes are larger by
about 0.02 mag than the values in the reference cataloghand3GS compari-
son shows an increasing trend towards larger magnitudes57B8 objects with
V magnitudes in the three catalogs were used to study thevaossystematics.
The comparisons between the three catalogs always revealldad of trend and,
so it was impossible to conclude whether there are any (&mgt) systematics af-
fecting theV standard magnitudes. In any case, th€edences for the brightest
stars ¥ < 20.5 mag) are well below 0.03 mag. Taking into account that al th
EBs that can be used for distance determination Mave20.5 (Sect. 2.4.1), this
is the maximum systematic error that can exist in tMestandard magnitudes.

2.3.2 \Variable star catalog

The 3964 variable stars identified in the reduction procem®wncluded in the
variable star catalog (Table®)For each variable star, we provide the correspond-
ing identifier (see Sect. 2.3.1), the right ascension, tlodirdgion, the intensity-
averaged/ magnitude (Eg. (9) in Saha & Hoessel, 1990), the méarror, the
intensity-average® magnitude, the mea error, the number of observations in
V, the number of observations By the reference time computed in Sect. 2.2.5 (in
HJD), the period (in days) and a label, indicating whether\tariable star was
identified as an EB or a Cepheid.

Although a period estimate is given for each variable stariausly not all the
variable stars are periodic. When comparing the windowtfanavith the period
distribution for all variable stars (see Fig. 2.8), it isail¢hat many of the period
determinations are just an alias introduced by the windowtion, especially for
those over five days (frequency below 0.2 daysTherefore, a significant number
of the variable stars are, in fact, non-periodic variablegasiables with a period
out of the studied range (1-100 days). All light curves (tseees photometry)
are also provided (Table $)together with the variable star catalog. For each vari-
able star and observation, the time of observation (in Jig)standard magnitude
(V or B) and the standard error are given.

Part of the images in the present survey were also reducedbywho re-
ported 127 EB systems. Therefore, the photometry on thablaristar catalog

8Table 4 is available in electronic form at the CDS via anonysitp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/459/321

9Table 5 is available in electronic form at the CDS via anonysitp to
cdsarc.u-strasbg.fr (130.79.128.5) orvia
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/459/321
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Figure 2.8. Top: Window function for the studied period range (lines) and fre
quency distribution for all the stars in the variable staatay (histogram)Mid-
dle: Frequency distribution for the Cepheids in the variable ci#alog.Bottom:
Frequency distribution for the eclipsing binaries in theialle star catalog.

can be directly compared. Of the reported sample of 127 EB3,stars have
been detected in our reference catalog, 92 are in the varsai catalog and 90
have also been classified as EBs. The maxinuiff* and B™® values for the

90 systems identified were matched with the magnitudes piegeén TO5 (see

Fig. 2.9). A systematic trend can be observed in\tHdter. In addition, Fig. 2.9

also reveals that thBTSX magnitudes are lower than oBf"®* values.

When inspecting the origin of such a discrepancy, we obsighagall the EBs
labeled f2BEB and f3BEB in TO5 had lower magnitude values the EBs in our
variable star catalog. Since 14 of these EBs also have DIRECTmagnitudes
and 5 of them have DIRECB™* values (Kaluzny et al., 1998; Stanek et al.,
1998, 1999; Bonanos et al., 2003), we computed the metaretices (Table 2.2).
Although the number of cross-matched EBs is small, theirmuié@erences seem
to indicate that the magnitudes reported in TO5 for the 2Bt f3BEB EBs
sufer from a systematicftset. On the other hand, the magnitude values for the
remaining EBs (fABEB and f4BEB) are compatible in the thre®logs.
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Figure 2.9. Differences between the DIRECT maximum magnitudes (open
squares), the TO5 maximum magnitudes (filled circles) aednhximum mag-
nitudes for all the crossed EBs of the variable star catalog.

2.4 Selection of variable stars suitable for distance
determination

Following the main goal of the present work, the variable sttalog was in-
spected to identify variable stars suitable for distan¢erd@&nation. Two popula-
tions were clearly identified: EBs and Cepheids.

2.4.1 Eclipsing binaries

In order to further characterize the EB sample in the vagiatdr catalog, a neu-
ral network algorithm was used (Sarro et al., 2006). Aftaneattempts, it was
observed that the neural network still needed some furtlagmimg to properly
classify our EB sample in M 31. Since the training is an ardudtort that de-
mands a large number of well known templates, the classditatith neural
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Table 2.2. Mean diferences for the magnitudes at maximum of the EBs labeled
f2BEB and f3BEB in TO5.

Comparison Diferences
ViR — V™ 0.062:0.047
VI = v -0.104:0.015
VI = ViRecr -0.166:0.057
Bl&ecr — B™  0.054:0.039
Bl — B™& -0.214+0.026
Bl — Blaecr  -0.268:0.046

networks was withdrawn. Therefore, all thécets were centered in identifying
EBs suitable for distance determination.

Only those systems with a precise determination of theidémmental proper-
ties can be used as distance determination targets. lcyartiradii with an error
of around 4% result in distances with an error larger than i#ige the absolute
magnitude of a star and, hence, the distance, scalg;as: R?. The absolute ra-
dius of a star is obtained from the product of the semi-maj& @sini, obtained
from radial velocity curves) and the relative radius=(R/a, directly determined
from the light curves, Table 1.2). Therefore, an error atbf% is required for
each quantity (sin ~ 1 for EBs). The desired precision in the relative radius
can be achieved with photometry on the order of 0.01 mag amgbiticision in
the semi-major axis can be achieved with errors in the senplitudes on the
order of 2%. The color—magnitude diagram (see Fig. 2.1®aksvthat most of
the detected EB systems contain high-mass components doghed the main
sequence. In addition, most of the systems have periodtesiioan 10 days (and
all of them have periods shorter than 30 days). The expeetadamplitudes for
massive stars with such short periods are on the order of ddeared kilome-
ters per second. In order to achieve 2% errors in these saplitades, radial
velocities (RVs) with errors on the order of 10 kntare required, implying spec-
tral resolutions of R3 000 at optical wavelengths. Therefore, considering that
medium-resolution spectra are needed to obtain precistafuantal properties
and that the largest currently available facilities are8k&0 m class telescopes,
only the brightest EB systems (with"¢?" < 20.5 mag) were selected for further
study. In addition, the most precise fundamental prope(dach as relative radii)
can be achieved only for those systems with deep eclipsege $orther selected
only those EBs wittAB > 0.2 mag and\V > 0.2 mag.

The criteria listed above provided a list of 29 systems fromihitial sample
of 437 EBs. Of these, 5 systems were rejected because ofrtjeedeatter in their
light curves (probably from the contamination of a brightearby star), leaving
a total amount of 24 EBs selected for detailed further amalys

The particular properties of each EB can have a strong inékiem the pre-
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Figure 2.10.Color—magnitude diagram for 37 241 objects with photornetniors
lower than 0.1 mag in botB andV in the reference catalog (gray dots) and 437
EBs (black circles). Stars above the dashed lines are sadura

cise determination of its fundamental parameters. Thezeto obtain the best
distance determination targets, a preliminary fit was paréal with the 2003 ver-
sion of the Wilson & Devinney (1971) program (hereafter W&bD)he selected
sample of 24 EBs. The fitting process was carried out in aatiter manner by
considering both light curveB(andV) simultaneously. For those systems pre-
viously identified by the DIRECT group, the¥f light curve was also included
in the fitting process. This provided an additional check loa ¢onsistency of
the resulting photometry, because the DIRECT photometiy egdculated from

a PSF rather than using a DIA algorithm and, therefore, asgipte systematics
on the DIA photometry (Sect. 2.2.2) can be checked. Once &ecgimg solution
was achieved, ad clipping was performed on all the light curves to eliminate
(normally a few) outlier observations.

It is important to emphasize that, in the obtained light egtvthe primary
component has been defined to be the one eclipsed in the pridesaper) eclipse.
This convention has been maintained during the entire work.

In order to obtain more stable solutions, and to decreasentinelation among
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the fitted parameters, the W&D assumes a certain configarfdreeach solution.
The diferent configurations in W&D considerftérent scenarios where both, one
or none of the eclipsing components fill the Roche lobe (thgekst closed equipo-
tential around a given star, so there is loss of matter to dingpanion if one star
exceeds its lobe even slightly; Wilson & Wyithe, 2003). Asyously mentioned,
most of the observed systems seem to be composed by high oragemrents
with relatively short periods. Therefore, a large fractafrthe detected EBs are
non-detached systems.

Two basic configurations were considered for each EB systietached and
semi-detached. Generally, the final fit in each one of the gardtions provided
some clues to the real configuration of the EB system. Howelksystems
showing non-zero eccentricity (secondary eclipse phasexawtly at 0.5) or un-
equal eclipse widths were considered to be detached EBsysta some specific
cases, a sinusoid@ — C was observed when studying the fit residuals as a func-
tion of phase, with one quadrature brighter than the othars i known as the
O’Connell dfect (O’Connell, 1951; Davidge & Milone, 1984). In the caserof
teracting high-mass systems, sudfeet can be explained by the presence of an
equatorial hot spot on the surface of one of the componehis.hbt spot is sup-
posed to be the consequence of impacting material arisomg finass transfer be-
tween the components in a Roche-lobe filling configuratiemisdetached). The
exact parameters of the spot cannot be obtained from th&abladata (strong
degeneracies exist; Fitzpatrick et al., 2003) and, thezefthe spot parameters
presented here are not necessarily physically valid byt cegbable of providing
a good fit to the variations in the light curves.

Each EB needs to be treated as a particular case and carefttice of the
adjustable parameters was performed individually. In ggnthe parameters fit-
ted with W&D for our M 31 EBs are: the time of minimurty{,), the period P),
the inclination {), the dfective temperature of the secondafy(s), the normal-
ized potential of primaryQp), the normalized potential of secondag(, for
detached systems only), and the luminosity of the primapy.(For the eccen-
tric systems, in addition, the eccentricitg) @nd the argument of the periastron
(w) were also fitted. In some cases of semi-detached systeemdhs ratiod)
was treated as a free parameter. The limb-darkeninfjicigats (square-root law)
were computed at each iteration from Kurucz ATLAS9 atmospimeodels and
the gravity brightening cd&cients, as well as the bolometric albedos, were fixed
to unity (assuming components with radiative envelopeshglfy, a third light (3)
contribution was included for the final solutions of the EBtgyns. Since the field
under study is extremely crowded, it is not surprising tltahe EBs may have a
significant third light contribution (see Sect. 5.3.3 for amnmextensive discussion
on this topic). In addition, the obtained values of the thigtit contribution pro-
vide a first check on the realistic determination of the fundatal properties and
give an indication of whether the scaling factor determoret @ in Eq. 2.1) are
correct. Indeed, an error in the scaling factor has exaletysame fect as a third
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Figure 2.11. B (up) andV (down) light curves for the 24 fitted EBs. The corre-
sponding W&D fits are also plotted (lines).

light contribution (either negative or positive).

Note that most of the solutions have a large number of frearparers. To
some extent, the values presented here rely on the adoptithre anass ratio
and, therefore, the fit results (in Table 2.3 and Fig. 2.1bukhbe regarded as
preliminary until radial velocity curves are obtained. Bome of the binaries, the
values given in Table 2.3 need additional comments:

e M31VJ004445284128000. This is the brightest EB system detected. A
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converging fit could not be achieved because of variatiotisanight curve
at the second quadrature. At this point, several posséslitould explain
the observed variability, such as a varying hot spot, anegicer disk or
the intrinsic variability of a supergiant component. Tlssue is further
discussed in Sect. 4.1.3.

e M31VJ004423264127082. The DIRECT light curve reveals a variation
in the argument of periastron, thus indicating the presefcapid apsidal
motion = 1.9 + 0.6 deg year!). Even taking the important third light
contribution into account, the RV curves provide valuabl®imation for
studying the real nature of this detached, eccentric syEsartt. 4.1.4).

e M31V J004437994129236. From the fit residuals it became evident that
the first quadrature is brighter than the other quadratuebiowyt 0.025 mag
in B and 0.020 mag iv. We modeled thisféect in W&D by including a
hot spot on the primary component. Assuming such a circylat ® be
40% hotter than the photosphere, its predicted radius #s1leg, and it is
located at a longitude of 2776 deg (measured counterclockwise from the
line of star centers). This system is further analyzed in.Set.1.

e M31VJ004519734145048. A largely negativ¥ third light contribution
is observed. However, the resulting error is also very lahge to the lack
of observations at the bottom of the primary eclipse. Carsigy that the/
light curve is the only data set having no observations abtiteom of the
primary eclipse and that positive third light contributsoare observed for
the other light curves, the derived fundamental parameter&xpected to
be accurate.

e M31VJ004449144152526. An equatorial hot spot was assumed for this
EB system. The best fit yields a spot with a temperature rdthh?) at a
longitude of 246+ 14 deg and a size of 17 3 deg.

e M31VJ004424784139022. The large scatter of the DIRE&Tight curve
prevented a reliable fit from being achieved. ConsequetitéyDIRECT
light curve was not used.

e M31VJ004459354130454. A very slight O’Connellféect was observed
in this EB system, suggesting the presence of a hot spot. @stdit with a
temperature ratio of 1.1, yields a spot at 2860 deg and a size of 2111
deg.

The obtained values provide a good estimation of the pakotieach EB
system to become a good distance determination target. niergle the best tar-
gets should have low third light contribution and a lumitpsatio close to unity.
On one hand, a strong third light contribution would lead nolerestimating the
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Figure 2.12.Color—magnitude diagram for 37 241 objects with photoraetniors
lower than 0.1 mag in botB andV in the reference catalog (gray dots) and 416
Cepheids (black circles). Stars above the dashed linesatweated. Error bars
on the left indicate the mean error, in magnitude and cotatifferent magnitude
values.

observed standard magnitudes for the EB system. Althoughhtind light can

be modeled, the resulting values may have uncertainti¢sathdarge enough to
have a sizeable negativBect on the accuracy of the distance determination (Wil-
son & Wyithe, 2003). On the other hand, EBs with luminosityias close to
unity will have spectra with visible lines for the two compants, thus making the
determination of accurate fundamental properties passibl

2.4.2 Cepheids

Although the main targets of this work are EBs, the variatdessnost commonly
used for distance determination are Cepheids (Chap. 1).viBo@l inspection
of the variable star catalog revealed a total amount of 41ite{ds with~ 250
measurements in botB andV passbands. The standard errors in Yhéand
B — V) passband range from 0.03 mag (0.04 magy at 19 mag to 0.11 mag
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(0.18 mag) av ~ 23 mag (Fig. 2.12). As will be shown in Sect. 5.3.1, the line-
of-sight absorption is computed from the observed coloer&fore, it is obvious
that fainter Cepheids will have large uncertainties in rtlaisolute magnitudes
and will have low significance in the distance determinatmi 31. However,
their periods are still very accurate and therefore, thiestmnple can be used to
study the completeness and the presence of any possibléSeieis 5.1). So, the
entire Cepheid sample was selected to determine the chasics of the Cepheid
population (Chap. 5).
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3 Spectroscopy and
spectrophotometry

The second necessary ingredient to fulfill the project g@athe acquisition of
spectra. Spectral information is essential because itiggsvanother basic in-
gredient for distance determination: radial velocitiesherefore, spectroscopy
was obtained for five of the 24 EBs selected in Sect. 2.4.1 itehdel candidates
for distance determination (Sect. 3.1). Observations wareed out with the
Gemini-North telescope and the GMOS detector. The field @vincludes four
Cepheids, however the'l$ and the spectral resolution of the acquired spectra is
too low for extracting meaningful information.

Following the procedure used to determine a distance to LBEEt; 1.3.2),
we obtained spectrophotometry of two of the main targeth thi€ Hubble Space
Telescope (HST). Unfortunately, the low quality of the acggh spectra and sev-
eral technical problems prevented the use of this methoceterchine the tem-
perature of the components. As shown in Sect. 4.1, the GM@8&trspcan also
be used to determine the temperature of the componentsgthribe fitting of
synthetic models. Therefore, the spectrophotometricrobtiens were used to
ensure the consistency of the temperature determinatest.(3.2).

3.1 Spectroscopy

3.1.1 Observations

The magnitude of the brightest EBs in the photometric cgte® ~ 19 mag. In
order to obtain spectroscopy of such objects with the reguiesolution and /8l
for accurate radial velocity determinations a 8—10 m claksstope is required.
Considering the position of M 31 in the Northern Hemispheve, selected the
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Table 3.1. Observed targets within the GMOS field of view with the cop@sd-
ing mean magnitudes and period.

Identifier Var. type \ymean gmean Reference time Period
[M31V] [mag] [mag] [HJD] [days]
J004445284128000 EB 18.854 0.021 18.93%k 0.011 2451814.4644 11.543696
J004423264127082 EB 19.242 0.031 19.33k0.021 2452546.4031 5.752609
J004437994129236 EB 19.428& 0.020 19.348 0.013 2452204.3793  3.549696
J004436164129194 EB 20.038 0.031 19.92G- 0.020 2452908.7081 2.048644
J004450134128069 EB 20.456 0.031 20.349% 0.011 2452910.5780 2.861049
J004421834129492 Cepheid 20.6700.030 21.391% 0.021 2452546.3920 8.246601
J004429524130314 Cepheid 21.0980.035 21.91% 0.035 2452546.7483  7.772483
J004443744128354 Cepheid 21.4990.047 22.822-0.068 2452550.7378 14.650850
J004433794125219 EB 21.55@ 0.062 21.333x 0.048 2452203.5319 1.739561
J004439284130078 Cepheid 21.6000.068 22.648 0.058 2452906.4932  8.505991

8 m telescope Gemini-North (in Mauna Kea, Hawaii) since & hanulti-object
spectrograph (GMOS) that fulfills our requirements.

We used the GMOS spectrograph with a custom mask designedliterd
spectroscopy of a number of targets in’& & 5/5 field of view. The instrument
was set to the highest possible resolution ef3R44  80km s per resolution
element) using a slit width of’®. The observations were performed in service
mode during four GMOS runs in September, October and Nove2®@4 and
February 2005 (program ID GN-2004B-Q-9).

Since the GMOS field of view (5 x 5/5) is much smaller than the INT pho-
tometric field of view (338 x 33.8), a selection of the optimum area to be studied
was performed. Considering the spatial distribution of s selected as suit-
able candidates for distance determination (see Sect)2affield containing five
of the selected EBs at the South-East of the studied regisrchvasen (Fig. 3.1).
Together with the selected binaries, four Cepheids andh¢éefaiEB happen to be
within the GMOS field of view (Fig. 3.2) and were also seledi@dobservation
(Table 3.1).

The observation strategy consisted in the acquisition of $pectra with an
exposure time of 2050 sec. Between the two spectra, a speopiz flat-field
image and a wavelength calibration arc images were obtailfbd two spectra
were combined in the data reduction process (Sect. 3.1 #pttuce a combined
spectrum. A total amount of eight exposures of 4100 sec aed(@tained in
February 2005) with a shorter exposure time (3240 sec) weteereed. All the ob-
servations were timed to cover both quadratures of two obtlyhtest EBs in the
field: M31V J004437994129236 and M31V J00442328127082. The bright-
est EB (M31V J004445281128000) was excluded from the timing constraints
because it presents some intrinsic variability and it wasnaged (and confirmed
afterwards) to be a single-line system from the light cumalysis (Sect. 4.1.3).
Therefore, each one of the two main targets has, at least,ologervations at
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Figure 3.1. Position of the 437 EBs identified in the photometric catdfgrgy cir-
cles) and the 24 eclipsing binaries most suitable for degtatetermination (black
circles). The area of’5 x 5/5 selected for Gemini-]6GMOS observations is also
indicated (square).

guadratures (two observations per quadrature) and thengmabservations at
random phases.

3.1.2 Data reduction

We carried out the reduction of the raw CCD frames with the FRZemini pack-
age version 1.7. For each GMOS observing run, several aother calibration
data) are automatically obtained out of the scientific progtime. From the vari-
ous possible GMOS configurations, our observations useahérty of 2x2 pixels
and the entire field of view was read out. All the bias framesioled in the same
GMOS run, and having the same configuration as the obsengatiwere com-
bined (with a mean ands3clipping) to produce a master bias. The corresponding
master bias was subtracted from each exposure image.

Before any further corrections could be applied, the pasitf the spectra in
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; |:|M31v J0044437444128354
OM31v 'J00444528+4128000
OM31V J00443799+4129236

OM31V J00443610+4129194
M31V J00442951+4130314[]

31V J00442183+4129492

OM31V J00443379+4125219

M31V J00442326+41270820

Figure 3.2. GMOS field of view with the 6 EBs (white circles) and 4 Cepheids
(white squares) selected for observation. The white argeeigravefront sensor.

the detector had to be identified. Although the relative jpmsbetween spectra is
known (from the custom mask), the exact position of the spem the detector
can vary slightly from run to run. Therefore, for each expeswe first reduced
the arc images to derive the displacement of the spectraresttect to the center
of the slit.

Once the 'sets were known, the wavelength calibration arc and the pgo-s
tra in each exposure were flux-corrected with the correspgritht-field image.
Bad pixels and cosmic ray hits were automatically identiffeain the neighbor-
ing pixels) and each slit was extracted.

Calibration arcs were obtained with a Cu-Ar (Copper-Arglamp, providing
a wavelength calibration with less than 0.01 nm rms. The \esggh-calibrated
spectra were sky subtracted (using the neighboring pigeld)extracted to obtain
one dimensional spectra. The across dispersion apertacetogxtract each ex-
posure (between”hnd 2’) was found iteratively to obtain the lowest number of
bad pixels and the best fit to the spectrum trace. The two anerdional spectra
of each exposure were finally combined (with a mean) and niareta(with a
polynomial fit to the continuum), providing the final 4100zead exposures.

With a sampling of about 2.5 pixels per resolution elemehtth@ spectra
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Table 3.2. Type of variability, wavelength range, position gaps aghal-to-noise
range for each one of the targets observed with GMOS.

Name Type Range Blue gap Redgap /NS
[M31V] [nm] [nm] [nm]
J004445284128000 EB 360.8 -506.8 408.2-409.4 457.4-458.5 16-30
J004423264127082 EB 387.6 —533.6 435.0-436.2 484.2-485.3 15-35
J004437994129236 EB 389.2-535.2 436.6-437.8 485.8—-486.9 14-39
J004436164129194 EB 391.6-537.6 439.0-440.2 488.2-489.3 8-24
J004450114128069 EB 353.5-499.5 400.9-402.1 450.1-4512 6-12

J004421834129492 Cepheid 420.0-566.0 467.4-468.6 516.6-517.7 5-12
J004429524130314 Cepheid 415.5-561.5 462.9-464.1 512.1-513.2 4-9
JO04443744128354 Cepheid 370.3-516.3 417.7-4189 466.9-4680 1-6
J004433794125219 EB 349.4-495.4 396.8-398.0 446.0-447.1 3-6
J004439284130078 Cepheid 395.1-541.1 4425-443.7 491.7-4928 2-6

include the Balmer lines (exceptaHat 656.3 nm). The wavelength range was
chosen to include Balmer lines because they are almost tesisible (and the
strongest) lines for late-O and early-B stars (see Fig. 8 to the instrument
design, the wavelength ranges vary slightly, dependingnemposition of each EB
in the field of view (Table 3.2). In addition, there are twoeiRthip gaps in the
spectral direction that also vary with the position of eamlgét. For some of the
observed targets, one of these gaps happens to be closeHg B&mer line at
486.1 nm.

The spectra obtained (Fig. 3.3) have/dl &tio that depends on the magnitude
of the target and the phase of observation (Table 3.2). @erniag the quality of
the spectroscopic data acquired, we only selected the fightbst EBs (suitable
candidates for distance determination) for further ansl{Ghap. 4).

3.2 Spectrophotometry

3.2.1 Observations

Spectrophotometric observations were performed with ttieaaiced Camera for
Surveys (ACS) on board the HST. Two HST orbits were grantedaryear 2005
to obtain spectrophotometry of two of the main EBs in the GM@H! of view:
M31V J004423264127082 and M31V J00443799129236. Two ACS detec-
tors were used to observe the desired wavelength intergah(£15 to 1050 nm):
the Solar Blind Channel (SBC), with the PR110L prism, andHigh Resolution
Camera (HRC), with the PR200L prism and the G800L grism (sdxeT3.3 for
details).

Observations were finally performed in September and Noeer2b06 (Ta-
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resentative spectral lines are identified, as well as the gaghe spectra (gray

Figure 3.3. Highest quality spectra for the four brightest EBs. The nregt
lines).
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Table 3.3.Characteristics of the HST instrumentation used to obfaétsopho-
tometry.

Detector Field of view Disperser Wavelength interval Minim resolution Maximum resolution

[nm] A/Aa@[nm] A/Aa@[nm]
SBC 34/6x 30”5 PR110L 115-180 40@180 300@115
HRC 29"x 26" PR200L 170 -390 13@390 135@170
HRC 29"x 26" G800L 550 — 1050 70@550 130@1050

Table 3.4.0bservations obtained with the ACS camera on board the HST.

Target Date observed Orbital phase Detector Direct image ismRBrism image

Filter ~ Exposure time Disperser Exposure time
[M31V] [2006] [seconds] [seconds]
J004437994129236  September 3 0.77 HRC  F606W 40 G800L x127.5
J004437994129236  September 3 0.76 HRC  F330W 138 PR200L x1(0
J004437994129236 September 17 0.75 SBC  F125LP 113 PR110L 711
J004423264127082 November 29 0.56 SBC  F125LP 113 PR110L 711

ble 3.4). Of the two granted targets, only M31V J0044378B29236 was com-
pletely observed, while the other target (M31V J0044232827082) was ob-
served only with SBC. Although the underlying reason waseneevealed to

us, the most likely explanation for the missing data is aufailin ACS, which
ceased observations just a few weeks after our run. In addiglthough obser-
vations were timed to observe both targets at quadratime§BC observation of
M31V J004423264127082 was obtained in the middle of the secondary eclipse
(Table 3.4), decreasing the signal of the obtained dataeshacing the scientific
outcome.

For each spectrophotometric observation a direct imagbeotélected field
of view was obtained (Table 3.4). The obtained data was usdidei reduction
process (Sect. 3.2.2) to obtain the required zero-poin@rf@ccurate wavelength
calibration. In addition, for the HRC observations, thecpescopic data was
obtained in two consecutive exposures, enabling the ifileation and removal
of cosmic ray hits. Both exposures were combined in the dataation process
(Sect. 3.2.2).

3.2.2 Data reduction

The data obtained with ACS are automatically processed &¥"HRLACS pack-
age. Correction for overscan, bias, darks, flats and sonmaicaay hits is per-
formed. The resulting images were the initial productsieeéd from MAST
(Multimission Archive Space Telescope science institdioe)further analysis.
Standard routines in Source Extractor (Bertin & Arnout9d)9 IRAF (version
2.13.beta) and PyIRAR(version 1.4), including the specific packages for ACS

IPyIRAF is a product of the Space Telescope Science Instittieeh is operated by AURA
for NASA.
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data reduction (Multidrizzle and aXe), were used. The rédaogorocedure is
somewhat dterent for each one of the threeffdrent dispersers (HRC G800L,
HRC PR200L and SBC PR110L) and, therefore, each procedexplained sep-
arately. In the three cases, calibration and standardizdtta are provided by the
STECF (Space Telescope European Coordination Facility).

3.2.2.1 HRC G800L

The HRC detector is considerably out of the optical axis offHEherefore, the
obtained images are distorted and had to be corrected (wiltidvizzle). Since
two grism images were obtained, the cosmic ray hits wereaalsamatically iden-
tified and marked. The lack of contaminating stars in the G8Jfectra (present
in other images) allowed the application of Multidrizzletiwihe images obtained
just after the CALACS automatic pipeline (either direct gea and spectra).

The following step was the identification of the stars in tieddfi Source Ex-
tractor was run on the corrected direct image, identifylmgmagnitude and po-
sition of the EB and nearby companions. Once the stars wergifigéd on the di-
rect image, the spectroscopic images (Fig. 3.4) were badkgrsubtracted with
a master sky image and bad pixels were automatically idedt#nd removed.

Once the spectra are free from instrumental defects, tmaatixin of the indi-
vidual spectra can be performed. The directimage was usisfitee the reference
PSF and zero-point of the wavelength calibration. With #gm@zpoint and the dis-
persion co#icients provided by STECF, the spectra were wavelengthreadit.
The wavelength calibrated spectra were flat fielded (using\el@ngth dependent
flat field), extracted from the individual exposures and corad to form a single
two dimensional spectrum. Each one of the two dimensioredtsp was extracted
by averaging all the values within 3 times the PSF FWHM anaidigrmed into a
one dimensional spectrum. The last step in the reductiorBO0G spectra is the
transformation of the instrumental flux values into staddares (using standard
calibration data). The applied flux transformations werawied from two white
dwarfs (2MASS J12570232201526 and 2MASS J050530682249519) and are
reported (by STECF) to be accurate to within 5% for all thenpobetween 600
and 900 nm (region between dashed lines in Fig. 3.4).

3.2.2.2 HRC PR200L

The standard procedures in PyIRAF are unable to combinenaigms obtained
in prism mode with HRC. Therefore, considering the lack oh@éphere and
the excellent pointing accuracy (with jitters around 6 raitsec or 0.2 pixels),

2Needed calibration data was obtained from:
http://www.stecf.org/instruments/ACSgrism/
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Figure 3.4. Spectroscopic observations obtained with HRC G80Rip: Raw
spectrum of M31V J004437991129236. Bottom: Reduced spectrum (gray
lines) with the points having a total error (calibration aatidom) below 20%
indicated (black lines). The area with a calibration erroflux below 5% is also
indicated (within the dashed lines).

the pair of HRC prism images were combined (with a weightedmpafter the

CALACS automatic procedure and before the correction fagendeformation.
The combination method is optimal in the sense that the neissduced and, at
the same time, diminishes th&ext of cosmic ray hits.

Unfortunately, the PR200L spectrum of the studied binasgigerely contam-
inated by the presence of a nearby companion (Fig. 3.5). thatethe G800L
spectrum is notfdected by this contaminating star because the dispersien-dir
tion is different. In addition, the contaminating star is much fairmethe optical
region, where G800L data was obtained. The instrumentajnle$ the PR200L
prism also makes that most of the flux is detected at longeeleagths and the
short wavelength region of the binary spectrum is close ¢éolding wavelength
region of the contaminating star, being both equally br{ging. 3.5).

In order to avoid negativefiects on the extraction of the desired spectrum,
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Figure 3.5. Spectroscopic observations obtained with HRC PR20@p: Raw
spectrum of M31V J00443799129236. Bottom: Reduced spectrum (gray
lines) with the points having a total error (calibration aathdom) below 20%
indicated (black lines). The area with a calibration ermorflux below 5% is
also indicated (within the dashed lines). THeeet of contamination is clearly
observed at short wavelengths.

the contaminating star was subtracted. Another star in ¢he &if view was used
to subtract the contaminating star. In order to ensure teaflix distributions of
both stars were similar, the instrumental photometry olet@iin the three direct
images (with Source Extractor) was used to select the matstbéel star. Even
when the contaminating star was subtracted, the spectiiareffected by con-
tamination was unsuitable for flux determination, but thisgess ensured that
the extraction direction of the spectrum of the EB (autooally detected for the
extraction algorithm) is accurate.

Once the binary spectrum was cleaned from contaminatienrPR200L data
reduction was similar to that used for G800OL. The geomeistodions were cor-
rected (with Multidrizzle) and the stars in the field werentied (with Source
Extractor). Contrary to the G800L reduction, each indialdgpectrum was back-
ground subtracted from the neighboring pixels (with a medsnce no master
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Figure 3.6. Spectroscopic observations obtained with HRC PR1T0p: Raw
spectrum of M31V J004437991129236. Bottom: Reduced spectrum (gray
lines) with the points having a total error (calibration aatidom) below 20%
indicated (black lines). The area with a calibration erroflux below 5% is also
indicated (within the dashed lines).

sky image is available. The background-subtracted spesra finally extracted
(with an aperture of 05), transformed into one dimensional data, wavelength cal-
ibrated and converted to flux standard values using staruddititation data. The
applied flux transformations are reported (by STECF) to lmeiate within 5%
from 180 to 350 nm, but the contaminating star makes thatselaoger than 20%
are obtained for wavelengths shorter than 215 nm (Fig. 3.5).

3.2.2.3 SBC PR110L

The data reduction process of both targets observed witlsB@ detector fol-
lowed similar steps. The only exception is the treatmenbotamination for the
M31V J004437994129236 data. Contrary to HRC PR200L data, the spectrum
of the observed EB is only slightlyfie@cted by the contaminating star (Fig. 3.6).
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Figure 3.7. Spectroscopic observations obtained with HRC PR1I0p: Raw
spectrum of M31V J004423261127082. Bottom: Reduced spectrum (gray
lines) with the points having a total error (calibration aathdom) below 20%
indicated (black lines). The area with a calibration errofliix below 5% is also
indicated (within the dashed lines).

Therefore, the subtraction procedure (described for th2OBR data) provided
a clean spectrum where the contamination from the nearbypaonion is well
within the observational errors.

For both targets the geometric distortions were correatgth (Multidrizzle)
and the stars in the field were identified (with Source Extngct Contrary to
previous reductions, anfiget had to be applied to the obtained position of stars
in order to use the standard wavelength calibrationffunents. The reason is
that codficients are valid for images taken with the F165LP filter, velasrour
direct images were obtained with the F125LP filter. Accogdia the STECF
guidelines, the required fiset in the position of stars is 0.97 pixels in the along
dispersion direction and2.44 pixels in the across dispersion direction. After

30Offsets are available at:
http://www.stecf.org/instruments/ACSgrism/calibration/sbc_pr1101.php
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careful examination of the resulting spectra, it was caometlithat the SilV line at
140 nm and the CIV line at 155 nm were displaced-dypixel. On the contrary,
after the application of the recommended across dispecgiset, it was observed
that the extracted spectrum was well centered in the exdrazbne. Therefore, no
offset in the along dispersion direction was applied and themetended fiset
in the across dispersion direction was used.

Once the observed stars were properly identified in the fib&dspectra were
background subtracted (from the neighboring pixels), aadsformed into one-
dimensional spectra with an aperture ¢80 The observations were finally trans-
formed into flux values with the standard calibration datg.(B.6 and Fig. 3.7).
The applied flux transformation is reported (by STECF) to tmugate within 5%
for all the values between 130 nm and 170 nm.
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4 Eclipsing binarie$

Five of the 24 EBs selected as suitable distance indicaBest(2.4.1) were ob-
served with GMOS at Gemini-North (Sect. 3.1.1). The pretiany analysis per-
formed (Sect. 2.4.1) indicates that two of the observedetargre optimum for
obtaining a precise distance determination to M 31: M31\4Jd@799-4129236
and M31V J004436104129194. Therefore, both EBs were modeled in order to
determine the physical properties of their componentst(3et) and to derive

a direct distance to M 31 (Sect. 4.2). Two of the other obskteegets have
some particular characteristics that diminish their vdtredistance determina-
tion. One of them is a single-line EB (M31V J00444528 28000) and the other
one has a strong third light contribution (M31V J0044282627082). In spite

of that, these EBs were also modeled in order to constraifutidamental prop-
erties of massive stars in M 31 (Sect. 4.1). The fifth targseoled with GMOS
(M31V J004450134128069) is the faintest target in Table 2.3 and, after thor-
ough investigation, no meaningful results could be obthinecause of the low
signal-to-noise ratio (8l) of the obtained spectra (Table 3.2). Therefore, future
observations with a larger telescope are required for éinget.

In order to facilitate the identification to the reader, sépidentifiers have
been used to refer to the four analyzed EBs (Table 4.1). Alaegrto the number
of system components, the two double-line EBs have beemredf¢o as SB2A
and SB2B, the single-line EB as SB1 and the triple-line EBB3.S

Table 4.1. Equivalence between the identifier in the variable starlegtand the
shorter name given in the course of the present chapter.

M31V J004437994129236 SB2A
M31V J004436184129194 SB2B
M31V J004445284128000 SB1
M31V J004423264127082 SB3

*Part of the contents of this chapter were published in Ribak €005).
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4.1 Physical properties

As in the case of the selection of targets (Sect. 2.4.1), EBaleeds to be modeled
as a particular case and a specific approach was followe@bbr @ne of them. In
general, the treatment of all the targets consists of theviilaig steps:

e Acquisition of RVs from the observed spectra,

e Determination of the masses and radii of the componentstinermodeling
of the light and the RV curves,

e Determination of the temperature of the components anddirsght ab-
sorption, and

e Comparison with stellar evolutionary models.

The detailed approach used for each one of the four studigdtsais explained
below.

4.1.1 M31VJ004437994129236 (SB2A)
4.1.1.1 Radial velocities

For double-line EBs, RV determinations involve the precdsgermination of the
center of the (usually) blended spectral lines. To derive Bihese stars, we con-
sidered several approaches on both spectral disentareylicidwo-dimensional
cross-correlation. We carried out numerous tests with peetsal disentangling
codes TANGLE (Harries et al., 2003) and KOREL (Hadrava, 3986d consid-
ering diferent wavelength intervals. Using a grid search method veermvied
that the obtained solutions had a relatively large spreddtamas not possible to
establish a definitive solution because of the ngisgurface.

Alternatively, we used the TODCOR two-dimensional crosg-@ation algo-
rithm (Zucker & Mazeh, 1994). We calculated individual R\ €ach spectrum
by cross-correlating with synthetic templates from Kurddt.AS9 models$ and
the TLUSTY libraries (OSTAR2002 and BSTAR2006) of Lanz & Huly (2003,
2007%. In both sets of models we considered templates with solaaltivity,
different temperatures and gravities (Fig. 4.1), and rotatieelacities in steps
of 40 km s?, starting at 80 km 3 (the wavelength resolution of the spectra is
~ 80 km s1). The microturbulent velocity was set to 2 km' $or the ATLAS9
and BSTAR2006 models and to 10 km'dor the OSTAR2002 models, since
these velocity values provide the maximum temperature eandty coverage.

LAvailable at:http: //kurucz.cfa.harvard.edu/
2Available at:http://nova.astro.umd.edu/
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Table 4.2.Radial velocity determinations for the EB M31V J00443¥9%29236
(SB2A).

Time Phase Primary Secondary

[HID] [km s71] [km s71]
2453262.874 0.1812 -33&17.5 88.4 7.5
2453319.879 0.2403 -34%17.6 116.4 6.2
2453260.910 0.6278 -52:90.8 -382.@11.7
2453321.820 0.7871  10:83.9 -426.410.2
2453321.872 0.8016 -1419.3 -417.2 8.6

The RVs obtained with TODCOR depend on the pair of syntheticpiates
used. Given the huge number of possible pairs of modelstiegutom the
TLUSTY and ATLAS9 grids, two dterent procedures were used to determine
the pair of models providing the best synthetic templaté® first procedure used
the values derived from the light curve fitting (Sect. 2.4a) the observed col-
ors B-V) to determine preliminary temperatures, surface gravdied rotational
velocities for an initial pair of models. The RVs derivedrfrdthese models were
used to disentangle the observed spectra and to determanepetature for each
component (see Sect. 4.1.1.3). The resulting temperadncegravities were then
used to choose the final pair of models, to compute the canebpg RVs and to
derive the fundamental properties of the studied stars.s€hend procedure (fur-
ther explained in Sect. 4.1.2.1) consisted in computind¥ie with several pairs
of models. The pair of models providing velocities that bésto a RV curve
model was considered to be the optimum pair. In both casesplitained RVs
were corrected to the heliocentric reference frame usingdstrd IRAF routines.

Both procedures provide equivalent results, and the RVspobed with the
first procedure (involving disentangling) were adoptedS&2A (Table 4.2). Of
the nine observed spectra, only five are shown in Table 4.8.r&imaining spec-
tra (phases are shown in Fig. 4.2) were excluded during theDVii&by sigma
clipping (see Sect. 4.1.1.2). We found that, in generagcted observations were
obtained during eclipses or correspond to the spectrummbavshorter exposure
time (observed in February 2005, Sect. 3.1.1). In both ca€4#3COR failed to
identify a maximum of correlation in these spectra.

4.1.1.2 Mass and radius determination

The light and RV curves were modeled using the W&D code in otdalerive

the individual masses and radii of the components of eachestEB. Initial tests
suggested that the light and RV curves should be modeledatepabecause of
the very few RV measurements available and the possibifilpaucing a bias
in the mass ratio of the studied systems. Therefore, thé ¢igive solutions of
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Table 4.3. Fundamental properties of M31V J00443%9929236 (SB2A) de-
rived from the analysis with W&D.

System properties

B magnitude at maximum lighBa,)? 19.19:0.02 mag
V magnitude at maximum ligh¥,a,)? 19.270.02 mag
Period P) 3.549694-0.000010 days
Time of minimum ) 2452 204.4220.003 HJD
Inclination () 89.3:1.8 deg
Systemic velocityy) -173+4 kms?
Semi-major axisd) 33.0:0.7 R
Mass ratio = Ms/ Mp) 0.65+0.03

Temperature ratiols s/ Tes.p) 0.8140.015

Flux ratio inB (Fgs/Fgp)? 0.49+0.02

Flux ratio inV (Fys/Fvp)? 0.50+0.02

Flux ratio ianRECT (FDys/FD,p)a 0.50+0.03

Component properties Primary Secondary
Radius R) 13.1z0.3 R, 11.3:0.3 R
Mass M) 23.1+1.3 M, 15.0:1.1 M,
Surface gravity (log in cgs) 3.5%0.03 3.5%0.04

Radial velocity semi-amplitude<(P® 185+6 kms! 285+6 kms?

Synchronized rotational velocitygn.sini) 187+4 kms! 161+4 km st
a Qut of eclipse averagei¢ = [0.14 - 0.36,0.64 — 0.86]
® Including non-Keplerian corrections

Sect. 2.4.1 were used as the initial values for the RV curge fithe obtained
results were then used to fit the light curves. Fitting wasiedrout iteratively
until full consistency was achieved.

For each light curve fit, the procedure described in Sectl2vés followed.
In the case of RVs, the adjustable parameters were the loskemai-major axis
(a), the mass ratioq), and the systemic velocity). Convergence in the fits was
reached rapidly, and tests fromfidirent starting points indicated the uniqueness
of the solution. For each converging solution, @ @ipping was performed on
both RV curves to eliminate observations having outlier RUse final rms (root
mean square) residuals in the light curves are 0.013 m&; dh013 mag inv,
and 0.046 mag in the DIRECY light curve. The residuals of the RVs are 5.2 and
4.6 km s for the primary and secondary components, respectively.

The light and RV curves, with their respective fits superisggbare shown
in Fig. 4.2. It is worth to remark that the O’Connelfect observed in the light
curves identify this EB as semi-detached (with the secontiing the Roche
lobe, see Sect. 2.4.1). The resulting best-fitting elemargdisted in Table 4.3.
Two massive stars are observed, with masses (and radWj0f 231+ 1.3 M,
(Rp = 131+ 03 R)) and Ms = 150+ 1.1 M, (Rs = 113+ 0.3 R,), for the
primary and the secondary components, respectively.

One possible concern with light curves measured using Di&qurhetry is the
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effect of an incorrect reference flux, which may cause a biasisdhle of the light
curves (Michalska & Pigulski, 2005). Careful tests wereiedrout to ensure that
this was not the case (Sect. 2.2.2). The excellent agredmeméeen the fits to our
DIA photometry and the fits to the DIRECT PSF photometry sstgnat the flux
zero-point is correct. In addition, we ran light-curve fitshwa variable third-light
contribution (3). A nonzero value (either positive or negative) pmight indicate
problems with the flux scale, but this did not occur, and tHatsms converged
tolz ~ 0. Such result has another interesting consequence ofjrolihpossible
blends with unresolved companions. The absence of pokitis@ot unexpected,
since the light curves have the maximum possible dapthO0 deg) and preclude
the existence of any additional light.

4.1.1.3 Temperature and distance determination

The last required ingredient to obtain a direct distancerd@nation to M 31 is the
temperature and absorption determination of SB2A. Thegrhetric data avail-
able (i.e.,.B andV) are, by themselves, inflicient to determine the temperatures
and reddening of the system. Therefore, twibalent approaches were attempted:
modeling the spectra used for RV determinations and maglétia spectropho-
tometry.

Modeling of the optical spectra

The currently available stellar atmosphere models andiBteprovide highly re-
liable synthetic spectra. These spectra, when comparédtise observed, can
provide accurate values of temperature, surface graviggalticity, etc. There-
fore, we modeled the optical spectra with available steitarosphere models in
order to derive the stellar temperature of the componer8RA.

In EB systems, the spectra of both components are merged sitmle spec-
trum and, therefore, the individual spectrum of each corepbhas to be disen-
tangled to accurately model the optical spectra. To perfinis) we ran the KO-
REL program (Hadrava, 1995) by fixing all the parameters éadttital solutions
described in Sect 4.1.1.2. The resulting spectra are showigi 4.3.

Using a code developed by Edward L. Fitzpatrick at the VokaUniversity
(Philadelphia), we then modeled the disentangled spestrey d’LUSTY atmo-
sphere models. Fits were constrained by the temperatuoe satface gravities,
and brightness ratio determined from the binary analysis.s@lved for the con-
strained temperatures, a single metallicity for both congmds and individual
values ofv,y; sini. The obtained values are listed in Table 4.4, and the béisigfit
models are shown in Fig. 4.3, below each of the stellar spetable 4.4 also lists
values ofMy and @B — V), for the components of the system. These values were
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Figure 4.3. Comparison of the individual disentangled spectra for tiie E
M31V J004437994129236 (SB2A) with TLUSTY synthetic spectra. Some of
the most intense spectral lines are labeled.
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Table 4.4. Fundamental properties for M31V J0044349929236 (SB2A) and
resulting distance determination, derived from the maugdif the optical spectra
using TLUSTY atmosphere models and the values in Table 4.3.

System properties

Metallicity ([m/H]) -0.01+0.06

AbsoluteV magnitude ) -5.77+0.06 mag
Color excesskE(B - V)) 0.19:0.03 mag
Line-of-sight absorption4y) 0.60+0.10 mag
Distance modulus (0 — M)o) 24.44+0.12 mag
Component properties Primary Secondary
Effective temperaturel(y) 3390500 K 2770@500 K
Rotational velocity o Sini) 230+£10 kms? 145+8 km st
AbsoluteV magnitude i) -5.29+0.07 mag -4.660.07 mag
Intrinsic color (B — V)o) -0.28+0.01 mag -0.2#0.01 mag

computed by scaling the surface fluxes predicted by the TNXJ@®ddels with the
observed radii of the stars and performing synthetic phetoyron the resultant
energy distributions. The photometry was calibrated asrte=d in Fitzpatrick &
Massa (2005).

The 1o uncertainties in the results of the spectral analysis weterthined
by a Monte Carlo technique. First, we created simulatiorte@spectra by com-
bining our pair of best-fit models with 50 féiérent random noise realizations,
corresponding to/Bl=40. For each simulated spectrum pair, we generated a sim-
ulated set of binary parameters (el s/ Ter.p) by cOmbining the best-fit values
with Gaussian noise, based on the dncertainties for each value. Finally, we
fitted each pair of simulated spectra as described abovegdoqted the standard
deviations of the parameters among the 50 simulations asrmartainties.

Once the fundamental properties are found, the calculaifathe distance
is straightforward, because the spectral analysis yiekddses for the absolute
magnitudes of the components and also the combivigaf the system (see Ta-
ble 4.4). The distance modulus follows directly from the &in:

(m-M),=V - My - Ay (4.1)

To estimate the interstellar extinctioA\(), we compared the observed col& -

V) for the system with the intrinsic colorB(— V)o) resulting from the spectral
fit. Then we computed the total extinction from Eq. 1.10, vattotal-to-selective
extinction ratio ofRy = 3.1+ 0.3 (Fitzpatrick & Massa, 2007). The overall proce-
dure avoids the use of bolometric corrections and is saibistent, as it employs
the best-fitting model atmospheres (i.e., with the appadprsurface gravity and
metallicity) to calculate the absolud, magnitudes andg - V), colors.

One basic point is a reliable estimation of the error bud§¥th the uncer-
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tainty in My, accounting for the full correlations of the intervening gaeters,
the rest of the quantities in the distance modulus equatieressentially uncor-
related. Thus, the contributions from the observeshagnitude (0.02 mag\y
(0.06 mag), and\, (0.10 mag) can be combined quadratically. From the param-
eters in Table 4.4 our calculation of the distance moduluSB@A results in a
value of fn— M)y = 24.44 + 0.12 mag or, equivalentlyd = 772+ 44 kpc. This
distance also corresponds to the center of M 31 itself, lsecthe correction due
to the location of the EB is negligible-(0.3%).

Spectrophotometry

We used the HST spectrophotometric measurements (redudett. 3.2) as an
alternative approach to derive the temperature and alisompitthe observed tar-
get. Following Fitzpatrick et al. (2003), the flux at a centaiavelength ;) of
the observed EB is given by Eq. (1.13). The surface fluxes wktained from
TLUSTY atmosphere models and the normalized extinctionewas modeled
as in Fitzpatrick & Massa (2007).

Some tests were performed in order to assess the capalfilite @btained
data to provide accurate temperature and extinction paeameThe results re-
vealed that errors in the data were too large to obtain anratcdetermination
of the fitted parameters. In addition, the contaminationedrby stars in some
of the observed spectra prevented from an accurate spbhotapetric modeling.
Therefore, we decided to use the spectrophotometric datheick the accuracy
of the temperature determinations resulting from the spkfétting (described
above) and, at the same time, to validate the procedure used.

All the parameters required to model the spectral energlyildision were
fixed to the values resulting from the spectroscopic andgrhetric analysis. In
order to introduce theffect of absorption, the mean galactic interstellar extorcti
curve was used (Fitzpatrick & Massa, 2007). As it is shownign £.4, the model
is compatible with the observations (that have errors irdinge of 10—-20%), but
some systematics (of the order af)lcan be seen in the ultraviolet region (125—
160 nm and around 200 nm) and in the infrared (600-1000 nm}h®none hand,
some tests performed at the Villanova University with spmaftotometric stan-
dards reveal that the HRG8O0OL calibration coficients tend to provide standard
fluxes that are too low, introducing the systematics in thieared. When using a
new set of cofficients (provided by a new recalibration with spectrophatyiia
standards) the observed systematics are corrected (as shone bottom panel
of Fig. 4.4). On the other hand, the mean galactic extinatiowe is dected by
large uncertainties~10%) in the ultraviolet part of the spectrum. Largéfek-
ences in the extinction curve, depending on the line-dftsigre the underlying
reason for these uncertainties. Correspondingly, the teddpectral energy dis-
tribution is dfected by the same uncertainties, resulting in a systemiitietde-
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Figure 4.4. Spectral energy distribution for M31V J00443 749829236 (SB2A).
Dots correspond to the observations with the three ACS grissed. Dotted lines
represent the spectral energy distribution of each commponedeled according
to the solutions derived from the spectroscopic and photieenanalysis. The
solid line is the combination of both componenisp: Calibrated values result-
ing from the implementation of the cfirients in the standard ACS reduction
pipeline. Bottom: Calibrated values resulting from the implementation of @ ne
set of codicients provided by a new recalibration with spectrophotnimstan-
dards.
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tween 110 and 160 nm. Finally, as shown in Sect 3.2.2.2, tge kdfset around
200 nm cannot be considered significant because of the larges entroduced
by a contaminating star in this region. Therefore, althosgime well understood
systematics+ 1o) can be observed in the modeled spectrophotometry, the ob-
tained spectrophotometry can be considered to be comgatitii the parameters
derived from the spectroscopic analysis and provides apiadent confirmation
(within the relatively large uncertainties) of the fundarted properties of SB2A
(Table 4.3 and Table 4.4).

4.1.1.4 Comparison with stellar evolutionary models

The final step towards the characterization of SB2A is thepamson of the de-

rived physical properties with stellar evolutionary madelThe comparison has
been mainly performed with the Geneva models of Lejeune &a8adr (2001),

considering solar metallicity (according to the metatyian Table 4.4). Other

models have been considered (Claret, 2004) without anyrmuajaations on the

derived conclusions. It is important to emphasize that ttodugionary tracks are

build for isolated stars. In close binary systems, the dimtuof both stars can
be largely modified, with respect to their isolated evolnéiry tracks, when one
of the components fills the Roche lobe and mass transfer fzkes (see, e.g.,
Vanbeveren, 1993).

In order to take into account théfects of mass loss (due to stellar wind), the
mass of each component at the Zero-Age Main Sequence (ZAMSyetermined
by fitting different evolutionary tracks in the mass—radius diagram @4.top).
The fitted tracks reveal that a 23\, isolated star (i.e., with no mass transfer)
would have lost around 0.8l, (comparable to the obtained error in mass) at the
current evolutionary stage. Therefore, mass loss is anriapiogfect that has to
be considered when analyzing the evolutionary tracks obivastars.

Once the evolutionary tracks are adopted, the HertzspRusgell (hereafter
H-R) diagram can be studied (Fig. 4.5, bottom). The resylkitations of the
observed components reveal that both stars are overlusifootheir masses. In
addition, the secondary component seems to be more evdiaadiie primary.
These results are in agreement with results obtained irr gibgt-mass trans-
fer semi-detached systems (e.g., Fitzpatrick et al., 2008these systems, the
originally more massive component (currently the secoyydarolves beyond the
Roche lobe and some fraction of its mass is transferred t@dhganion star.
The mass transfer continues nowadays, when the massiagaretnponent has
become the currently most massive component.

The proposed scenario is in agreement with the fact thatriheapy compo-
nent rotates faster than synchronization (see Table 4.3abi& 4.4), since the
accreting mass also implies a transfer of angular momentom the secondary
(which is tidally locked, as can be assumed from the rotatigalocities and &
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error bars) to the primary. In other observed systems, timegoy component is
usually in better agreement with the corresponding evahatiy track. However,
the mass transfer in SB2A seems to be really intense, witligatinot spot that
is synchronized with the rotational period of the systemalaserved in the light
curve). Since the primary component rotate25% faster than synchronization,
the material from the secondary component will impact thiéase of the primary
at different points. Therefore, the impacting material, combinghl the proxim-
ity of both components, could increase the overall tempegaand luminosity)
of the primary component.

4.1.2 M31VJ004436184129194 (SB2B)
4.1.2.1 Radial velocities

The determination of RVs was performed, as in the case of SE&24t. 4.1.1.1),
with TODCOR and the ATLAS9 and TLUSTY synthetic models. listbase, the
best pair of synthetic spectra was determined withfiedknt iterative approach.
As a first step, the preliminary W&D fit (Sect. 2.4.1) was usedéfine an initial
list with pairs of models having a temperature ratio, gravétio and rotational
velocities compatible with the W&D parameters. All the mbglgrs in the initial
list were then used to determine RVs and a simple RV curve hhweake fitted to
the obtained values. The free parameters in the fit were thers@jor axis @),
the systemic velocity)) and the mass ratiay, whereas the period and reference
time was fixed from the W&D solution. From all the derived dauas, the models
having a lower dispersion around the fitted RV curve werecseteand all the
neighboring models in the space of parameters were alsopgtiéel. The process
was repeated until the local minimum was found, (i.e., noingh@ neighboring
models has a scatter lower than the selected pair of models).

Since the resulting RVs depend, to some extent, on the W&hétpbtained
values were used to find a new solution with the W&D (Sect242). The result-
ing W&D solution was then used to determine new RVs. The @mouoas repeated
until the pair of synthetic models providing the best fit wlas $ame in two itera-
tions. The final solution shown in Table 4.5 contains all thMs Rcorrected to the
heliocentric reference frame) that remained after the W&Dfith 30~ clipping).
Rejected observations shown in Fig. 4.6 were obtained gwealipses (one of
them correspond to the spectrum of February 2005 with aahexposure time).

The rejected observation close to phase 0.9 cannot be egglaeither by the
proximity to the nodes (since other observations are obthat larger phases)
nor by a lower @\ of the observed spectrum. Therefore, additional teste wer
performed. They revealed that the rejected observatiolddmirecovered with
different pairs of templates at the cost of losing other spetbsedo the nodes
and a larger dispersion of the fit. The obtained solutionsdyatemic velocities
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Table 4.5.Radial velocity determinations for the EB M31V J0044364029194
(SB2B).

Time Phase Primary Secondary

[HJID] [km s71] [km s71]
2453316.931 0.2719 -37&8.2  143.530.3
2453321.820 0.6586  14t33.9 -414.%255
2453321.872 0.6836  5A33.5 -448.224.8
2453319.879 0.7111 30t8.9 -455.517.4
2453260.910 0.9265 -6%18.1 -309.219.4
2453295.776 0.9456  -5824.2 -271.%422.9

and semi-amplitudes in perfect agreement with the solytiesented here. In ad-
dition, solutions with dferent W&D fits converged to the same pair of templates.
The final reason for the incorrect RV determinations was dotmbe a casual
correlation of the spectrum of the secondary with noisectvimtroduces a false
correlation peak and biased RVs for this particular obgemwa

4.1.2.2 Mass and radius determination

The mass and radius determination was performed followhegfitting proce-

dure described for SB2A in Sect. 4.1.1.2. A configuration rehie primary

(instead of the secondary) fills the Roche lobe was used snctige. Both semi-
detached configurations (with either the primary or the sdaoy filling the Roche

lobe) provide fits with the same residuals. Therefore, tha fionfiguration was
adopted after the temperature determination analysig.(&4c2.3). The spectra
resulting from the disentangling indicate that the secondamuch fainter than

the primary, whereas supposing that the secondary fills tteth&®lobe provides a
flux ratio of Fys/Fyp = 0.85.

In order to ensure the viability of the adopted scenario, andile out any
other possible configurations, additional fits supposing@t@ched configuration
were performed. The resulting parameters revealed thpgniing on the initial
value of the surface potential of the secondary componéhgrehe primary or
the secondary tended to fill their respective Roche lobes.

With the adopted configuration, the final rms residuals a@d9 mag inB,
0.015 mag irv, and 0.047 mag in the DIRECV light curve. The residuals of the
RVs are 13 and 6 knt$for the primary and secondary components, respectively.
The light and RV curves, with their respective fits superisgah are shown in
Fig. 4.6. The resulting best-fitting elements listed in &l6 reveal two compo-
nents with masses very similar to those of SB2A, but smadléii.r The resulting
masses (radii) ardp = 217+ 1.7 My (Rp = 9.2+ 02 R,) andMs = 154+ 1.2
Mo (Rs =5.6+ 04 R,).
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sponding W&D fits.Top: Light curve fits and corresponding residudiattom:
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Table 4.6. Fundamental properties
rived from the analysis with W&D.

of M31V J0044361029194 (SB2B) de-

System properties

B magnitude at maximum lighBg,a,)? 19.832:0.013 mag
V magnitude at maximum ligh#/,a)? 19.948:0.015 mag
Period P) 2.048644:0.000007 days
Time of minimum {min) 2452 908.6940.004 HJD
Inclination () 69.9:1.6 deg
Systemic velocity ) -164+5 km st
Semi-major axisd) 22.6:0.5 R
Mass ratio § = Ms/ Mp) 0.71+0.04

Temperature ratiolis s/ Tet.p) 0.8940.019

Flux ratio inB (Fgs/Fgp)? 0.33:0.03

Flux ratio inV (Fys/Fvp)? 0.33:0.03

Flux ratio inVD|RECT (FDws/FD’p)a 0.33:0.05

Component properties Primary Secondary
Radius R) 9.2+0.2 R 56+04 R,
Mass M) 2117 M, 15412 M,
Surface gravity (log in cgs) 3.8%0.02 4.12:0.05

Radial velocity semi-amplitude<()®

210+9 kms! 306:t11 kms?

Synchronized rotational velocitygcsini) 213:6 kms! 131+8 kms?

a Qut of eclipse averagei¢ = [0.20- 0.30,0.70- 0.80]

® Including non-Keplerian corrections

Following the reasoning in Sect. 4.1.1.2, several lightreufits were per-
formed with a variable third-light contributions]. Again, the excellent agree-
ment between the DIRECT light curve to our photometry andcibrevergence
of the fits tols ~ 0, ensures that the flux zero-point is correct and rules oyt an
possible blends with unresolved companions.

4.1.2.3 Temperature and distance determination

The only data available for SB2B to perform a temperaturerda@hation are the
GMOS spectra. Therefore, as in Sect. 4.1.1.3, we deterntireetbmperature of
the components by modeling the disentangled spectra fretK@REL program.
The parameters obtained in Sect. 4.1.2.2 were used forrparfg the disentan-
gling. Itis important to emphasize that the RV curve depeandg slightly on the
configuration adopted. Therefore, the disentangled spé€tg. 4.7) can be con-
sidered the same for the case when the primary or the segofidiathe Roche

lobe.

The disentangling provided an spectrum for the secondanpoaent mainly
dominated by noise. This is not surprising considering thaved flux ratio
(Fvs/Fvp = 0.33) and the 8N of the observed spectra, resulting in a spectrum
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Figure 4.7. Comparison of the individual disentangled spectrum forghmary
component of M31V J0044361@129194 (SB2B, above) with the TLUSTY syn-
thetic spectrum (middle). The bottom spectrum shows thentiisgled spectrum
of the secondary component.

for the secondary with a/§8~10. In a system where both components are equally
bright, each component has a similar contribution to thelmoed spectrum, re-
sulting in disentangled spectra that have a simijit. S herefore, the disentan-
gled spectra indicate that the secondary component idlaamter than the pri-
mary component. As previously mentioned (Sect. 4.1.2. @)pssing that the
secondary fills the Roche lobe results in a flux rdigs/Fyp = 0.85, which is
clearly in contradiction with the results provided by theattangling. Then, the
scenario where the secondary fills the Roche lobe can bededsince a flux
ratio of Fys/Fyp = 0.85 should result in a spectrum with A\s-25 for the sec-
ondary, similar to the best quality observed spectra.

Considering the low 8! of the secondary, the fitting procedure was restricted
to the primary component. The temperatufe;], surface gravity (log) and
rotational velocity ;o Sini) were fitted considering TLUSTY templates with solar
metallicity. The resulting values are listed in Table 4.@dther with the values
of absolute luminosity ¥ly) and intrinsic color (B — V),). These values were
computed by scaling the absolute magnitude in the modelsjeline & Schaerer
(2001) (for a given temperature and gravity) with the obedmadii of the stars.
When needed, the values resulting from the W&D fit were usaf, (® determine
the temperature of the secondary). This procedure is elgaivd the one used in
Sect. 4.1.1.3, where instead of performing the synthetatqrhetry to obtain the
surface fluxes (as in the case of SB2A), they were obtained fr@ models.

Finally, once the absolute magnitudes of the componentdetezmined, the
determination of the distance is straightforward (Sect.143). The resulting
distance modulus to SB2B isn(— M), = 24.30 + 0.11 mag or, equivalently,
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Table 4.7.Fundamental properties of M31V J0044361029194 (SB2B) and re-
sulting distance determination, derived from the modetifitipe optical spectrum
of the primary component, using TLUSTY atmosphere modetstha values in

Table 4.6.

System properties

AbsoluteV magnitude ) -4.90£0.08 mag
Color excessk(B - V)) 0.18+0.02 mag
Line-of-sight absorption4y) 0.55+0.08 mag
Distance modulus (0 — M)) 24.30:0.11 mag
Component properties Primary Secondary
Effective temperaturelg) 33602600 K 3010@900 K
Surface gravity (log in cgs) 3.860.12 —
Rotational velocity Yot Sini) 189+12 km s —
AbsoluteV magnitude ) -4.59+0.07 mag -3.380.12 mag
Intrinsic color (B — V)o) -0.295:0.002 mag -0.2860.004 mag

d = 724+ 37 kpc.

4.1.2.4 Comparison with stellar evolutionary models

In order to compare the derived properties of SB2B with atel/olutionary mod-
els, the procedure described in Sect. 4.1.1.4 was followdt: location of the
studied components on the H-R diagram (Fig. 4.8) reveatsiibthh components
agree with their predicted evolutionary tracks.

The derived properties seem characteristic of a detaclstdray However, as
explained in Sect. 4.1.2.2, the W&D solutions supposingtaaeed configuration
converge to solutions where either the primary or the seayfdl their respective
Roche lobes. In addition, the disentangled spectra seesmaothe case where the
primary is filling the Roche lobe, since it is much brighteautithe secondary. All
these observations can be explained supposing that SB2PBris-mass transfer
EB system, where the primary componenglostfilling its Roche lobe.

In a pre-mass transfer EB, both components are detachedaaichly fol-
low the evolution of single stars. This explains why the obsd properties agree
with the evolutionary tracks, since each component hassedodithout any ma-
jor interaction with the other component. This could alsplai why the most
massive component can be assumed to be filling the Roche WMbeat is gen-
erally observed in semi-detached EBs is the Algol paradderes the donor is
the less massive component (as in the case of SB2A, desdni&ett. 4.1.1.4).
The reason of this phenomenon (Paczynski, 1971) is thanwHe donor is more
massive than the companion, the mass transfer is very regkishg place on a
thermal time scaley{ 10° yr). On the contrary, when the donor is less massive
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than the companion, the mass transfer can last as long asaihesequence life-
time of the donor. The lack of any signature of intense mamsster (such an
O’Connell dfect in the light curves), combined with the short timescdléhe
process, makes that a situation where the most massive campis filling the
Roche lobe is unlikely. In addition, the time spent in a ditrawhere a massive
star (like the ones observed) can be almost filling the Roobe Is somewhat
longer than the thermal timescale 0.5 Myr), making the situation more likely
to be observed.

The close agreement of the observations with the theotetiodels, apart
from clarifying the evolutionary stage of SB2B, also allaimvbe fitting of an
isochrone, resulting in an estimated coeval age ®#40.4 Myr.

4.1.3 M31VJ004445284128000 (SB1)
4.1.3.1 Radial velocities

A close look at the acquired spectra of SB1 (the brightestre®e variable star
catalog) revealed no signs of features belonging to thenslzryg component. In
addition, several attempts were performed to determine(Rite TODCOR) as-
suming that SB1 has double lines, with no physically valisutes. Therefore,
SB1 was assumed to be a single-line EB.

The brightness of SB1 has made that the GMOS spectra havatiaesl high
SN, allowing the use of algorithms to determine the RVs thatiadependent
of synthetic templates. Therefore, a specific algorithniédal IRAVEL, Zucker
& Mazeh, 2006) was used to determine the RVs. The most impoaidvantage
of using TIRAVEL (with respect to cross-correlation algbms) is that no as-
sumption has to be made, either on the EB model nor on the ptmcs of the
star. Radial velocities are determined from the relatigpldicement of the lines
among the obtained spectra and, hence, no information cabgm@ute RVs is ob-
tained. However, TIRAVEL is capable to provide a merged spec (with higher
S/N) from all the observed spectra. The merged spectrum iyaedlin the tem-
perature determination process (Sect. 4.1.3.2) and, aspadolyct, its absolute
RV is obtained. Since the merged spectrum has a null rel&¥ehe derived

RV corresponds to the fllerence between the absolute RVs and the relative RVs

provided by TIRAVEL.

It is worth mentioning that TIRAVEL can only use 2048 poinfsach spec-
trum. Therefore, the observed GMOS spectra were split intogarts (361.1—
456.8 nm and 410.9-506.5 nm) and independent radial vielsaitere obtained
(Table 4.8). Both RVs were averaged to obtain the RVs for thiegry component
(corrected to the heliocentric reference frame) shown bi€ld.8.

In order to estimate the uncertainties of the RVs providedrB3AVEL, a
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Table 4.8.Relative radial velocity determinations for M31V J0044852128000
(SB1). For each spectrum, two RVs were derived: one for thievpigh shorter
wavelengths (361.1-456.8 nm, blue part) and one for thewa#rtlonger wave-
length (410.9-506.5 nm, red part). The RVs of the primary ponent are the
mean of both results.

Time Phase Blue RVs RedRVs Primary

[HID] km st kms?! [kms]
2453316.931 0.1461 -70.1 -63.6 -66404
2453260.910 0.2931 -72.3 -63.7  -684)3
2453295.776 0.3135  -84.5 -84.6 -8444
2453319.879 0.4015  -44.6 425 4364
2453262.874 0.4633 -5.3 -11.6 -84.5
2453413.734 0.5319 25.6 33.6 2939
2453264.066 0.5665 79.4 62.4 78485
2453321.820 0.5697 53.4 51.9 5243
2453321.872 0.5741 57.7 57.6 5¥465

program performing simple cross-correlation was applkeéach one of the nine
observed spectra. The cross-correlation technique egjairtemplate. In this
case, a TLUSTY spectrum with properties similar to thosévedrafter the tem-
perature determination (Sect. 4.1.3.2) was used as tesnplgte uncertainties
derived from the correlation were considered to be the uaicgies in the RVs of
the primary component. As shown in Table 4.8, the derive@rtamties make the
two independent RVs provided by TIRAVEL fully compatibleinglly, the RVs
resulting from the correlation program also enabled anpeddent check on the
RV determinations provided by TIRAVEL, confirming the olsted values within
the error bars.

4.1.3.2 Temperature determination

As previously mentioned (Sect. 4.1.3.1), we used the coetspectrum provided
by TIRAVEL to determine the temperature of the primary comgrat. The com-
bined spectrum was modeled using TLUSTY model atmosph&igs4.9). The
good gquality of the spectrum ([8~70) allowed a complete characterization of the
fundamental properties of the primary component (Tablg, 4n@luding metal-
licity ([ m/H]), microturbulent velocity micro) @nd rotational velocity o Sini).
These quantities have a smdilext on the final temperature and absolute magni-
tude of the modeled star, but provide additional informratim the fundamental
properties of the system. Of particular interest is the lowase gravity derived
(logg = 2.57+0.03 dex), indicating that the primary component of SB1 ise®d|
This was expected, since the comparison of the spectrumthathof other blue
supergiants (e.g, HD 38771, HD 152234) already classifiesdstar as evolved.
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Figure 4.9. Comparison of the combined spectrum of the primary compiooien

M31V J004445284128000 (SB1, up) with TLUSTY synthetic spectra (middle).

The residuals of the fit are also shown (below, dotted linearklxones in the
residuals (around 409 nm, 458 nm and 486 nm) show areas extcfuam the fit.
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Table 4.9. Parameters derived from the modeling of the merged spedioum
M31V J004445284128000 (SB1). TLUSTY atmosphere models and the values
in Table 4.10 were used.

System properties

Merged spectrum RV -205421.8 kms?
Metallicity ([m/H]) -0.24+0.06

Absolute magnitudeNly) -6.6+£0.2 mag
Color excesskE(B - V)) 0.29+0.05 mag
Absorption @Ay) 0.90:0.17 mag
Component properties Primary Secondary
Effective temperaturelty) 2120G:300 K 1120700 K

Surface gravity (logjin cgs) 2.5%0.03 —
Rotational velocity Vo Sini) 127+3 km st —
Microturbulent velocity Vmicro) 24.9+1.5 km st —
AbsoluteV magnitude M) -6.4+0.2 mag -4.60.3 mag

Intrinsic color (B — V)o) -0.232:0.002 mag -0.0960.031 mag

Table 4.9 also lists values &fly, and B — V), for the system. The absolute
magnitude of the primary component was derived after deteng the absorp-
tion to primary component (Eg. 1.10) and correcting the e/ magnitude at
maximum (Table 4.10) for the distance modulusaf{M), = 24.44+0.12 mad
(Table 4.4) and the flux ratio i (Table 4.10). The intrinsic color was derived
from the temperature and surface gravity, and using intrioglors tabulated in
Lejeune & Schaerer (2001). The flux ratio Vhpassband and the temperature
ratio (Table 4.10) were also used to determine the absaluiebsity of the sec-
ondary component. As in previous EBs, the reported unceieaiwere obtained
using the Monte Carlo technique with 2Gfdrent random noise realizations, cor-
responding to S=70.

4.1.3.3 Mass and radius determination

The mass and radius determination was performed followiaditting procedure
described in Sect. 4.1.1.2. In this case, however, the latkeosignature of the
secondary component (which is supposed to be filling the tadte) in the spec-
tra makes that the semi-major axis or the mass ratio have figzdzbin the W&D

fit (Eq. 1.3). In our case, the relative radius of the primaay be obtained from
the light curve fit and the absolute radius can be obtained the absolute mag-
nitude, since the féective temperature is known (Sect. 4.1.3.2). Therefore, th

3The distance modulus for SB2A is used instead of the meare\afl$ect. 4.2 because the
distance determination to SB2B was not available when tloikwvas performed. In any case,
the similarity of both results, well within the error bargdathe fact that SB2A has a temperature
determination for both components, makes that the distem&B2A can be considered highly
accurate and capable, by itself, to fulfill the requiremenfithis analysis.
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Table 4.10.Fundamental properties of M31V J00444528 28000 (SB1) derived
from the analysis with W&D.

System properties

B magnitude at maximum lighBg,a,)? 18.80:0.02 mag
V magnitude at maximum ligh¥/,ay)? 18.73:0.03 mag
Period P) 11.54350.0004 days
Time of minimum {min) 2451814.5%0.03 HJD
Inclination () 66+2 deg
Systemic velocity ) 192+4 km st
Semi-major axisd) 74+5 Rs
Mass ratio § = Ms/ Mp) 0.51+0.09

Temperature ratiolis s/ Tet.p) 0.53+0.03

Flux ratio inB (Fgs/Fgp)? 0.1740.02

Flux ratio inV (Fys/Fvp)? 0.19:0.03

Flux ratio inVD|RECT (FDws/FD’p)a 0.19+0.03

Component properties Primary Secondary
Radius R) 33+3 R, 23+2 R,
Mass M) 26+7 Mo 14+2 Mo
Surface gravity (log in cgs) 2.820.05 2.840.04

Radial velocity semi-amplitude<()° 95+7 kms?! 184+23 kms?

Synchronized rotational velocitygcsini) 13213  kms! = 92+5 kms?
a Qut of eclipse averagei¢ = [0.20- 0.32, 0.68 - 0.80]
® Including non-Keplerian corrections

semi-major axis was fixed (after several iterations) so ttatabsolute radius of
the primary was consistent with the value derived from thgxerature determina-
tion process. The error in the radius determination wasaaged to the derived
guantities by performing several fits with the W&D using sendjor axis values
in the range of the computed errors. The final rms residual® &2 mag for the
B light curve, 0.03 mag for botl light curves and 8 km™3 for the RV curve.
The light and RV curves, with their respective fits superisguh are shown in
Fig. 4.10.

The relatively large scatter in the resulting light curve Gannot be explained
entirely by the statistical error of the observations. lotfahe diferent clumps
observed in the residuals (Fig. 4.10) correspond to ob8engtaken during the
same night, indicating that one of the components (or batimtrinsically vari-
able. Errors reported by W&D suppose that the dispersioheofitis entirely due
to random noise. Therefore, the variability observed ifitite curves makes that
the derived errors are likely not representative of the ttaggies in the derived
parameters, even considering that a conservative valuasmsged.

The resulting best fit elements for both components list&bie 4.10 reveal
two components with masses similar to those of SB2A and SBYB € 26 + 7
Mo andMs = 14+ 2 M,). However, the derived radii are much largBr< 33+ 3

R, andR = 23+ 3 R,), which suggests that the components are evolved. In fact,
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the primary is almost filling the Roche lobe and, therefohlzomponents are
almost in contact.

4.1.3.4 Comparison with stellar evolutionary models

As done in previous cases, the derived properties of M31440528-4128000

(SB1) were compared with the stellar evolutionary modelsspéune & Schaerer
(2001). Again, the mass-radius diagram was used to considedtect of mass
loss and to derive evolutionary tracks with solar metdifi¢iig. 4.11).

The H-R diagram reveals that the primary component is at agbé core
helium burning. The derived evolutionary status is in agreet with the ob-
served spectrum, which is typical of stars with luminosigss between la and Ib
(Sect. 4.1.3.2. The supergiant nature of the primary corapiocould well explain
the observed scatter 6f0.02 mag in the residuals of the W&D fit (Sect. 4.1.3.3),
since some of these stars are known to be variable (e.g., d08361D 148688,
HD 169454). The derived radius, when compared with theimotat velocity (Ta-
ble 4.9), indicates that the primary component rotatiomgiqal is synchronized
with the orbital period, which is expected since both congmis are almost in
contact. The gravity value of lag = 2.82 + 0.05 obtained with W&D for the
primary component, is not consistent with the value ofdog 2.65 + 0.03 de-
rived from the spectroscopic fit (where the value ofdog 2.57 + 0.03 was cor-
rected from the centrifugal force, Fitzpatrick & Massa, 2D(However, there are
two possible causes that could explain theaitence between the observed and
the modeled surface gravity. In first place, both componeh®B1 are highly
distorted by the presence of the nearby companion, withusadhriations along
their surfaces on the order of 10% K3 for the primary component) that greatly
modify the surface gravity. Secondly, radiation pressareniown to have a non-
negligible contribution in post-core-hydrogen-burniriars (see, e.g., Lamers &
Fitzpatrick, 1988), making that the observed surface tyaifithese stars is lower
than expected for a given mass and radius. Therefore, atléhieed properties
identify this component as the first extragalactic blue sgipat with a dynamical
determination of its mass and radius.

The secondary component is clearly underluminous for itssn@he low lu-
minosity value cannot be explained by a circumstellar disice the secondary is
filling its Roche lobe. In addition, supposing that the pniyn@nstead of the sec-
ondary) fills the Roche lobe in the W&D fit results in parametifrat are almost
identical to the values presented in Table 4.10, excludiegobssibility of a cir-
cumstellar disk. The disagreement with the evolutionagkicannot be explained
by supposing that the luminosity of the secondary is in esioce a brighter sec-
ondary (withFys/Fyp > 0.2) would make that spectral lines were visible in the
observed spectrum. Therefore, the most likely reason ®wotiserved discrep-
ancy is in the mass determination of the secondary. The nfabe secondary
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Figure 4.11. Comparison of stellar evolutionary models with derived gibsl
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lines denote the uncertainties in the derived masseg. Mass—radius diagram.
Bottom: H-R diagram. The skewed rectangular boxes correspondrterfor
loci. Any possible systematic errors introduced by thealahty observed in the
light curves are not included.
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is entirely derived from the mass ratio, which depends orasimed value of
the semi-major axis. In order to allow afidirent value of the semi-major axis
without changing the absolute radius of the primary compo(aerived indepen-
dently from the W&D fit), the relative radius of the primaryaaid compensate
the diference in the semi-major axis. In this sense, the relatiieiseof the pri-
mary could have some systematic error, since it is detewhfireen light curves
that present some variability. A systematic errer{0%) on therelative radius
of the primary could explain the observed discrepancy betvibe evolutionary
tracks and the derived properties of the secondary compoAdight curve ob-
tained during a single period (to reduce tlikeets of variability) could be worthy
to clarify the real cause of the observed discrepancy. Heweke identification
of the lines of the secondary component would be definitiiegesthey would
enable the determination of the mass ratio. Unfortunagelglescope larger than
Gemini-North is required.

4.1.4 M31VJ004423264127082 (SB3)
4.1.4.1 Radial velocities

Three independent results support the idea that SB3 is le-the EB. First,
the large third light contributionl{ = 0.33) derived from the preliminary light-
curve analysis (Table 2.3). Second, the spectral linesearersly blended, even
at quadratures (Fig. 4.12). And, finally, the RVs obtaingupsising a double-line
EB provide unphysical results or large residuals. Theegfare decided to run
a three-dimensional cross-correlation algorithm (TRIM@&Rdetermine the RVs
of the three components.

TRIMOR (developed at the School of Physics of Astronomy &f Tiel Aviv
University in Israel) is a generalization of the TODCOR coded for the double-
line EBs, prepared to perform three-dimensional crossetations for single-or-
der or multi-order spectra. Therefore, the RV determimatias performed fol-
lowing a similar procedure to that used for SB2B (Sect. 41).2The main dif-

Table 4.11. Radial velocity determinations for M31V J00442328.27082
(SB3).

Time Phase Primary Secondary Tertiary

[HID] [kms?1] [kms?] [kms]
2453260.910 0.1728 -4426 62:17  -19Q:10
2453295.776 0.2336 -4839 5923  -210:10
2453264.066 0.7214 223 -503:19  -24110
2453321.820 0.7610 #14 -50Q:20  -235:11
2453321.872 0.7699 848 -495:13 -22k 9
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Figure 4.12. Balmer lines of M31V J004423261127082 (SB3) observed at two
different orbital phases (0.23 top and 0.51 bottom). Gray lioegspond to the
observed spectra and black lines correspond to the conuniraftthree TLUSTY
model spectra with the RVs, rotational velocities, lumihosatios and surface
gravities derived from the binary analysis (Sect. 4.1.412) temperatures ob-
tained from the comparison with stellar evolutionary med&ect. 4.1.4.3).

ference is the number of attempted triplets of templatesgsdhat lower, and the
fact that only a single iteration was performed. The mairsoeafor this is the

large computational time required to obtain the RVs for dagihet of templates.

The resulting RVs (Table 4.11) were corrected to the hetitrcereference frame
(using standard IRAF routines) and rejected observatiafter(the W&D fit) are

shown in Fig. 4.13. Again, all the rejected observationscirse to the RV curve
nodes or correspond to the spectrum with a shorter exposueedf February

2005.

4.1.4.2 Mass and radius determination

The RVs obtained for the two eclipsing components were usdétive their fun-
damental properties. The same procedure used for doundd=Bs was followed,
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Table 4.12.Fundamental properties of M31V J00442328 27082 (SB3) derived
from the analysis with W&D. Models of Lejeune & Schaerer (2DWere used

for the tertiary.

System properties

B magnitude at maximum lighB(,,,)? 19.284:0.017 mag
V magnitude at maximum ligh¥/gx)? 19.195:0.014 mag
Period P) 5.75268:0.00005 days
Time of minimum {nyin) 2452546.5860.008 HJD
Eccentricity €) 0.17+0.02

Argument of periastronu) 45+7 deg
Time derivative ofw (@) 2.4+1.0 deg yrt
Inclination () 81.3:1.9 deg
Systemic velocityy) -210+11 km s?
Semi-major axisd) 62+2 R
Mass ratio § = Ms/ Mp) 0.94+0.07

Temperature ratioleg.s/Terp) 0.97+0.02

Flux ratio inB (Fgs/Fgp)? 0.9+0.2

Flux ratio inV (F\Ls/F\Lp)a 0.9+0.2

Flux ratio inVD|RECT (FD.S/FD,P)a 0.9+0.2

Third light contribution inB (Ig 3) 0.21+0.08

Third light contribution inV (ly3) 0.20+0.09

Third light contribution inVpirect (I0.3) 0.19+0.10

Component properties Secondary Terfiary
Radius R) 15.3:1.3 14713 R 11+3 R
Mass (M) 49+6 46+5 Mo 36+9 Mo
Surface gravity (log in cgs) 3.7&0.07 3.7%0.08 3.92:0.10

Radial velocity semi-amplitude<()® 263+15 27915 kms? —

Synchronized rotational velocitygncsini) 189+16

182+17  kms? —

2 Out of eclipse averageéi¢ = [0.04 - 0.45,0.63— 0.88]

b Including non-Keplerian corrections
¢ Assuming a single coeval component

providing fits with rms residuals of 0.018 mag B) 0.013 mag inv and 0.033
mag for the DIRECTV light curve. The residuals of the RVs are 11 km and
15 km s for the primary and secondary components, respectivelg.light and
RV curves, with their respective fits superimposed, are showig. 4.13.

The resulting best-fitting elements, listed in Table 4.&82¢eal a detached EB
with two components having masses (and radiiptf = 49+6 M, (R= 15.3+1.3
R,) and Ms = 46+ 5 (R= 177 + 1.3 R,) for the primary and secondary com-
ponents, respectively. The derived values reveal that SE# iextremely mas-
sive and eccentric EB showing apsidal motion£ 2.4 + 1.0 deg year'). The
synchronized rotational velocity shown in Table 4.12 wampoted assuming
pseudo-synchronization, where both components are synized at periastron
angular velocity. All these quantities, together with diddial properties, are fur-
ther discussed in Sect. 4.1.4.3.

4.1.4.3 Comparison with stellar evolutionary models

The triple-line spectra obtained for SB3 could not be digegted and, therefore,
a direct temperature determination could not be obtainemlveder, considering
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Figure 4.13. Observations for M31V J00442328127082 (SB3) and corre-
sponding W&D fits. Top: Light curve fits and corresponding residuals. The
residuals shown were derived for a mean epoch and do notdmorsie apsidal
motion dfect. Bottom: RV curve fits with RVs for the primary (circles), the
secondary (squares) and the tertiary (empty diamonds) acoemts, with corre-
sponding residuals for the eclipsing components. Phasegeufted observations
are also indicated (crosses).
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Table 4.13.Fundamental properties of M31V J00442328 27082 (SB3) derived
from the comparison of the parameters in Table 4.12 witHastelvolutionary
models of Lejeune & Schaerer (2001).

System properties

Age 2.3:0.5 Myr
AbsoluteV magnitude /) -6.9+0.2 mag
Color excessE(B - V)) 0.41+0.18 mag
Line-of-sight absorption4) 1.3:0.6 mag
Distance modulus fi— M)o) 24.8:0.6 mag
Component properties Primary Secondary Terfiary

Effective temperaturel(gy) 40000:2000 K 400082000 K 390083000 K
AbsoluteV magnitude ) -5.93:0.17 mag -5.820.20 mag -5.20.5

Intrinsic color (B — V)o) -0.311+0.005 mag -0.3140.005 mag -0.3060.004 mag
a Assuming a single coeval component

that the eclipsing components are coeval, an accurate mgdxlthe system was
obtained from comparison with stellar evolutionary moadlsejeune & Schaerer
(2001).

As in previous cases, the mass-radius diagram was usecetsurifable evolu-
tionary tracks with solar metallicity (Fig. 4.14). In thiase, however, the detached
nature of the system enabled us to assume that the companewtseval. In order
to find the most likely coeval solution and the corresponeingrs, a Monte Carlo
simulation was performed with 1000 realizations. In additio being coeval, the
constraints derived from the W&D fits (i.e, temperatureaatiminosity ratio and
radius ratio) were also included. The resulting most likelydels were used to
determine the age, as well as the temperature and lumirafdiiyth components
(Table 4.13), revealing that both components are main segustars (Fig. 4.14).

The derived fundamental properties reveal a supermas&veystem, with
the two components well above 40,. In addition to determining the proper-
ties of the eclipsing components, the luminosity ratio ddog used to infer the
magnitude of the tertiary component. Considering the e€riRVs of the ter-
tiary component, it is reasonable to consider that all thesdtelong to the same
stellar association and are coeval. The resulting coevablate magnitude is
My = -5.1+ 0.5 mag.

The large uncertainty in the computbti, magnitude prevents a precise deter-
mination of other properties for the tertiary componentadidition, the third light
contribution could be due to one or several stars. Howevewplain the relatively
bright My magnitude, the tertiary component has to be composed byoorsey-
eral) hot stars (i.eTe > 30000 K). To further confirm this scenario, a synthetic
spectrum was generated with three equal stars (with theeprep inferred from
the binary analysis) and compared to the observed speatyad(E2). After some
attempts, it was observed that the rotational velocity efténtiary component had
to be rather low (40 km3 in Fig. 4.12) to reproduce the observed line depths. In
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any case, the combined spectra seem to be capable of reprgdie observed
shapes of the lines rather well considering the noise of bisexwved spectra.

The most distinctive characteristic of SB3 is the large raess apsidal mo-
tion. The measured value of = 2.4 + 1.0 deg year!, in combination with the
derived masses, converts SB3 into the most massive EB sysittnmeasured
apsidal motion ever reported. The measured apsidal matercan be compared
with theoretical predictions and will be subject of futureestigation. So far,
three possible causes can be put forward to explain the wdabapsidal motion
(see Guinan & Maloney, 1985, for details).

Firstly, the presence of a third body can introduce an apsidéion (together
with additional éfects, for instance in the inclination). However, even Sisoump
that the third body is tidally bound, forming a triple systewith the EB, the
derived RVs for the tertiary component reveal that the rotal period of the
supposed triple system is much longer100 times longer) than the EB period.
Since the angular motion rate depends on the ratio of peas@®/ P’)?, whereP
is the EB period ané is the triple system period, théfect of the third body on
the apsidal motion has to be several orders of magnituder lthae the observed
value.

Secondly, general relativity introduces an advance in @@ptron that, for
some EB systems, is large enough to be observed. In thisltaseyer, the rela-
tivistic effect introduced in the apsidal motion is on the order of 0.2-deg yr?,
much lower than the observed apsidal motion.

Finally, the most likely cause for the observed apsidal oris due to the de-
formation of the components. The apsidal motion rate dependhe eccentricity
of the EB system, the relative radius of the components, th&smatio, the period
and rotational velocity (Claret & Gimenez, 1993). In addliti the distribution of
matter in the interior of the stars (modeled as internalcstime constants;,) are
critical values to determine the apsidal motion rate. Ushegvalues tabulated
in Claret (2004), the internal structure constants derfeedhe primary and the
secondary components are log = -2.44 + 0.16 and logk, = —2.52 + 0.17.
These values, when combined with the parameters derivattfie binary analy-
sis (Table 4.12) and assuming pseudo-synchronizatioult iesa predicted apsi-
dal motion rate ofuine, = 5.4+ 0.8 deg year! or, equivalently, a period of apsidal
revolution of Uyeo = 66 = 10 years. This value is discordant (at the vel)
with the observed apsidal motion ratewf="2.4 + 1.0 deg year* (U = 150+ 60
years). The same situation is observed for other B starsowitliective cores (e.qg.,
V380 Cyg and CO Lac Guinan, 1993; Guinan et al., 2000). Thegtrexplana-
tion for the observed discrepancy is that the internal stirecconstants predicted
by the stellar evolution models are too large, implying towB convective cores.
Therefore, the observed apsidal motion rate seems to suthfordea that the
internal structure constants predict cores that are todl sshan compared with
observations. In any case further analysis is needed terbaisure that the ob-
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Table 4.14.Distance determinations to M 31 from EBs.

EB system Vv My Ay (m- M), Distance
[mag] [mag] [mag] [mag] [kpc]
SB2A 19.240.02 -5.740.06 0.6@0.10 24.440.12 77244
SB2B 19.9480.015 -4.980.08 0.550.08 24.380.11 72437
SB3 19.1950.014 -6.90.2 1.3:0.6 24.860.6 91(:250

served apsidal motion is caused by the internal structutiesdf components and
not by other factors (such as a tertiary component).

As a final remark, it is worth mentioning that absolute magphéts could be
derived from the comparison with stellar evolutionary med&herefore, the de-
rived luminosities could be used to obtain a line-of-sigid@ption and a distance
modulus to M 31 (Table 4.13), revealing a highly reddenedesys The large
uncertainty in the third light contribution, combined wittne unknown total-to-
selective extinction ratioR\,), makes that the derived distance is highly uncertain.
In any case, the resulting distance is within one sigma oflitext distance deter-
minations obtained with SB2A and SB2B (Sect. 4.1.1 and Seti2) and further
confirms the scenario described for SB3.

4.2 Distance determination

From the four analyzed EBs, three of them have provided amtist determina-
tion to M 31 (Table 4.14). As previously mentioned (Sect..4.3), the derived
distances to each EB correspond to the center of M 31, betiaeiserrection due
to the location of the EB is negligible-(0.3%). Therefore, the derived distances,
in mutual agreement within their one sigma error bars, ptbaeEBs can be used
to derive precise and accurate distances to M 31.

The derived distances can be averaged to derive a robushdésto M 31. Of
the three distance determinations, only two can be coresidgirect distance de-
termination. The distance value of SB3 cannot be considerbd direct because
it is based on stellar evolutionary models. As it is well kmyvgtellar evolu-
tionary models depend on a certain number of assumption#madfect the
derived distance (mass loss, rotational velocity, isolaellar evolution, etc.).
In any case, the large error associated with the distanc&8n%akes that the
weighted mean value would vary only slightly if the SB3 digta determination
is included. Therefore, the two double-line EBs have beenlsoed to derive a
weighted mean distance to M 31 of 7483 kpc or (n— M), = 24.36+ 0.08 mag.
Although additional EBs are needed to increase the stalstignificance, the de-
rived result has an error of only 4%, which is remarkableggithe faintness of
the studied targets.
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Note that the error bars account for the random uncertaiatighe param-
eters but do not include a possible systematic contributiam the atmosphere
models. However, stellar atmosphere models are used igatamber of appli-
cations and have been tested thoroughly in several resaggah. In addition, our
spectrophotometric measurements are fully compatibla stllar atmosphere
models, reducing the possibility of important systemaitiche models. There-
fore, we expect such systematic error to be no larger thaw gpée cent in flux,
having an é&ect below 0.05 mag in the distance modulus.

Another possible source of systematic error is the factlib#t EBs used for
distance determination are modeled as semi-detachedrsy/dtehas traditionally
been argued that detached EBs are the only systems capabstevide accurate
distances. The most common reason is that non-detached reBffected by
the proximity of the components, introducing distortiomsl aeflection &ects.
However, the proximity of the components can properly beaikto account
by current modeling algorithms (such as W&D). In additiolne fact that one
of the components fills the Roche lobe decreases the numlfiexeoparameters
and greatly improves the stability of the solution (Wyithé/ilson, 2002). On
the other hand, there are some oth@e&s, missing in detached EB, that could
introduce some systematics in the solutions (e.g., hosspotumstellar disks,
etc.). In any case, theséects can be observed from the acquired data and prop-
erly taken into account. A clear example of thesieds is the presence of the
O’Connell dfect in SB2A. The modeling performed, with the introductidrao
hot spot, has been capable to accurately consider fif@steallowing the use of
SB2A for distance determination. Therefore, using senaaceed EBs reduces
the number of free parameters, at the cost of introducingesatmer #&ects that,
when properly considered, should introduce no systematar & the derived
distances.

It is also important to remark that the procedure used in tlesgnt work,
although resource-intensive, is completely independeahy other distance de-
termination. Therefore, with this procedure, distancedeination is both highly
precise and direct. In addition, without the need for sgttotometry, the obser-
vational requirements decrease, which greatly simplifiegorocedure and opens
the possibility to perform distance determinations forrgéanumber of EBs.

The need for spectrophotometry could be circumvented Iseceue derived
T from the disentangled spectra and benefit from the weak texnpe depen-
dency of 8 — V) above~ 30000 K to obtain arE(B — V) value. The major cost
of loosing spectrophotometric information is an increaséhe line-of-sight ab-
sorption uncertainty. In fact, uncertainty in the extinatrepresents50% of the
total error in the distance determination. Therefore, anther improvements that
reduced the uncertainty in the line-of-sight absorptionld@otentially improve
the distance determinations presented here.
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5 Cepheids

The importance of Cepheids for distance determination gChpastands in con-
trast with the relative lack of additional information oretbpecific characteris-
tics of extragalactic Cepheids and the possible correstimtause of their par-
ticular properties (i.e., metallicity). A clear exampletiee Andromeda galaxy
(M 31), where the first identification of Cepheids was alrepdsformed by Hub-

ble (1929). After the observations of Baade & Swope (196% maierences
therein), little @¢fort has been dedicated to further analyze the Cepheid popula
tionin M 31.

This trend has changed in recent years with the emergencewbhserva-
tional capabilities. Several variability surveys havetsidto study the stellar con-
tent of M 31 (Macri, 2004, and references therein) and otloeal Group galaxies
(Udalski et al., 1999; Mochejska et al., 2001b; Udalski et 2001; Pietrzyhski
et al., 2004; Macri et al., 2006), obtaining large sample€gpheids with accu-
rate photometry. The detailed study of the observed Ceplingid emphasized the
importance of an issue that was usually overlooked in mostgrhetric studies:
the dfect of blending. It has been proposed (Mochejska et al., 200eafter
MMSSO00) that the magnitude of Cepheids may fedaed by the light of unre-
solved companion stars (i.e., blends). The& of blending is somewhatftiérent
from crowding or confusion noise, since companion stargapfo be in the same
point-like source. Therefore, even when achieving a pedemt-spread function
modeling, blending could still be present. Th&eet can be the same as in spec-
troscopic binaries, where the individual components cansaally be resolved
from ground-based images.

When studying extragalactic Cepheids the spatial reswiutecreases linearly
with the distance of the host galaxy and, as a consequereythber of possible
blends increases. Small blending values are expected édcdlge Magellanic
Cloud (LMC), where individual Cepheids can be resolved frieighboring stars,
even from ground-based observations. The situation clsaingé 31 and M 33,

*The contents of this chapter were published in Vilardell e2007).
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where meary blending values of 19% and 16%, respectively, have beernnsata
(Mochejska et al., 2004, hereafter MMSS04). These reswitddvimply, when
extrapolated to more distant galaxies, a downward revisidime Hubble constant
between 5% to 10% (as explained by Gibson et al., 2000). ltrasi) Bresolin
et al. (2005) found an upper limit on blending in NGC 300«a2 Mpc) of 004
mag. In addition, Gibson et al. (2000) showed that the syatierdtect of blend-
ing on farther galaxies (between 4 and 25 Mpc) is almost gegi. Therefore,
results obtained so far seem to indicate that blending haspartant contribu-
tion when observing Local Group galaxies and diminisheswdteserving distant
galaxies. Gibson et al. (2000) explained such behavior amaeguence of the
background levels in M 31 and M 33 (with a large number of sdatected around
Cepheid variables) not being representative of the motartigalaxies (where
the background levels are the result of several unresoleartss). Because of
the importance of the subject, a comprehensive study offteetef blending on
Cepheid distance determinations is highly desirable.

The variability survey in Chap. 2 represents an excelletasid for these stud-
ies. The large number of detected stars (416 Cepheids) artdgh quality of the
resulting light curves have allowed a comprehensive stiidyepheid properties
in M31.

5.1 Period distribution

The period distribution of Cepheids in Local Group galaxies been a major
source of debate. Evolutionary models predict a displac¢me the peak of the
period distribution as a function of the metallicity of thest galaxy (Becker et al.,
1977). It has also been observed that the Milky Way (MW) mkedastribution
displays a dip at around 10 days, while such feature is ngssimore metal-poor
galaxies such as the LMC. Several theories have been puafdriw explain the
bimodal distribution, but a satisfying scenario is stitkiang (see Antonello et al.,
2002, for an extended discussion).

Since the MW and M 31 have similar morphological types andrgbal com-
positions, the observed period distributions are also &egeto be similar. The
results obtained so far have prevented a direct comparisoause of observa-
tional biases, which are oftenfficult to evaluate. On the one hand, faint Cepheids
(with usually short periods) can be missing in some shallewes/s while, on the
other hand, the distribution of the observations can ma&éedntification of long
period Cepheids dicult.

To evaluate the observational biases, the 416 Cepheidstfrervariable star
catalog in Chap. 2 (hereafter VSC sample) were comparedtiaeth20 Cepheids
in M 31 of the GCVS (Samus et al., 2004). Both samples have stlthe same
number of stars, but the two period distributions (Fig. &uE found to be largely



5.2 Fourier decomposition 93

different, as demonstrated by the Kolmogorov-Smirnov testgshagrovide val-
ues of around 133. The origin of the observed fierence can be explained by
two main factors. Firstly, the VSC sample is known to haveas lior the longest
period Cepheids because of the observational window fom¢see Chap. 2 for
further information). And secondly, the GCVS presents apartant bias at short
periods because the GCVS is shallower than our survey antdGapheids are
missing. Furthermore, both Cepheid samples in M 31 can beawed with the
MW sample of the David Dunlap ObservatéDDO, Fernie et al., 1995). As
can be seen (Fig. 5.1), the period distributions of the VS€tar DDO sample
are very similar (with a Kolmogorov-Smirnov test value o49). Only a slight
difference is observed at long periods, possibly because obderational bias
in the VSC sample. Therefore, as expected, equivalentgeligiributions are
obtained for similar galaxies, including the secondarykpetd® > 10 d in metal
rich galaxies.

The conspicuous similarity between the period distrilngiof MW and M 31
becomes even more striking when compared with a galaxyfig@rdnt metallicity
(Fig. 5.1). More than 1300 Cepheids have been observed lrMi@zas part of the
OGLE Il survey (Udalski et al., 1999). The resulting period distributieveals
a single peak, which, as expected, is shifted towards shpetéds with respect
to those of the distributions of the MW and M 31. Therefore, gneat similarity
between the DDO and VSC samples indicates that both theaigeral biases
and period distributions are equivalent.

5.2 Fourier decomposition

It is well known that Fourier decomposition of the Cepheghticurves can pro-
vide valuable information on the real nature of these végiatars, especially on
their pulsation modes (Beaulieu et al., 1995). The procethwolves fitting the
codficients @, andyy) of a Fourier series of the form:

J
m(t) = Ao+ ) Accos(2rkad(t) + i) (5.1)
k=1

wherem(t) and ®(t) are the magnitude of the Cepheid and the phase atttime
respectively. Once the best d¢beients have been obtained, the pulsation mode
of the Cepheid variable can be derived from the amplitude R& = Ac/A; and
phase dierencepi = ¢k — kes.

1Data obtained from:
http://www.astro.utoronto.ca/DD0O/research/cepheids/cepheids.html

2Data obtained from:
ftp://sirius.astrouw.edu.pl/ogle/ogle2/var_stars/lmc/cep/catalog/
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Figure 5.1. Top normalized period distribution for the 416 detected Cagidan
VSC compared with the 420 Cepheids in M 31 of the GCB&tom: normalized
period distribution for the 416 detected Cepheids in M 31 parad with the 509
Cepheids in the MW from the DDO sample. The OGLE LMC Cepherda is
also shown for comparison.

A prerequisite of the Fourier decomposition of the 416 Ceghéelentified
in M 31 is the determination of the maximum order of the Jit, In agreement
with other studies in the literature (Antonello et al., 19B@aulieu et al., 1995;
Zakrzewski et al., 2000), we observed that an iterativetsluyrovided satis-
factory results. Therefore, for each light curve, the fitprocedure started with
J = 1 and increased until the value gf . varied by less than one. Although
the Fourier fit always provided values for all the light cusyveeveral important
aspects were considered before studying the resultslyi-sstce measurements
with large photometric errors can provide unreliable fitghi curves with a mean
photometric error larger than 0.1 mag were excluded. Sdgoaltilight curves
with 3, > 7 were rejected to eliminate the fits that did not accuratedycimthe
observations. Finally, large gaps in a light curve can pretree fit to correctly re-
produce its shape, even whef) , is relatively low. Problematic fits usually have
codticients with large error bars. Therefore, fft@ent errors were computed (ac-
cording to Petersen, 1986) and light curves wity > 0.01 mag,o,, > 0.1, or
04, > 0.6 rad & 0.27 rad) were also rejected.
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The above criteria yielded a sample of 315 Cepheids withratedrourier fits
in both passband$(andV). TheR,; andy;; values inboth passband@-ig. 5.2)
have been used to classify 75 Cepheids pulsating in theofrest:one mode (FO)
and 240 pulsating in the fundamental mode (FM). Since FO €Eieghare not
expected to have periods longer thai days, the FM sample has been completed
with all Cepheids with lod® > 0.9 (~ 8 days), regardless of the quality of their
Fourier fit. The final sample of 281 FM Cepheids includes thype Il Cepheid
candidates, but they are easily identified as a consequétive detailed analysis
of the P-L distribution (Sect. 5.3.1).

5.3 Period-luminosity relationship

The P-L diagram for the 356 classified Cepheids (281 FM and JbrEveals
a large scatter in both passbands (Fig. 5.3), especialB. iThe origin of the
observed scatter can be understood if we consider that tleofieview covers
about 7 kpc at the distance of M 31(¢ M)y = 24.44+0.12 mag, Sect. 4.1.1.3)
The large covered area in M 31, the fact that Cepheids arégld@dong the spiral
arms, and the clumpy structure of the interstellar mediul@a(ty observed in
the survey images), indicates thaffdrential absorption in the disk is most likely
responsible for an important fraction of the observed scaltt addition, the larger
dispersion of the P-L distribution iB compared tov reinforces the interstellar
absorption hypothesis.

Another possibleféect on the observed scatter is metallicity. Several authors

have suggested (see, i.e., Gieren et al., 2005) that the sibthe Cepheid P-

L relationship is basically independent of metallicity. wiver, comparison of
the tip of the red giant branch and Cepheid distance detetmoims to several
galaxies has shown that a slight dependence on metalkcyeisent (Sakai et al.,
2004). Therefore, a metallicity dependence on the zerotmdithe Cepheid P-L
relationship could exist. Since metallicity within M 31 deases as a function of
the galactocentric distance (Zaritsky et al., 1994), sofmthe observed scatter
could also be introduced by metallicityfférences.

In addition, the Cepheid measured photometry canfileetd by blends. The
mean seeing of our images is around 1 arcsec. Therefore,obaeinved point-
like source corresponds te4 pc at the distance of M31. Since Cepheids are
usually located in young star clusters and associatioisdjkely that the observed
magnitude of a Cepheid can be the combination of severasatved sources.

%In course of this work, the distance modulus for SB2A is usetiad of the mean value of
Sect. 4.2 for consistency with the published version (tlséadice determination to SB2B was not
available when this work was published). In any case, thdasiity of both results, well within the
error bars, and the fact that SB2A has a temperature detatioinfor both components, makes
that the distance to SB2A can be considered highly accurateapable, by itself, to fulfill the
requirements of this analysis.
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Figure 5.2. Fourier codicients in each passban®& @ndV) as a function of
period. The pulsation mode of the 315 Cepheids is identiflddck circles —
fundamental mode; gray circles — first overtone.
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Figure 5.3. Observed magnitudes as a function of period for 356 CephEitled

black circles: fundamental mode Cepheids with accuratei&ouaodficients.
Empty black circles: fundamental mode Cepheids withoutieate Fourier co-
efficients. Gray circles: first overtone mode pulsators.

Below we analyze the three aforementioné@es that are the most probable
sources of the scatter in the P-L diagram.

5.3.1 Absorption

The dfect of diferential absorption can be partially corrected from thecolesd
Cepheid colorB - V) through the color-exces&(B-V) = (B-V) — (B - V),,

see Feast, 1999, as an example). We used P-L relationshipsifdalski et al.
(1999} to estimateB, andV, values. The LMC distance modulus was assumed
to be fn— M), = 1842 + 0.06 mag and was computed from the weighted mean
of all the LMC distance determinations with eclipsing biear(Table 1.3). The
reason for using LMC relationships (instead of those for M\&), was moti-

4Updated relationships were obtained from the OGLE Il weds sit
ftp://sirius.astrouw.edu.pl/ogle/ogle2/var_stars/lmc/cep/catalog/README.PL
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vated by several recent results. First, Gieren et al. (2608§yested that the MW
Cepheid distances, mostly obtained through the Baadedligssnethod, could
be dfected by a systematic bias when converting the observedl raglocities
into pulsation velocities. Second, Macri et al. (2006) fatdinat LMC P-L slopes
provide a better agreement with the P-L distribution of Gags in NGC 4258
than MW relationships. Finally, the new parallax measumef several MW
Cepheids (Benedict et al., 2007; van Leeuwen et al., 20@7) Y-L slopes that
seem to be in better agreement with the LMC than with prevMW¢ relation-
ships.

After obtaining the color excess for each Cepheid, a tataetective extinc-
tion ratio of Ry = A(V)/E(B - V) = 3.1 + 0.3 (Fitzpatrick, 1999) was used to
compute the absorption and thg magnitude for every Cepheid. The resulting
P-L distribution can be compared with the LMC P-L relatioips{Fig. 5.4), as-
suming a M 31 distance modulus @h ¢ M), = 24.44+ 0.12 mag (Sect. 4.1.1.3).
An offset between th¥, values and the LMC P-L relationship is clearly observed,
but the éfects of metallicity and blending have still to be considered

Finally, as previously mentioned, three of the studied @ghseem to be
of type Il. To further investigate these objects they havenbieept in the studied
sample of FM Cepheids (Sects. 5.3.3 and 5.4).

5.3.2 Metallicity

As explained above, the zero-point of the P-L relationshgy mlepend on metal-
licity. To account for this ffect, the metallicity of each Cepheid needs to be
estimated, and we did so by considering a galactocentrialhiogly dependence.
According to Zaritsky et al. (1994), the M 31 galactocentrietallicity depen-
dence can be modeled by:

12+ log(O/H) = (9.03+ 0.09) - (0.28 + 0.10)(0/po — 0.4) (5.2)

wherep is the de-projected galactocentric radius agds the isophotal radius
(77.44 arcmin for M 31). Following the procedure in Baade & Arp 649, the
Cepheid galactocentric radius was obtained assuming f@oangle of 38, an
inclination of 125 (Simien et al., 1978), and an M 31 center positiomnofE
00'42M44£316 = +41°1609”4 (in J2000.0 coordinates, Cotton et al., 1999).

The metallicity dependence of the Cepheid P-L relationainigh the galacto-
centric metallicity variation implies that aftierent P-L relationship must be used
for each individual Cepheid when computing the valge- M. Alternatively,
one can computé, — My by using a universal P-L relationship and then applying
a correction for each Cepheaposteriori According to Sakai et al. (2004), the
correction on the computed, — My value isé(m— M)o/6(O/H) = —0.25+ 0.09
magdex when using the Udalski et al. (1999) P-L relationshipker&fore, for
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Figure 5.4. Absorption-corrected/ magnitude as a function of period for 281
fundamental mode Cepheids. Filled circles: stars with eteuFourier fit. Empty
circles: stars without accurate Fourier fits. Black line:als#i et al. (1999) P-
L relationship, for a distance modulus to M 31 of 24.44 mag(8el.1.3). Gray
lines: distance corrected P-L relationships for type Il #Eds as given by Alcock
et al. (1998).

each Cepheid, we computed metallicity correctia¥(©(H)) by comparing the
metallicity given by Eqg. 5.2 with the metallicity of the LM@2+log(O/H) = 8.5
dex, Sakai et al., 2004). The resulting metallicity coriats were then used to
derive the corresponding(m — M), for each Cepheid in the sample, providing
corrections between0.15 mag and-0.05 mag.

5.3.3 Blending

The best approach to study th&eet of blending given our available data set
is by using the observed Cepheid amplitudes (Antonello2200he intrinsic
amplitudeA' of a Cepheid is given by the expression:

A =-25 Iog(%) (5.3)
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where f. and F. are the fluxes at minimum and maximum light, respectively.
When blending is present, the observed amplitédean be expressed in the fol-
lowing form:

A=-25 Iog(;c i ‘;) (5.4)
C

wheref is the sum of fluxes of all blending sources. From these twatkojs,
one can write: w1
L4A
10) + f_c]

f

(5.5)
1+ T

A= 2.5Iog(

Since A' and f/f. are always positive quantities, the observed amplitude of a
blended Cepheid is always smaller than its intrinsic amg@ét The observed
amplitude and the blended mean magnitkd®a > can be expressed as:

A=m-M (5.6)

m+ M
5.7
5 (5.7)
wheremandM are the observed magnitudes at minimum and maximum light of a
Cepheid, respectively. In the same way, the intrinsic atogdi and the blending-
free mean magnitude m > can be expressed as:

<m>=

A=m-M (5.8)
<m >= L ;M (5.9)

From Eqgs. (5.6)-(5.9) the fierence on the mean magnitude of a given Cepheid
as a consequence of blending can be expressed as:

_ g
A:<m>—<mi>:(m—mi)—ﬂ2ﬂ (5.10)
Considering thatri— m) can be defined as:
m—m = —2.5Iog( fC: f) - —2.5Iog(1+ fi) (5.11)
C Cc

and isolatingf / f. from (5.5), the diference on the mean magnitude (5.10) can be
expressed as:

(5.12)

2A _ 0.2A
A=25 Iog( 10° 10° )

1002 — 10-027

Therefore, the variation on the mean magnitude of a giverh@epbecause of
blending can be computed from the amplitude of the CepheithoAghA' and
A are unknown quantities, the above equation can be solveshibination with
period-color and P-L relationships. The results shownwedoe based on the



5.3 Period-luminosity relationship 101

Udalski et al. (1999) relationships, but almost identiesluits were obtained with
other LMC relationships (Sandage et al., 2004).

The next step of the process involves recalling thah >~ m, wherem is
the phase-weighted intensity-average mean magnitudesaftiberved Cepheids.
Therefore, defining the blending-free color excess as:

E(B' -V)= (B -V)-(B-V) (5.13)
the blended color excess can be expressed as:
E(B-V)=E(B - V) +Ag - Ay (5.14)

whereAg = B - B andAy = V — V'. Analogously, the distance modulus can be
expressed as:

(Vo — My) = (M- M) + Ay — Rv(Ag — Ay) (5.15)

where:
(Mo—My) =V -REB-V)- My (5.16)
(m—M)o =V —RyE(B' - V') - My (5.17)

The combination of Egs. (5.15) and (5.12) reveals that theevaf (Vo — My)
is only a function of the amplitude of the Cepheids and théadise modulus to
M31. In addition, the fact that the color excess is obtairredtfthe observed
color of the Cepheids (which idfacted by blending) introduces the color term
(Ag — Av) in Eg. (5.15). Therefore, and contrary to the intuitiveehpiretation,
when reddening is computed from the observed color of Cegh@ — V) the
blended distance modulus can be either larger or smallethigaintrinsic distance
modulus (h— M),, depending on the values ofg — Ay).

Considering that all Cepheids are roughly at the same distgm — M), =
24.44+0.12 mag (Sect. 4.1.1.3), and assuming tAgtand AL are linearly depen-
dent (Fig. 5.5), Eqg. (5.15) can be numerically solved. In,faten the intrinsic
amplitude of the Cepheid tends to zero, the observed ardpbthave to be zero
in all passbands. Therefore, both amplitudes were coresiderbe proportional
(i.e., Ay = aA). The assumption that Cepheid amplitudes, when obsenfi at
ferent passbands, are proportional can be considered-arfitst approximation
of the Fourier cofficient interrelations (Ngeow et al., 2003).

Since the interrelations betweBrandV have not been accurately worked out,
we computed the proportionality factor empirically fronetbbserved amplitude
of Cepheids. The amplitude of the studied Cepheids can blglestimated
from the Fourier fits (Sect. 5.2). Therefore, the 240 FM Cegshwith accurate
Fourier fits were used to compute the amplitude proportipntctor (Fig. 5.5),
obtaining a mean value (with.®2r clipping) of AL/ A, ~ Ag/Ay = 1435+
0.011.
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Figure 5.5. Amplitude relationship for the 240 fundamental mode Cegei

The above distance modulus to M 31 and the amplitude prapaiity fac-
tor, when applied to Eq. (5.15), yielded the intrinsic aryales of the Cepheids.
Once the intrinsic amplitudes are known, thé&elience on the mean magnitude
can be computed (Fig. 5.6). The large resulting uncer&sntiAg andAy clearly
indicate that not much can be said from the individual blegdif each Cepheid.
The uncertainties were obtained from a MonteCarlo run witdQlrealizations on
the input parameters of each Cepheid. The positivalues (implying negative
blending) provide additional information on the assodatecertainties (probably
of the order of 0.1-0.2 mag). In any case, it is interestingtiserve that moderate
intrinsic amplitudes are obtained for the entire samplét @sn be deduced from
the lines of constant intrinsic amplitude in Fig. 5.6 fat 0, A = A'). Further-
more, the Cepheid with,, > 1 mag is the only suspected type Il Cepheid with
an accurate Fourier fit (see Fig. 5.4). The unrealistic btepdalue provides an
additional evidence in favor of the type Il classification.

Given the large number of studied Cepheids, the obtainedilrg values can
also be used to determine a mean blending value for Cephels3iL. The re-
sults are shown in Table 5.1 where they are also comparedvéthious blending
determinations in M 31 and M 33. The values labeled Sectl2w#re obtained



5.3 Period-luminosity relationship 103

from the third light contribution in eclipsing binary systs, and the MMSS00
and MMSSO04 values were obtained from comparison of Hubbée&pelescope
(HST) and ground based images. The blending fac®ypfesented in MMSS00
and MMSS04 were transformed into variation on the mean ntad@ivalues by
considering that:

A=-25 Iog(l + ) =-25log(1+9S) (5.18)

< f.>
where< f; > is the flux of the Cepheid at mean magnitude.

The observed dierence with MMSSO00 could be due to the assumed distance
moduli or to the observing conditions. On the one hand, thented uncertainties
on the LMC and M 31 distance moduli could produce a variatib@.52 mag in
Ag andAy. On the other hand, blending depends on seeing conditiahbark-
ground level. Large seeing images increase the blendindpigihdsignal-to-noise
data enables the detection of faint stars, decreasing thputed background and
increasing the blending contribution. Considering thatiir results have been
obtained for the eclipsing binary sample (which comes fromdame observa-
tional data but from a completelyféierent procedure), the obtainedtfdrences
with the values reported in MMSSO00 could be the result dfiedent observing
conditions. The method used by MMSSO00 can only provide Idinets to blend-
ing values, since the HST point spread function (used asralivlg-free refer-
ence) could still hide unresolved companions. This is daffgthe case for the
B-band results, where the available HST data was of low sigmabise ratio,
thus implying that only the most severe blends were deteckediddition, the
relatively small sample used by MMSSO00 cannot be considengesentative of
the Cepheid population in M 31.

It is interesting to note that the results of MMSS04, based melatively large
sample of Cepheids in M 33, have mean values similar to oltfe(agh slightly
different median values; Table 5.1). Such good agreement sheuttken with
caution as the host galaxies, the methods used, the pestibdtions of the
samples, and therefore the associated systematic erexigfarent. Nevertheless,
it is encouraging that estimates made usiniedent methods in two somewhat
differing spiral galaxies yield similar results.

To further analyze theffects of blending we have applied several cuts to the
FM sample. It has traditionally been argued that the longeiog (and brighter)
Cepheids should be lesfected by blending (Macri et al., 2006). We computed
the mean blending for Cepheids with a period longer than 32 dad obtained,
as expected, lower blending values (Table 5.1). Furtheemoonsidering that
blending decreases the Cepheid amplitude, larger ampl®agpheids should also
be less ffected by blending and, in fact, the 37 Cepheids with> 0.8 mag do
have lower blending values (Table 5.1).

Finally, a blending-corrected color excess can be compiubead Eq. (5.14),
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Figure 5.6. Observed amplitude of the 240 fundamental mode Cepheithsawit

curate Fourier fits as a function of the computed variatiothemean magnitude
due to blending. Lines of constant intrinsic amplitude frord to 2 or 2.5 mag in
steps of 0.5 mag are also shown (dashed lines).

Table 5.1. Blending values in M31 and M 33 obtained from several methods
Top: Mean values and their erroBottom: Median values.

Reference Sample Number < Sy > < Sg > <Ay > < Ag >
[mag] [mag]
MMSS00 Cepheids in M31 22(10B) 0.19+003 006+0.06 -0.18+0.03 -0.05+0.05
Present work Eclipsing binaries 48 .30+ 0.07 030+0.06 -0.23+0.05 -0.25+0.04
Present work FM Cepheids 240 .30+ 0.03 037+0.04 -0.23+0.02 -0.24+0.03
Presentwork FM Cepheids with> 12 days 37 14+006 020+010 -0.09+0.05 -0.10+0.07
Presentwork FM Cepheids witdy > 0.8 mag 37 010+ 0.05 011+007 -0.06+0.04 -0.05+0.06
MMSS04 Cepheids in M 33 95(57B) 0.24+003 029+0.06 -0.20+0.02 -0.23+0.04
MMSS04 Cepheids in M33 witR > 10days 60 (39iB) 0.16+0.04 020+0.05 -0.14+0.03 -0.17+0.04
Reference Sample Number  Medi8] MedianSg) Median(\y) Median(Ag)
[mag] [mag]
MMSS00 Cepheids 22 (10iB) 0.12 000 -0.12 000
Present work Eclipsing binaries 48 .09 Q016 -0.09 -0.16
Present work FM Cepheids 240 .20 015 -0.19 -0.16
Present work FM Cepheids with> 12 days 37 ®m9 004 -0.09 -0.05
Presentwork FM Cepheids witAy > 0.8 mag 37 9 004 —-0.09 -0.05
MMSS04 Cepheids in M33 95 (57 B) 0.13 015 -0.13 -0.15

MMSS04 Cepheids in M 33 witR > 10 days 60 (39 i1B) 0.07 010 -0.07 -0.10
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obtaining a mean value of E(B' — V') >= 0.305+ 0.011. The blended mean
color excess is slightly lower<( E(B — V) >= 0.296 + 0.012), indicating that
blending sources are bluer than Cepheids. THEemince is more significant
when considering only Cepheids with large blending valugs<{ —0.5 mag and
Ag < —0.5 mag), obtaining a blending-corrected color excess B{B' — V') >=
0.472+0.028, whereas E(B-V) >= 0.315+ 0.030. Therefore, considering the
color-magnitude diagram (Fig. 2.12) and the distributiérCepheids along the
spiral arms, it is likely that early-type and young main sape stars are respon-
sible for the large measured blending. The obtained reardtsh good agreement
with the results in MMSSO04, who also found that M 33 blendiagrses were on
average bluer than the Cepheids. To further check this socewa used young
MW open clusters to compute the light contribution that th@msequence stars
would introduce on a Cepheid variable in the cluster. Thelties) predictions on
Ay andAg — Ay are in good agreement with the inferred blending values inlM 3

5.4 Distance determination

As previously mentioned, long period and large amplitudpl@gls are less af-
fected by blends. Therefore, when computing the mean distavodulus to M 31,
a systematic trend should be observed for increasing panddamplitude cuts
(i.e., rejecting short period or low amplitude Cepheid)eV, — My values ob-
tained after the metallicity correction (Sect. 5.3.2) wased to compute weighted
mean distance determinations to M 31 (witB& clipping). The resulting values
assume a distance modulus to the LMC wf{ M), = 1842 + 0.06 mag (Ta-
ble 1.3). The amplitudes for the 41 FM Cepheids without aateuFourier fits
were computed from the observations and were also includeddier to obtain a
better coverage in periods and amplitudes.

Figure 5.7 shows that the distance modulus increases asitiraum period
or minimum amplitude cuts increase. We observe that thamtistmodulus value
stabilizes forAy > 0.8 mag. The most likely cause for the observed trend is that
blending is lower than photometric errors (or even zero)dage amplitudes. The
most suitable period cut is moreflilcult to compute, although an increasing trend
is also observed. The observed behavior is explained if pamgpd Cepheids are
still affected by large blends, thus still introducing a bias in theved distance
modulus. Hence, an amplitude cut is the best choice to dérevdistance to M 31
from the studied Cepheid sample. From this analysis (Fif), fhe 66 Cepheids
with amplitudeAy > 0.8 mag seem to represent the best sample for distance
determination.

The dtect of removing small amplitude Cepheids is clearly visiblEig. 5.8,
where the P-L diagram for the largest amplitude Cepheidhasve. Two stars
with Ay > 0.8 mag are placed far below the general P-L distribution (gmpt



106

5 Cepheids

24.4

24.35

T
I
I
I
I
I
I
I
1
1
1
1
I
I
I
I
I
I
I
1
1
1
|
I
1
T
I
I
1
1
I
I
I
I
I
I
I
1
1
1
1
I
I
I
I
I
I
I
1
1
1
|
I
[
T
I
-
)

>
= 243

24.25

24.2

L | T 1 | T 1 | 1
———————
————————
I I | 1111 | 1111 | 1

1 | 1 | 1 | 1 | 1 | 1 1 | 1 | 1 | 1 | 1 | 1
2 04 06 08 1 120 02 04 06 08 1

log(P) A

24.15
0

Figure 5.7. Weighted mearVy, — My values for the 281 fundamental mode
Cepheids in M 31 for dierent cuts. Error bars indicate the error on the mean.
The dashed line represents the adopted distance deteionimdt(m — M), =
24.32 + 0.12 mag.Left: each distance determination includes all Cepheids with
period longer than the specified valuRight: each distance determination in-
cludes all Cepheids with amplitude larger than the specifadde.

circles in Fig. 5.8). Both stars are on the type Il Cepheidati@ships, rein-
forcing the hypothesis that these stars are, in fact, ty@efheids and they have
not been considered from now on. Finally, the obtained Pepes| with a value
of —2.83+ 0.12 mag dex!, is closer to the Udalski et al. (1999) LMC value of
—2.779+0.031 mag dext than to MW P-L slopes (e.g=3.087+0.085 mag dex.,
Sandage et al., 2004), therefore favoring the adopted Patiaeships.

From the considerations above, the M 31 distance modulwesreat from the
studied sample of Cepheids im - M)y =~ (Vo — My)as08 = 24.32+ 0.12 mag.
This value is compatible with most distance determinatimosd in the litera-
ture (Table 1.1) and with EB distance determinations of S&&t (one of which
was used to assume the distance modulus in Sect. 5.3.3)idéang that some
large amplitude Cepheids may still béexted by blends, the distance modulus
we derive could have a slight negative bias. Note that out fiake is 0.09
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Figure 5.8. Absorption-corrected/ magnitude as a function of period for 281
fundamental mode Cepheids. Empty gray circles: completddmental mode
sample. Filled black circles: Cepheids witly > 0.8 mag. Empty black circles:
two stars withAy > 0.8 mag excluded from the distance determination. Black
line: Udalski et al. (1999) P-L relationship, for a distarmedulus to M 31 of
24.44 (Sect. 4.1.1.3) and a mean metallicity correction®i mag (Sect. 5.3.2).
Gray lines: P-L relationships for type Il Cepheids as giveilrock et al. (1998)

at distance of M 31.

mag larger than the weighted mean distance modulus for thé=R8 Cepheids
((Vo—My) = 24.23+0.12 mag). Therefore, blending is clearly an importafeet
that has to be considered when obtaining extragalactiartistdeterminations. In
fact, blending has nearly the same impact on the final distdetermination for
M 31 as the metallicity correction.
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6 The distance to M 31
and final remarks

During the course of the present work, several distancerdetations to M 31
have been obtained. In order to study the relationship hetvilee derived dis-
tances and to place the derived values in context, a brietigsson is required
(Sect. 6.1). Once the final distance is derived and placedrnitegt, the results
derived in the present work are summarized (Sect. 6.2) hegstith some com-
ments on future investigation lines that could help to invertihe presented results
(Sect. 6.3).

6.1 The distanceto M 31

From the results given in Sect. 4.2, it is obvious that thenngaial of the present
work (a direct and accurate distance determination to M8mfEBS) has been
fulfilled. The derived distance modulus oh{ M)y = 24.36+ 0.08 mag relies on
the modeling of two dterent EBs and, therefore, can be considered to be:

e Direct. The distance determination from EBs does not rely on ptevio
calibrations and, since it is derived using a one-step phaee it can be
considered direct. Therefore, a posterior recalibratibthe distance to
other Local Group galaxies (such as LMC) or a variation onzéte-point
of any standard candle (such as Cepheids) hadsteoten the derived dis-
tance. Furthermore, any standard candle in M 31 can be atdithrusing
our derived distance.

e Accurate One of the most important points when determining distanse
the dfect of possible systematics in the derived value. Contrargther
distance determinations, the uncertainty in our distanodutus includes
most, if not all, the possible systematics. In particullag, possible sources



110 6 The distance to M 31 and final remarks

of systematic errors, and the corresponding considegtman be summa-
rized in the following points:

- Photometry. The photometry has been compared with othalocs
(Sect. 2.3.1) and checked to be well below 0.03 mag for thenrhade
of the selected EBs.

- Assumed configuration in the modeling of the EBs. The coméigon
assumed is completely independent for each one of the twaE&$
for distance determination and result in distances thageagyithin
the uncertainties. In addition, SB2A has clear evidencedseaig a
post-mass-transfer EB (O’Connelffect, no eccentricity, secondary
apparently more evolved, etc.) and SB2B has been thorougsigd
for any other possible configuration, with none of them baiagable
to reproduce the observations.

- Radial velocities. Several aspects have been considetiedespect to
the radial velocity determinations. TODCOR is a well tegteagram
that has been checked to introduce some systematics ondpéatra
with a short wavelength coverage (Torres & Ribas, 2002)ctvig not
our case. In addition, the possible systematics introdbgetthe use
of Balmer lines (that can betfacted by stellar winds) is compensated
with the incorporation of He lines. In addition, the steli@nd would
introduce a bias mainly in the systemic velocity, which hasmpact
in the final distance determination.

- Stellar atmosphere models used to determine the surface Tlhis
is probably the major source of systematic errors, sincebased on
several calibrations. However, the models used are thbtgugsted
in several branches of astronomy. In addition, the derivexe8 are
compatible with the HST spectrophotometry at optical wengths.
Therefore, any possible systematics are expected to béglel 0.05
mag.

- Line-of-sight absorption. As seen in the spectrophotoynéte ultra-
violet part of the mean galactic extinction curve is unablesproduce
the observed values. However, the onfieet in the determination of
the absorption at optical wavelengths would be a variatidhé deter-
mination ofRy. The value ofRy has already been considered to have
an uncertainty of 10% and larger variations are unlikely\seen from
previous statistical analysis (Fitzpatrick & Massa, 2007)

e Precise The uncertainty on the derived distance modulus of 0.08 repg
resents a distance determination with an error of only 4%ha\gh several
of the values reported in Table 1.1 have smaller errors, nfdbese results
do not consider thefiect of systematics. In fact, the derived uncertainty
is equal to the standard deviation resulting from the cotimn of all the
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non-direct distance determinations in Table 1.1 and, fbhexeour derived
distance is equally precise.

Therefore, EBs have proven to be excellent distance maggetsarguably, the
best method to provide direct distances for all the galaxi¢ise Local Group.

The uncertainty in the derived distance could be improveti tie analysis
of additional EBs (already identified in the list of 24 EBsyided in Sect. 2.4.1),
resulting in a distance determination to M31 with a relatineertainty of 2—3%
and free of most systematic errors. This result would reprethe most accurate
and reliable distance determination to this important L@&aup galaxy. In ad-
dition, a better determination of the line-of-sight absmnp could also improve
the uncertainty in the distance determination. In this egabservations (already
performed) with GALEX (Thilker et al., 2005) and Spitzer (Md et al., 2008)
could help to determine the spectral energy distributiothefobserved EBs and,
therefore, to better constrain the absorption.

The derived distance modulus is in complete agreement Wwithrtean value
in Table 1.1 (Fig. 6.1). In factall the 18 distances reported in Table 1.1 agree
with the EB value within 2 and prove that the ffierent distance indicators are
all rather well calibrated within their error bars. In adlolit, the large number
of distance indicators observed in M 31 strengthens the itapoe of this galaxy
as the main calibrator for extragalactic distance deteations. In fact, all the
distance indicators used to determine a distance to LMCg@ip2000), can be
used, in principle, in M 31. In addition, at least two othestdince determination
methods can be used in M 31 (planetary nebulae luminositgtimm and Tully-
Fisher relationship). Therefore, after the direct diséaolotained with EBs, M 31
may be the best extragalactic benchmark for distance detations.

Cepheids have also been used to determine a distance to Me8l. E4).
The derived distance modulus ah M), = 24.32 + 0.12 mag represents an
additional distance determination to M 31 that is fully catiple with the EB
value. The consistent result with EBs proves that the Celdn@lysis performed,
including the period-luminosity relationship, metalticcorrection and blending,
is correct (within the uncertainties). The consistencyhaf tesults is specially
valuable, because the EB distance to LMC has been used esvade Therefore,
the Cepheid distance modulus proves that the EB distanddd@and to M 31
are fully compatible, tightening the extragalactic distascale.

In fact, Cepheids have proven to be extremely useful andstotoudeter-
mine relative distances among galaxies. Macri et al. (2006) used the @iphe
in NGC 4258, which has a direct maser-based distance (Hemnst al., 1999),
to determine a distance modulus to LMC that is almost idahtacthe EB value.
Therefore, the derived distances using EBs are not only ddimpatible among
themselves, but also to other direct distance determimatiethods.
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Figure 6.1. Distribution of M 31 distance moduli as compiled in Table platted
as a continuous probability density distribution (blaciel built from the sum of
individual unit-area Gaussians centered at the quoted lasgdand broadened by
the published internal random error (gray lines). DistatocM 31 derived after
the present work is shown (straight black line) togethehvitis 1o error bars
(dashed lines).

6.2 Summary of the results

The main results of this work are summarized here to enabl&ick dpok. For
any additional information in a specific topic, see the cgponding section.

6.2.1 Data acquisition, reduction and analysis

As the very first step in the determination of a distance to Md&ep and high-
quality time-series photometry was obtained. A region (@83 338) in the
north-eastern quadrant of M 31 was observed during five yieaBsandV with
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the WFC at INT. Two main factors place the present survey antloa best vari-
ability surveys obtained so far in M31. On one hand, the imgletation of the
image subtraction technique has allowed the acquisititwgbily precise photom-
etry (~ 0.01 mag atv ~ 19 mag) of 3964 variable stars, with 437 EBs and 416
Cepheids. This technique is representing a revolutionarséarch for extragalac-
tic variable stars, where crowding is a major concern, beilsg implemented
with great success in other surveys as OGLE (Udalski et @8Ror DIRECT
(Mochejska et al., 2001b). On the other hand, the great nuofb@bservations

(~ 250 per passband) has enabled an almost complete coverihgdight curves

of all the variables with periods shorter than five days.

In addition to the photometry of variable stars, photomefrsll the detected
stars in the field of view (236 238) was also obtained. Theltieguphotometry
is both precise (with 37 241 objects having errors below Gagy im B andV) and
accurate, since it has been checked for compatibility wikieosurveys, such as
LGGS (Massey et al., 2006) and DIRECT (Macri, 2004). The camnspn has
revealed that any possible systematics larger than 0.03Fondige brightest stars
can be ruled out. In addition, it is one of the deepest photoosurveys obtained
in the disk of M 31 (with magnitude limits & ~ 255 andB =~ 26.0). Therefore,
our resulting catalog can be used as a reference to externthtaeaseline of
future stellar surveys in M 31.

Apart from the already identified population, there are a¥@00 variable
stars still pending for an identification. The obtained lkgjacan contain any
type of variable stars (Miras, LBVs, etc.). In fact, one oé thariable stars
(M31V J004419434122468) is a well known LBV (V15, King et al., 1998).
Therefore, the obtained catalog represents an importéetase for future studies
in M 31. The great potential of the obtained catalog to arefdditional variable
stars has been revealed by the discovery of a dM4 flaring rstidwei Milky Way
(Appendix A). Therefore, further analysis on the alreadtaoted data could re-
veal other interesting objects in M 31 and in our own galaxy.

Another requirement to derive a distance determination ®ilMvith EBs is
the acquisition of spectroscopy. The EB sample was insgécterder to identify
those systems that were more suitable for accurately detegrthe components’
physical properties. A list of 24 EBs was selected to be tret bandidates for
spectroscopic follow up and multi-object spectroscopy whaisined for five of
them. The observed sample is only a small fraction of the tataber of selected
EBs. Therefore, the list provided constitutes an excelteasterlist from which
to select EB systems for further observations.

The nine acquired spectra with GMOS at Gemini-North havesalution of
~ 80 km s, cover the wavelength interval ef 380 nm to~ 530 nm (with most
of the Balmer lines) and have a@Nsranging from 5 to 40. EBs have a major
drawback when obtaining radial velocities, since theiatieely short orbital pe-
riods preclude the use of long exposure times, thus limitirgSN. However,
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the techniques used in the course of the present work (wihntiplementation
of TODCOR, TIRAVEL, TRIMOR and KOREL) have enabled the detaration
of radial velocities, even for low /8l spectra. In addition to the acquisition of
radial velocities, the techniques used have enabled tkatdisgling and the com-
bination of the observed spectra to produce a highisr spectrum. The great
similarities of the obtained spectra with synthetic coypdets reveal that spec-
tral disentangling is capable to provide accurate funddahgmoperties for the
individual components of EB systems even for lofiNSpectra. Therefore, the
techniques applied during the course of the present wodklgleeveal that fun-
damental properties of EB systems in Local Group galaxiasesobtained with
current facilities.

Finally, the obtained spectrophotometry (with ACS at HSa$ hevealed that
current instrumentation has to be improved in order to @gpiecise spectropho-
tometry for stars in M 31. This instrumentation existed ia gast (i.e., STIS and
FOS), but the current state of HST has reduced the capatulibptain precise
spectrophotometry of faint stars. Hopefully, the situatrall change in the near
future, with the Service Mission 4 to HST in 2009 and the lduotthe World
Space Observatofyltraviolet in few years. These two space missions should
provide new instrumentation in the ultraviolet to the stfemcommunity, which
should enable the acquisition of precise spectrophotgréfaint stars and, thus,
allow the use of the spectrophotometric method for EBs in N3l other galax-
ies in the Local Group).

6.2.2 Properties of eclipsing binaries

The determination of the fundamental properties of brighitssin other galaxies
has revealed to be a valuable source for identifying massars (e.g., Bonanos

et al., 2004). The comparison of the color-magnitude diagraf EBs (Fig. 2.10)

and Cepheids (Fig. 2.12) has revealed that the EB populabserved is much
bluer < B-V >= 0.1 + 0.5) than the Cepheid populatioa B -V >= 0.9 +

0.3). Considering the mean blending-free color excess d¢ove E(B - V) >=
0.305+0.011 (Sect. 5.3.3), the reddening-free mean color of the FRiladion is

< B-V >= -0.2+0.5. Therefore, most of the reported EB systems are composed
by blue and massive main sequence components.

EBs are excellent tools to determine fundamental propeofienassive stars in
M 31 and other Local Group galaxies. Direct determinatidnmasses and radii
for massive stars in the Milky Way are mordfitiult due to absorption. Therefore,
extragalactic determinations of masses and radii (likeothes performed in the
present work) will greatly help in determining the fundan@tproperties of the
most massive stars. The analysis of four EBs in Chap. 4 (wibidiouble-line, one
single-line and one triple-line EB) has revealed a whole aodifferent massive
stars, all of them being extremely interesting to betterausind the physics of
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these stars.

The modeling of the double-line EBs has provided massesadiowith rel-
ative uncertainties below 10% and around 5%, respectiweiich is remarkable
given the faintness of the stars. Although both systems biwgar components
(with masses around 22 Mand 15 M), the evolutionary stage of each EB is
largely diferent. SB2A (M31V J004437991129236) is a semi-detached EB with
active mass transfer, where the originally more massivepoorant is now ob-
served as the secondary. The observed O’Confidtein SB2A can well be
used, in the future, to infer the mass transfer rate in suchssive binary system.
SB2B (M31V J004436164129194), on the contrary, is a pre-mass-transfer EB
(with an age of about 4.2 Myr), where the more massive composeabout to
fill its Roche lobe. This evolutionary stage is hot commorgerved in massive
EBs, due to the short time spent at this stage. Thereforh,dystems have char-
acteristics that make them interesting cases of close EBbliag futures studies
of mass transfer and théects of proximity on the evolution of massive stars.

In the case of the single-line EB (M31V J0044452828000, SB1), two
evolved and massive components {&6 M, and~14 M,) have been observed.
The analysis performed has revealed that the primary coemias a blue super-
giant in a semi-detached configuration. This system can bilu® study the
mass transfer of massive stars during the helium burningeoha

Another interesting target is the triple-line EB (M31V Jd@826+4127082,
SB3). This target is composed by two extremely massive §tardl, and 46 M,)
with an age of 2.3 Myr. The measured apsidal motiowef 2.4 + 1.0 deg year*
identifies this system as the most massive EB with apsidalomet/er reported.
The analysis performed so far has revealed the great valhesdEB to study and
verify the stellar interior models for stars with conveetnore. Further analysis of
the obtained data should help to verify whether the obsesiad have convective
envelopes larger than those predicted by stellar modelshigrsense, since the
photometric survey ended in 2003, current observation®88f\Bould already be
able to greatly improve the apsidal motion rate determamati

The obtained results open the field of detailed investigatif stellar evolu-
tionary models for massive stars (single and binary) intaerogalaxy and, hence,
in a completely independent chemical environment. It isartgmt to remind that
only four of a list of 24 massive EBs have been analyzed. Tladyais of addi-
tional EBs in the list could provide an excellent workbendhmeve to test stellar
structure and evolutionary models. However, the analyfsiseoreported sample
involves the acquisition of spectra with large telescoBed.Q0 m) having spectro-
scopic instrumentation in the optical. Currently, one @& tmly telescopes with
such facilities in the northern hemisphere is Gemini-Norfortunately, Gran
Telescopio de Canarias (GTC) has just started operatiotis @&IRIS, an in-
strument that could well be suitable for this study when trappr gratings are
available.
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6.2.3 Properties of Cepheids

The large number of detected Cepheids (416) motivated arapsive analysis
of the Cepheid population in M31. Having the same number gfh@als that
the General Catalog of Variable Stars, our catalog is muelpele being almost
as complete as the David Dunlap Observatory Milky Way sampBleth period

distributions have a double-peak structure, with a dip@tiad 10 days. The only
difference may be the lack of long period (and bright) Cepheidsiircatalog.

In addition, the large number of epochs obtaine®@§0) in both filters B and
V) has permitted the accurate pulsation mode identificatfd@40 fundamental
mode (FM) and 75 first overtone (FO) Cepheids. The sample ofdddheids
was completed with 41 long period (i.e., longer than 8 days)h@id variables,
resulting in a total amount of 281 FM Cepheids. The subsdcarmalysis of this
sample revealed that at least three of these stars are,tintype 1l Cepheids.
Regarding FO pulsators, although some FO Cepheids wermpsty detected in
M 31 (Fliri et al., 2006), our sample yields an important gese in the number
of detected FO pulsators and opens a new window to study 8ie jp@perties of
these stars in another Local Group galaxy.

The analysis of the P-L relationship for the FM Cepheids aéva large scat-
ter, which is not explained solely through th&eets of interstellar absorption and
metallicity. Although additional #orts are needed to reduce the obtained uncer-
tainties, a new method to compute theet of blending was developed. The exact
dependence of the amplitudes amonfijedent passbands, as well as more precise
amplitude determinations, would greatly enlarge the tesiiown here. The un-
certainties could also be reduced by acquiring time setiedgmetry at longer
wavelength (such dtband or at the infrared).

Even by considering the large uncertainties, the large murabstudied Ce-
pheids provides an accurate characterization of the meandinlg values, which
are in good agreement with those derived by Mochejska e2@0(Q, 2004) in
M 31 and M33. We conclude that the most likely cause of blemdieems to
be the light from unresolved stars belonging to the saméastaésociations or
clusters as Cepheid variables.

The dfect of blending has also been shown to be larger than 0.09 midg i
distance modulus to M 31, thus having dffeet as important as the metallicity
correction. Therefore, blending should always be takemactount when obtain-
ing extragalactic distance determinations with Cepheids.

6.2.4 Distance determinations

Four distance determinations to M 31 have been presentbd oourse this work.
Of these, two are direct distance determinations with EBsyohg distance mod-
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uli of (m—M)g = 24.44+0.12 mag andr— M), = 24.30+0.11 mag. These values
have been averaged to derive a robust distance modulus tod¥1@i— M), =
24.36 + 0.08 mag, firmly establishing the distance to this importahdga An-
other EB has been shown to provide a distance determinagidh3l of (m —
M) = 24.8 + 0.6 mag. This value cannot be considered a direct distance de-
termination because stellar evolution models were usece démnived distance,
however, represents a useful cross-check to ensure thptdperties derived for
this binary, composed of extremely massive stars, are steméi Finally, the
Cepheids identified in the photometric catalog have pralaelistance to M 31
of (m— M) = 24.32+ 0.12 mag. The derived value is fully compatible with the
EB distance determinations, providing an additional cheatkhe derived results.

6.3 Future work

As the last step in the present work, some comments are mdu@wto improve
the derived results. Most of them have already been mertieamewhere else
in the course of the present work. Even though, they are glaggether here for
reference.

The extensive data analysis performed in the course of #sept work has
provided a wealth of data acquired with leading observalitacilities. Our inves-
tigation was centered on acquiring the necessary infoonat derive a distance
to M 31, setting apart any additional information. Therefdhe obtained data can
be an excellent starting point for future work.

One of the potential sources for future analysis is the phetdc catalog
of variable stars (Sect. 2.3.2). Of the derived sample of43@&iable stars,
there are over 3000 sources still pending to be identifiece ddssible sources
in the compiled catalog are numerous, and range from lunsifdbwe variables
(M31V J004419434122468) to flaring stars in the Milky Way (see Appendix A)
with, probably, several long period variables (like Miras)

Another source for future work is the list of 24 EB selectedsaable can-
didates for distance determination (Sect. 2.4.1). Four EB& been analyzed
in the course of the present work. Therefore, there arei8l EB waiting for
spectroscopic observations. The future analysis of theokaoan result in a dis-
tance determination to M 31 with a relative uncertainty 08%-and free of most
systematic errors.

In addition to the distance determination, the analysisefB sample would
provide an excellent benchmark where to test stellar stracind evolutionary
models. In particular, the EB sample could be used to deterinternal structure
constants through the apsidal motion (e.g., SB3 in Sec#4}}tb study the mass
transfer in semi-detached systems (e.g., with SB2A in Settl) or, since the
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radii of stars can be directly determined, to study the wirmshrantum-luminosity
relationship for massive stars (see Kudritzki & Puls, 2G00a review).

Apart from EBs, the present study has shown that accurateopiebry for
Cepheids in M 31 can be obtained. A program to obtain highitydaht curves
in whole disk of M 31 would be of great interest. The presemietk has revealed
hundreds of Cepheids in a region that is about one third oMB& disk. There-
fore a specially aimed survey (withphotometry) could reveal several thousands
of Cepheids in this galaxy. In fact, the determination of gih@bal properties of
Cepheids (such as the period distribution or the dependemoeetallicity) could
be much more easy to study in M 31 than in our own galaxy.

Another interesting project would be the analysis of blagdn other Lo-
cal Group galaxies (and beyond) using the method presenttdsi work. The
method needs high accuracy light curvesQ01 — 0.02 mag) with a large num-
ber of epochs~+ 100). The only galaxies currently having these light curaes
LMC, SMC, the Milky Way and M 31. All the galaxies quoted (ept®1 31) are
expected to have low blending values. Considering thatditgncan be as impor-
tant as metallicity correction for the final distance det@ation with Cepheids,
further investigations in other Local Group galaxies wdagdextremely valuable.
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A Large optical flar&

The analysis of the time series of the variable stars in owtgrhetric catalog
(Chap 2) revealed a large optical flare event on 2000 SepteBibeFlares are
known as sudden and violent events releasing magnetic \emaed) hot plasma
from the stellar atmospheres (see Sect. A.1). The analysieembserved phe-
nomenon is presented as an example of the potential of ouoiptedric catalog
for further studies. The high quality of the obtained phottrpand the good time
sampling allowed the estimation of the stellar propertiescf. A.2), an accurate
characterization of the main flare (Sect. A.3) and severabnmevents (Sect. A.4).

A.1 The observed phenomenon

Flares are observed on magnetically active stars and, mocé ahosely, on the
Sun. Electromagnetic radiation is emitted across theeespiectrum, from radio
waves through the optical range to X-rays gnrhys. The total energy released
during a typical solar flare is in the order of*#@rg, while the largest solar two-
ribbon flares can emit up to #erg.

According to the accepted model of solar flares, in the uppeosphere, be-
tween oppositely oriented magnetic field lines, a curreaesforms and magnetic
reconnection takes place, which results in acceleratigradicles, and thus pro-
duces electromagnetic radiation and plasma heating. Obdhis of the solar
paradigm one could simply expect that modeling stellar $lasgust a question
of scaling (e.g., as a function of the released energy, dizetion, etc.). How-
ever, besides general similarities, stellar flare obsematalso unveil problems
that cannot be explained with the extended canonical s@ex fhodel, arising
from the diferent spectral distribution of the emitted energy, the aflage and
spectral type of the host star, the multiform magnetic fiefbtogies on stars, the
tidal forces in active binaries, etc. The only way we coultd@eser to drawing

*The contents of this chapter were published in Kovari et24l07).
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up similarities and dierences between solar and stellar flares is to continuously
broaden the ensemble of analyzed flares (solar and stellalBsthus making an
observational base of fierent types of flaring activities available for theoretical
purposes. This is how solar flare observations can help icdtrect interpretation

of stellar flares, and reversely.

Flare activity in cool stars is a very common phenomenorreBlan stars with
spectral type earlier than M are observed mainly in UV andaysrand optical
flares (like the most energetic white light flares in the Sundgsbn et al., 2006)
are rare. However, in the less luminous low mass dM starsapiares often
occur. It is also known, that red dwarfs from 0.3M, down to the hydrogen
burning limit can release a considerable amount of energyflare eruptions,
even when, in most cases, these objects show very low mageivity in their
guiescent states.

The complete time-series data (obtained between 1999)208:3 used for
the study of the detected flare. The object studied here, hvhis identifier
M31J004539124130395 in Chap. 2, was flagged during the course of the anal-
ysis as an object with a large brightening following the elaéeristic light curve
shape of a stellar flare. The finding chart of the object, atesszidentified as
2MASS J004539124140395, is shown in Fig. A.1, which contains only a small
portion of the full 338 x 338 WFC field of view. TheB andV observations re-
sulting from the DIA analysis and subsequent calibratiotheostandard system
are plotted in Fig. A.2, where the large flare event (A) is zedrm alongside of
two other weaker flares (B, C).

A.2 Stellar properties

Table A.1 summarizes the quiescéhandV magnitudes from our INT data, as
well asV andl magnitudes from the DIRECT catalog (Mochejska et al., 2p01a
andJ, H andK magnitudes from the 2MASS catalog (Skrutskie et al., 2086).
self-consistent analysis using the observed object cotlexes and the extinction
law of Drimmel et al. (2003) indicates a color exces&@B—V) = 0.05 mag, and,
adopting a ratio of 3.1 betwee%, andE(B-V), leads to an absolute extinction of
0.16 mag. The unreddened color indexes are most compatithi@wpectral type
M4 dwarf with My = 13.8 mag, lod-/L, ~ —-2.5, M ~ 0.16 My andR~ 0.2 R,
according to the tabulations from Béti@& Chabrier (1996), Bafée et al. (1998),
and Bessell et al. (1998). The distance resulting from tredyars is of roughly
300 pc.

KPNO plates taken from the M 31 field (NOAO Science Archiveadih Sky
Atlas!) also agree with a mid-M or later spectral type classificasimce the object

lhttp://aladin.u-strasbg. fr/
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Figure A.1. Finding chart from the M 31 field with flare source (INT WFC im-
age).
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Figure A.2. Light curves in JohnsoB andV of 2MASS J004539124140395,
taken with the WFC of INT in La Palma, between 1999-2003. €hnelividual
flare events (flares A, B and C) are marked and zoomed.
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Table A.1. Catalog data on the observed target.

INT WFC DIRECT 2MASS
objectID M31.J004539124140395 D31J004539%+814039.5 J004539%4140396
a (J2000) 004539.12 004539.11 004539.12
6 (J2000) +414039.5 +414039.46 +414039.7
B 23.18
B 0.11
\% 21.38 21.62
oV 0.03 0.07
I 18.18
ol 0.07
J 16.35
ad 0.11
H 15.98
oH 0.16
K 15.63
oK 0.18

is best seen in theband KPNO plates, but also observable in&hdR. However,
in theU, B, andV band plates our target is indistinguishable from the bamlaga.

A first step towards evaluating the level of magnetic agtiat the studied
target is to investigate possible cyclic (rotational) ahiiity induced by surface
inhomogeneities (e.g., cool spots). No convincing signuzhsmodulation was
found from our Fourier analysis. Three possible explamatican be put forward.
First, spot coverage could be too small to observe any ootatimodulation (this
is the case when observing our Sun as a star in optical phtricrbands). Alter-
natively, the star could be heavily spotted and yet show Issnalo modulation if
spots are evenly distributed. If we compare the mean errtieomeasurements
in B is 0.08 mag with a scatter of 0.11 mag, i.e., there is stillmdor some low-
level modulation, although thé band does not seem to show such behavior with
a scatter of 0.03 mag and a 0.04 mag formal error. The thirdiplesscenario is
a low inclination { ~ 0°) of the rotation axis making it not possible to observe
any rotational variability. However, in this latter caseeaould expect variability
on a longer timescale of a few years, because of changes ovénall spot cov-
erage according to solar-like spot activity cycle (see ©Igh et al., 2000). No
such long-term modulation is seen during the 5-year longlisg season and
2MASS J004539124140395 seems to be like the vast majority of cool M dwarfs
with rotational variability less than 4 2% in the visible.

A.3 Flare energy estimation

Flare statistics of red dwarf stars show that stellar flaegsgenerally be divided
into two subgroups: a group consisting of relatively smstiiorter & 10° s) im-
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pulsive flares, and a more energetic group releasing at 1€8&erg and lasting

~ 10* s. The latter are often related to solar two-ribbon flaresctvlsire associ-
ated to filament eruptions and coronal mass ejections (CMHE® basic proper-
ties of flare A observed on 2000 September 25 (beginning at 2#81813.45),
such as the long duration reachintg ~ 3 x 10* sec and the large amplitudes
of AB =2.69 mag and\V = 1.23 mag clearly class this event among the more
energetic group.

Flare light curves usually consist of a rapid rise followegdabslower, mono-
tonic decay. However, our poorly covered rising phase psrarily a rough esti-
mation of the physical properties. For the estimation offthee energy first we
derived intensity from the magnitude values:

Lo+t Amgy
25

(A1)
lo

wherelg, s andlg are the intensity values of the flaring and the quiescenastel
surfaces, respectively, in one of the observed bands. Tatveeflare energy is
then obtained by integrating the flare intensity over theefthuration:

& = ft t2( 'O”O(t) ~ 1)dt. (A.2)

The quiescent stellar fluxes inffirent bands are estimated assuming a simple
black body energy distribution for a dM4 star wiliy = 3100K, takingR =
0.2R; (see Sect. A.2) from the equation

F, = f - ArRPF (1) Sgy(2)dA, (A.3)

A1

where# (1) is the power function an&gy (1) is the transmission function for a
given passband. Finally, the total integrated flare enesgyaiculated by multi-
plying the relative flare energy and the quiescent stellar flu

Ef = &F,. (A.4)

Since our flare light curve is poorly covered, the abruphggphase with its
real peak value may be estimated as evér-2 mag brighter irB and~1.3 mag
brighter inV than the measured maxima. This assumption correspondsho-a p
tometric flare temperature of 1.5 x 10* K at peak (cf., e.g., Ishida, 1990;
Ishida et al., 1991, and references therein). Accordingig) the observed and
dereddened - V peak of 0.29 mag is just an upper limit of a more reliable
B -V ~ -0.16 mag. Calculated luminosities for the quiescent star,thadotal
flare energy for both the minimum fit and the more realisticagsion are sum-
marized in Table A.2, together with the ratio of the flare ggeand the quiescent
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Table A.2. Quiescent stellar flux and flare energy estimations. A mimmflare
energy is estimated both from a minimum fit of the observed dad also by a
(more realistic) reconstruction of the rising phase (valimeparenthesis).

band quiescentflux flare energy equivalent duration

10°° [ergs]  10°[erg] [h]
B 5.09 3.56 (6.34) 19.4 (34.6)
v 12.76 1.77 (3.47) 3.9 (7.6)

stellar luminosity, often called as equivalent flare dunati.e., the time interval in
which the star would radiate as much energy as the flare.ifBle# ratio between
the flare energiekg/Ey = 2.01 (or 1.83 for the more realistic estimation) is in
the order of the statistical value oféD"213 from Lacy et al. (1976). Using the
empirical correlation of

Ey = 1.2+ 0.08Eg (A.5)

we derive an estimation of 4.27 (7.61)*t@rg forEy. From this we can estimate
the total flare energy released in the optical range as baitigei order of a few
times 1§° erg, and resulting in a value ef10°¢ erg for the bolometric flare energy
(cf. the review of Pettersen, 1989). This rough but stillist@ estimation (cf. the
example in Pagano et al., 1997, with3 times more brightness d) indicates
that the 2000 September 25 flare is among the most energellar stares ever
observed.

A.4 Weak flaring and post-flare events

There are statistical evidences that flare-like transiéinpmena, often called
microflares, are almost continuously present on M-type thvdihese events are
thought to be one of the major sources of chromospheric anshabheating.

We see them (sometimes as nanoflares) also on the Sun (eget &l., 1984),

however, because of being relatively weak and short-teremtsvmost of them
remain unresolved.

For filtering out such short-duration events from the backgd of our pho-
tometric data we searched for small amplitude peaks oatw@ireultaneously in
both photometric colors. We appliedfidirent filtering algorithms but finally a
visual inspection proved to be the most reliable affitdient. Two such events are
apparent. One is just one day after flare A at HID 2451814.%6ki@d with B
in Fig. A.2) and another one at HID 2452203.45 (flare C in Fig@) AThere are
some additional albeit less convincing ones, which are @aktyaway from the
photometric background, and therefore were disregardeliiowing the method
described in Sect. A.3 we estimate the total energy of flarasdC to be from
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Figure A.3. The large flare of 2000 September 25 (flare A in Fig. A.2) witleéh
post-flare events (D,E and Reft. B(dots) anaV (circles) light curves together.
Right: ZoomedV curve plotted alone.

a few times 18 erg up to 18 erg in B, which are characteristic of a short-term
impulsive flares rather than microflares.

When analyzing the decay phase of the light curve of flare Peetother
short term increases can be identified. Since those everusred simultaneously
in both colors, we assume them to be an additional three weadsfl one at
HJD 2451813.54 (D in Fig.A.3), another one at HID 2451818%7and a third
one just at the end of the large flare light curve at HID 245I81@), all of them
lasting abount ~ 8x 10°sec (in the case of flare F, the simultaneous rigg@amd
V together is considered as just the beginning of the flaretewshits duration
is extrapolated). Again, we estimate the total flare ensrgie2- 6 x 10°! erg
in B and about a half of this value M. The occurrence of such weak post-
flare events in the descending phase of a large long duratiom i a reminder
of the mechanism described first by Attrill et al. (2007), efhprobably occurs
on the Sun during large CMEs. After energetic solar flaresaasmciated with
CMEs, the moving footpoints of the blowing up magnetic loopsstalk with
opposite polarity flux ropes from the randomly distributedgnetic carpet, or
other favorably oriented magnetic concentrations (aatdggons), thus forming
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current sheets and triggering other (micro)flare events ftione to time. This
seems a plausible interpretation for the three weak flaeedvents (D, E and F)
observed during the decay phase of flare A.



